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Abstract. We present electron diffraction and electron photoemission results for thin Au films grown
on Nb(100) in a hexagonal close-packed stacking sequence, which is unusual for Au. Strong d-band [48]
quantum size effects occur in photo-electron spectroscopy from 5–26 monolayer thick (112̄0) oriented Au
films whose confined direction ([11.0]) is not perpendicular to any face of the bulk Brillouin zone. Also in
this case, the energetics of the quantum well states can be explained by a discretisation of the bulk band
structure corresponding to the quantum well. However, the bulk states corresponding to the quantum well
states do not lie in the confined direction of the first bulk Brillouin zone, contrary to what is required by the
quantum well. This can be remedied by the construction of a layer symmetry adapted Brillouin zone, which
is consistent with the symmetry of the quantum well but different from the bulk one. We subsequently
determine, for the first time, the k‖ periodicity of the quantum well states from their measured E(k‖).
This periodicity proves to be consistent with the newly introduced Brillouin zone.

PACS. 73.21.-b Electron states and collective excitations in multilayers, quantum wells, mesoscopic, and
nanoscale systems – 82.80.Pv Electron spectroscopy (X-ray photoelectron (XPS), Auger electron spec-
troscopy (AES), etc.) – 71.15.Mb Density functional theory, local density approximation, gradient and
other corrections – 71.20.Gj Other metals and alloys

1 Introduction

A standard exercise in elementary quantum mechanics
is to describe the properties of an electron confined in
a potential well. A potential well can be experimentally
realised in a thin film, which confines the motion of the
electrons in the direction normal to its surface [1–5]. The
surface barrier on the vacuum side of the film and a band
gap that prohibits wave propagation across the interface
cause electron confinement. As a result, states at discrete
energies with quantised wave vectors appear concurring
with the standard quantisation condition for a poten-
tial well:

k⊥(E) · t+ Φ(E) = nπ (1)

where k⊥ is the component of a wave vector in the confined
direction, t is the film thickness, n is an integer specify-
ing the number of halve wavelengths which fit into the
well and Φ(E) is the phase shift at the two film bound-
aries [1–4,6–8].

A key complication in the description of the quantum
well states (QWS) of a film in comparison to a simple rect-
angular potential well is the influence of the periodic po-
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tential within the well introduced by the individual atomic
layers [3]. It can be argued that both Bloch and QWS
are exposed to the same lattice potential and, therefore,
the QSE energies should be contained in the respective
bulk band structures. This has so far been confirmed by
all measured QSE energies, which can be explained in
terms of the respective bulk band structures. However,
it is not clear, whether, in general, QWS energies can be
obtained from the band structure given in the conven-
tional bulk Brillouin zone (BZ). The bulk BZ is defined for
translational symmetry extending to infinity in all the lat-
tice directions of a bulk crystal and, in general, no trans-
lational directions of a crystal are unique (they can be
transformed into one another by symmetry operations of
the crystal class). On the other hand, the confined direc-
tion of a film is unique and no symmetry operations of
the system (film) can transform it into another direction
in the first Brillouin zone. Thus, the application of the
bulk BZ to the description of QWS leads to the following
two problems: one concerns the irreducible states in the
confined direction and the other – inversion symmetry in
that direction. Until now only those QSE were analysed
whose confined direction is perpendicular to a face of the
bulk BZ. In this particular case almost all the irreducible
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states situated in the confined direction lie in the first
bulk BZ. If, however, a general case is considered where
the surface normal direction is not perpendicular to any
face of the bulk BZ, there always exist irreducible QWS
in this direction whose k vectors lie outside of the first
bulk BZ. Due to the bulk symmetry, these states can be
transformed into the first bulk BZ (which contains all the
irreducible states), but not into the confined direction as
required by the quantum well problem. The other problem
concerns the application of a simple quantum well model
to the description of QSE in thin films. Due to inversion
symmetry QWS with –k⊥ and +k⊥ always obey the con-
dition E(–k⊥)=E(+k⊥). Obviously the same condition
is fulfilled by all the k‖ values. However, the condition
E(−k⊥)=E(+k⊥) is not always satisfied in the bulk BZ.
For example, if the confined direction is the [111] direction
of an fcc crystal (the case of (111) oriented fcc films) all the
states with k‖ off the 〈110〉 direction, do not fulfil this con-
dition. The violation of inversion symmetry by these vec-
tors leads to serious problems in constructing QWS. QWS,
being standing waves in the confined direction, can be con-
structed as linear combinations of two states propagating
in opposite directions: (ψ(−k⊥)), ψ(+k⊥)) [7,11] which
have to satisfy the requirement E(–k⊥)=E(+k⊥). This
means, that for (111) oriented fcc films no QWS with k‖
off the 〈110〉 direction can be constructed out of the states
given in the bulk BZ since they do not satisfy the condition
E(−k⊥)=E(+k⊥). Despite that, QWS in thin (111) ori-
ented Ag and Al films have been experimentally observed
for k‖ values off the 〈110〉 direction [12]. This shows that
bulk BZs are not always adequate for the explanation
of QWS in thin films, since they do not conform to the
symmetry of these systems. In order for QWS to be ex-
plained in terms of the respective bulk band structures,
the latter must be given in BZs which are consistent with
the symmetry of quantum wells.

Agreement between the measured and theoretically
predicted periodicities of QWS was achieved by the intro-
duction of two models: the “envelope function model” [6]
and the “reduced quantum number model” [7]. These
models correlate the measured QWS periodicities (e.g.
those observed in photoemission experiments [1–4]) with
the respective bulk band structure given in the bulk BZ.
The “reduced quantum number model” introduces a re-
duced quantum number (ν = N − n), where N is the
number of monolayers. In the “envelope model” the wave
function of a QWS is expanded around the Bloch state at
the band edge. This fast-oscillating Bloch state is modu-
lated by a slowly varying envelope function, which guar-
anties that the boundary conditions are satisfied at the
two film boundaries [6]. Consequently, the wave vector k⊥
of the QWS is related to the wave vector k̃⊥ of the enve-
lope function by the formula [6] k⊥ = π/d− k̃⊥, where d
is the thickness of one monolayer (ML). An essential as-
sumption on which the model is based requires [9] that
k⊥ � 0, which means that it can only be applied to QWS
whose wave vectors k̃⊥ lie close to the band edge. De-
spite that, QSE have been observed whose k values lie
far away from the zone boundary [5]. Some authors [4,8]

raised the question whether the envelope function and the
reduced quantum number models are only a book keeping
trick [8], or whether they have some underlying physical
significance [4,8].

In this work we report for the first time QWS whose
confined direction is not perpendicular to a face of the
bulk BZ. Consequently, the irreducible bulk states corre-
sponding to the QWS lie outside of the first bulk BZ. They
can be transformed into the first bulk BZ, but not into the
confined directions as required by the quantum well. In or-
der to get them situated in the confined direction inside
the first BZ, we have to rearrange the bulk band structure
into a BZ different from the bulk one but consistent with
the symmetry of the quantum well (film). The introduc-
tion of this BZ brings about agreement between the QWS
and the bulk band structure without the application of the
envelope function or the reduced quantum number model.
Since the observed QWS are of d-type [48] and for Au the
d bands do not intersect the Fermi energy, we were able to
determine, for the first time, from the E(k‖) dependence
measured with ARUPS, the k‖ periodicity of the QWS.
The results confirm the proposed shape of the layer sym-
metry adapted Brillouin zone (LSA-BZ).

The article is organised as follows. Section 2 gives
a brief description of the experimental and computa-
tional procedure. Section 3 provides a comprehensive
presentation of the experimental and theoretical results.
In Section 3.1 we present the normal emission UPS mea-
surements, specifying the condition for the observation of
pronounced QSE in Au deposited on Nb(100). In Sec-
tion 3.2 we analyse the QSE data in order to obtain
the E(k⊥) values of the related QWS. It is shown there
that the confined direction (the surface normal direction)
is along the [110] crystal axis, which is not perpendicular
to any surface of the bulk BZ. In Section 3.3 we demon-
strate that agreement between the QWS energies and the
bulk band structure given in the bulk BZ can be obtained
if the two QSE models [6,7] described in the Introduc-
tion are applied. However, the corresponding irreducible
Bloch states lie outside of the first bulk BZ, whereas the
equivalent states lie inside the bulk BZ, but not in the
confined direction as required by the quantum well. This
can be remedied by the construction of a layer symme-
try adapted Brillouin zone (LSA-BZ), which is consistent
with the symmetry of the quantum well but different from
the bulk one. Section 3.4 shows, that the k‖ periodic-
ity of LSA-BZ can be verified by performing off-normal
ARUPS measurements, from which the E(k‖) dependence
can be determined. In Section 3.5 we compare the E(k‖)
dependence of QWS with that of the corresponding bulk
states given in the bulk BZ, and subsequently in LSA-BZ.
The last section summarises the results and shows that,
in contrast to the bulk BZ, LSA-BZ explains also other
k-symmetry properties of QWS.

2 Computational and experimental details

The calculations were performed within the framework of
density functional theory (DFT), using the full potential
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linearised plane wave (FLAPW) method and the GGA
approximation [16] as implemented in the Wien’97 pack-
age [17]. First scalar relativistic calculations were carried
out and subsequently spin-orbit coupling was included
in a second variation step [17]. The calculations were
performed at 200 k-points in the irreducible wedge of
the Brillouin zone. The optimum lattice constant of hcp
Au was determined by minimising the total energy as a
function of the lattice constant. Convergence of the self-
consistent calculations was assumed when the charge dis-
tance defined as

∫ |ρn(r) − ρn−1(r)|d3r, where ρ is the
charge density and n is the iteration number, was smaller
then 1 × 10−4e in three consecutive iterations.

The experiments were performed using a
VG-ESCALAB spectrometer, which was connected
with a home build chamber equipped with a reflection
high-energy electron diffraction (RHEED) apparatus.
The base pressure of the chamber (3 × 10−11 mbar)
rose to 7 × 10−11 mbar during the metal deposition
from water cooled evaporators. The surface quality and
growth mode were examined by RHEED, Auger electron
spectroscopy (AES) and angle resolved ultraviolet photo-
electron spectroscopy (ARUPS). The geometric structure
was determined by RHEED and X-ray photoelectron
diffraction, the electronic structure with AES, X-ray pho-
toelectron spectroscopy (XPS) and ARUPS. Unpolarised
vacuum ultraviolet light from a noble-gas resonance lamp
with the photon energy of 21.22 eV (HeI) was used in
the experiments. The measurements were made with the
energy resolution of the UPS system of 60 meV and the
angular acceptance of ±1◦. The polar and azimuthal
angles of emission were changed by rotating the sample.
Cooling with liquid nitrogen (LN2) was used to lower the
temperature of the sample to 150 K, and heating with
electron bombardment to raise it to the melting point.

For epitaxy and other studies it is important to prepare
well ordered surfaces with bulk lateral periodicity which
remain free of oxygen upon heating after cleaning at low
temperatures by sputtering with 1 KeV Ar ions. Yet, on
the Nb(100) surface oxygen induces a rearrangement of
the surface Nb atoms destroying their bulk lateral period-
icity. The removal of O from Nb and Ta surfaces without
serious deterioration of the surface perfection has been a
major problem in nearly all the studies of these surfaces
in the past [18]. The difficulty is due to the high solubil-
ity and diffusivity of O in these metals and also to the
low vapour pressure of its suboxides. We have found an
experimental procedure which suppresses oxygen diffusion
to the Nb surface while maintaining the bulk lateral pe-
riodicity of Nb(100). This was achieved by depositing on
the Nb surface suitable metals, like Pd or Au, after its
cleaning by sputtering with 1 keV Ar ions, followed by
annealing to elevated temperatures (1200 K to 1600 K).
This process lead to a flat Nb(100)-like surface, termi-
nated with one pseudomorphic Pd or Au monolayer, free
of contamination (C:Nb, O:Nb AES signal ratio 1:500),
with the sought for bulk lateral periodicity of the (100)
oriented Nb crystal. This surface was further used as the
substrate for our metal epitaxy investigations.

 

   

 

Fig. 1. Normal emission UPS spectra taken in situ at 150 K
during the growth of Au on Nb (100).

3 Results and discussion

3.1 Normal emission ARUPS

Figure 1 shows the normal emission UPS spectra recorded
during the growth of Au on Nb(100). Noticeably, the en-
ergy positions of the minima and maxima of the photo-
electric current between 2.3 eV and 1.7 eV change with
the thickness of the film varying in the range 5–26 ML.
These fluctuations of the current can be explained by the
occurrence of QSE which restrict the allowed values of k⊥
of the electrons in the Au film. Concurring with the stan-
dard quantisation condition for a potential well given by
equation (1), a change of the film thickness (t) is accompa-
nied by a change of k⊥, and, due to the band dispersion, by
a change of the energy E(k⊥), which leads to a shift of the
energy position of the UPS peaks. We have investigated
in detail the conditions for the appearance of the QSE of
Figure 1. To this end we: (i) deposited Au with various
deposition rates, (ii) kept the substrate at various tem-
peratures during the Au deposition, (iii) deposited Au on
flat or rough substrate surfaces, (iv) changed the atomic
periodicity ((1×1) or a reconstructed Nb(100) surface) of
the substrate surface before depositing Au there, and (v)
changed the chemical composition of the substrate surface
maintaining the same (1 × 1) surface order and Nb peri-
odicity, before starting with Au deposition. We observed,
that the pronounced QSE of Figure 1 are not affected by
the deposition rates, but occur only if Au is deposited at
low temperatures (lower than 200 K) on a Nb(100) sur-
face (1×1)-terminated with a d-band metal. Figures 2a, b
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Fig. 2. Normal emission UPS taken in situ during the deposition of Au on various Nb(100) surfaces. a) Au on an oxygen
induced p(3 × 1) reconstruction of the Nb(100) surface. b) Au on a flat, Au induced p(4 × 4) reconstruction of the Nb(100)
surface. c) Au on a flat, Nb(100) surface (1 × 1)-terminated with S. d) Au on a flat, Nb(100) surface (1 × 1)-terminated with
Pd-Al. e) Au on the flat, Nb(100) surface terminated with a pseudomorphic Au monolayer. f) Au on a sputter-rough Nb(100)
surface. Except for (e), where the deposition was done at 300 K, in all the other cases it was done at 150 K.

show the in situ measured ARUPS spectra during the
deposition of Au on an oxygen induced (3 × 1) recon-
struction of the Nb(100) surface (panel (a)) and on an
Au induced p(4 × 4) reconstruction of the Nb(100) sur-
face (panel (b)). The p(4 × 4) Au-induced reconstruction
of Nb(100) occurred only occasionally, when very thick
(more than 100 ML’s) Au films had been annealed at tem-
peratures higher than 1400 K. On the both reconstructed
surfaces QSE did not occur at any deposition temper-
ature. Figure 2c, d shows the in situ recorded ARUPS
spectra during the deposition of Au on a (1 × 1)-S termi-
nated Nb(100) surface (panel (c)) and on a (1× 1)- Pd-Al
terminated Nb(100) surface (panel (d)). The latter sur-
face was obtained by annealing to 900 K a 20 ML thick
Al film deposited on a (1 × 1) Pd-terminated Nb(100)
surface. RHEED performed on this surface indicates the
existence of a (1× 1) pattern, whereas AES and UPS the
presence of Pd and Al on the surface. Panels (c) and (d)
of Figure 2 show that although the deposition is made

on a flat (1 × 1)-terminated Nb(100) surface kept at a
low (150 K) temperature, QSE of the kind shown in Fig-
ure 1 do not occur in the film. In all the four presented
deposition cases, the UPS spectra (Figs. 2a, b, c, d) are
different from that of Figure 1, indicating the growth of
Au in orientations different from that related to Figure 1.
Finally, Figures 2e, f display the ARUPS spectra recorded
in situ during the growth of Au on a flat (1 × 1)-Au ter-
minated Nb(100) surface kept at 300 K (panel (e)) and on
a mild sputter-rough Nb(100) surface (panel (d)). They
show UPS spectra very similar to those of Figure 1, in-
dicating the same Au film orientation. Indeed, our crys-
tal structure investigation, and especially XPD [23–25],
which gives information about the local arrangement of
the atoms in real space, shows that the Au films, de-
posited on a rough Nb(100) surface (Fig. 2d) and on a
flat (1 × 1)-Au terminated Nb(100) surface Figures 1, 2e
have both the same crystal orientation (the same short
range order) independently of the deposition temperature.
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Despite that, the QSE emission is not pronounced in Fig-
ures 2e, f because the Au films are rough. In the case of
the Au growth on a sputter-rough surface the films are
always rough giving RHEED [31] transmission patterns,
whereas in the Au deposition on the Nb(100) surface kept
at 300 K (Fig. 2e) the films begin to be rough after 5
ML of Au have been deposited. The roughness begins ex-
actly at the Au coverage at which the pronounced QSE
in Figure 1 occur and explains why the QSE shown in
Figures 2e, f are very weak and ‘smeared out’. A varia-
tion of the number of atomic monolayers in a film leads
to a superposition of the emission from QWS occurring
in layers of different thickness, thus inhibiting their ob-
servation in measurements, such as ours, which average
over regions of ∼2 mm2. Therefore, a sharp interface and
a narrow height distribution are crucial for the observa-
tion of quantum well peaks in the spectra. This means,
that QWS can be observed continuously during a deposi-
tion if the film grows in a layer-by-layer fashion on a flat
substrate surface, like a (1×1)-Pd (not shown here) or -Au
terminated Nb(100) surface kept at low temperatures.

3.2 Analysis of QSE in normal emission ARUPS

Although ARUPS is the standard method used to deter-
mine electronic band structures, which is of fundamental
importance for many solid state properties, it has the de-
ficiency of leaving the normal component k⊥ of the final
and initial band state unknown. This is so because there
is no known relation between the momentum of the de-
tected photo-electron and the normal component k⊥ of
the excited or initial band state. This difficulty can be
avoided if the normal component k⊥ of the band state is
determined independently of the photo-emission process.
The following consideration shows how the wave vector
of the ground state can be determined on the grounds
of QSE. The QWS existing in a film can be viewed as
states confined in a potential well of thickness t with fi-
nite walls, whose wave length λ fulfils the quantisation
condition n · λ/2 = t + to, where n is the number of halve-
wavelengths which fit into the length of t + to and t0 is the
penetration depth into the finitely high potential walls by
the electron wave function (with λ = 2π/k⊥ the equation
above is reduced to Eq. (1)). The wave vectors k⊥ can
be determined from k⊥ = π × (n2 − n1)/(t2 − t1), where
pairs t1, n1 and t2, n2 satisfy the quantisation condition
equation (1) at the same energy [2]. (t2 − t1) is known
once the respective coverages and the thickness of one ML
have been determined. The film coverages have been esti-
mated from the RHEED intensity oscillations, Auger elec-
tron diffraction [19] and spectroscopically through AES
and UPS [44]. The orientation of the Au film will now be
determined in order to obtain the thickness of one ML.

We note that the Au lattice on Nb(100) has the same
misfit as Ag on Nb(100) or Pd on W(100) [20,29]. XPD
and RHEED show that the growth of Au on Nb(100) is,
as expected, similar to that of Ag or Pd [20,29]. Fig-
ure 3 shows the background corrected anisotropy of the
Au-4f -XPS signal as a function of the emitted (polar)

Fig. 3. The polar angle distribution of the background cor-
rected X-ray photoelectron intensity from the Au-4f core-levels
of a 14 ML thick Au film deposited at 150 K on the (1×1) Au
terminated Nb(100) surface. The polar angle was changed in
the plane perpendicular to the surface, aligned along the high
symmetry directions [110]Nb (panel (a)) and [100]Nb (panel(b))
of the Nb(100) surface. The surface normal direction corre-
sponds to θ = 0◦. The kinetic energy of the Au-4f photoelec-
trons excited by Al Kα radiation is ∼1400 eV. For the back-
ground correction the angle distribution of inelastic electrons
with the kinetic energy of ∼1300 eV was measured. This back-
ground emission, which does not show any peaks, was multi-
plied by a constant factor and then subtracted from the elastic
signal.

angle (XPD) from a 14 ML thick Au film deposited at
150 K on a flat (1 × 1) Au terminated Nb(100) surface.
Similar XPD diagrams were also obtained from Ag, Pd
and Cu films grown on Nb(100). In XPD [23–26] strong
peaks caused by forward focusing appear at an angle cor-
responding to the position of dense-packed atomic chains.
In between them, there appears signal anisotropy caused
by second order diffraction. The same rocking curves were
also obtained if: (i) the films were annealed (up to 500 K),
(ii) the deposition was carried out at 300 K, or (iii) the
deposition was done on a sputter-rough Nb(100) surface.
This indicates the same atomic short range order indepen-
dently of the film roughness. Comparing the polar angle
scans (Fig. 3) with those obtained from: (i) (111)-oriented
Au [27], Cu or Ir [26]; (ii) (100)-oriented Au [27], Cu
or Ag [26]; and (iii) (110)-oriented Cu samples [26], we
get the best coincidence in the case of a (110)-oriented
sample [26]. The XPD curve obtained for the [110]Nb di-
rection (peaks at θ = 0◦ and θ ∼ 60◦ caused by for-
ward focusing) (Fig. 3a) agrees well with the polar scan of
the Cu(110) sample along the 55◦ displacement (the 〈211〉
direction) of the [110] direction of the (110) surface (po-
lar scan marked with 55◦ in Figure 5 of Han et al. [26]).
This means that Au grows on the Nb(100) surface with
its hexagonal densest-packed (111) layers perpendicular
to the surface and along its [110] direction. A fcc stack-
ing sequence (the natural phase of Au) of these densest-
packed layers should lead to the fcc(110) orientation of the
film. Indeed, if we compare the normal emission ARUPS
spectra of thick Au films deposited on Nb(100) (Figs. 1,
2, 3) with those measured from (111) [21], (100) [21],
or (110) [22] oriented fcc Au samples, the best coinci-
dence is obtained for the fcc(110) orientation. Neverthe-
less, the polar scans of Figure 3 and also the curve marked
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with 55◦ in Figure 5 of Han et al. [26] actually do not
show this stacking sequence. They only show that hexag-
onal densest-packed atomic layers lie perpendicularly to
the surface and along the [110]Nb azimuth in such a way
that the surface normal and the [110] direction are aligned.
This is an important result, since it shows that the con-
fined direction (the surface normal direction) of the Au
films deposited on (1×1)-terminated Nb(100), being along
the [110]-direction, is not perpendicular to any surface of
the bulk BZ, independently of the structure of the stack-
ing sequence of the hexagonal densest layers (fcc, hcp,
dhcp, ...) [43].

A close look at the rocking curves reveals that the peak
in Figure 3a is located slightly before θ = 60◦, and that re-
lated to the fcc(110) orientation (curve marked with 55◦
in Fig. 5 of Han et al. [26]) slightly after θ = 60◦. The
differences are more pronounced if the polar scans are
done along the azimuth directions: 45◦ off the [110]Nb di-
rection (Fig. 3b) and the 〈211〉 direction (curve marked
with 10◦ in Figure 5 of Han et al. [26]). The curve ob-
tained from the (110)-oriented fcc film (curve marked with
10o in Figure 5 of Han et al. [26]) shows a weak peak at
θ = 45o, whereas that obtained in the [100] direction of the
Nb(100) surface shows a peak at a larger polar angle of
θ ∼ 49o. These differences can be attributed to a stacking
sequence which is different from the fcc one. Indeed, the
polar scans of Figure 3a coincide even better with those
obtained from films with an hcp-stacking sequence [28]:
Gazzadi and Valeri [28] have also measured a strong peak
situated slightly below θ = 60o in thick (112̄0)-oriented
hcp Co films grown on Fe(100).

RHEED from flat Au films shows an almost square
2-dimensional (2D) unit cell of the hexagonal (112̄0) ori-
entation which agrees well with that of the Nb(100) sur-
face [29]. In [29] we showed that RHEED transmission can
clearly distinguish between an hcp and fcc epitaxy. In or-
der to obtain the relevant RHEED transmission patterns
we deposited Au on a clean, mildly sputtered Nb(100) sur-
face, where ARUPS and XPD show the same short range
order as in the case of Au deposited on a flat Nb(100)
surface. The obtained transmission pattern is shown in
Figure 4a. We have obtained similar centred RHEED
transmission patterns from Cu and Co films deposited
on W(100) [29], and demonstrated that such patterns can
only be produced by a (112̄0)-oriented hexagonal stacking
sequence and not by a fcc one [29]. This conclusion has
recently been confirmed by Jona et al. [30], who showed
on the grounds of a LEED-IV structure analysis that Cu
films deposited on W(100) possess a (112̄0)-oriented hcp
structure. Similarly, an X-ray diffraction (XRD) study of
Co films deposited on Mo(100) [35] and on (100)-oriented
Cr buffer layers [32–35], which exhibit similar centred
RHEED transmission patterns, proved the existence of
the (112̄0)-oriented hcp phase of Co. Wu et al. [36] per-
formed transmission electron diffraction (TED) (which
probes the bulk and not the surface) on Co films deposited
on GaAs(100), finding that the films have the (112̄0) ori-
ented hcp phase, and thus confirming previous TED re-
sults of Gu et al. [37]. A similar result was subsequently

Fig. 4. a) RHEED pattern of a 20 ML thick Au film deposited
on Nb(100) in the [011]Nb direction. b, c) Schematic illustra-
tion of the (112̄0)-oriented hcp (b) and (110) oriented fcc (c)
epitaxy of Au on Nb(100). Au atoms are represented by grey
circles and Nb atoms are situated at the corners of the sketched
quadratic (100) lattice. In metallic epitaxy the hollow sites
on the Nb(100) surface (the square centres) are the energeti-
cally most favourable, whereas the on-top positions (the square
corners) are the most unfavourable adsorption sites. d, e, f)
Graphs related to the XPD measurements: (111) (panel (d)),
and (11̄2) cut (f) through an fcc and (0001) (d) and (11̄00)
cut (e) through an hcp crystal, showing atomic dense-packed
directions.

obtained in TED from Co films deposited on Au(100) by
Oikawa et al. [38] and confirmed by Bayle-Guillemaud and
Thibault [39], who performed an atomic resolved electron
microscopy study on these films. Using atomic resolutions
for the surface and for cross-sections through the films,
they found the (112̄0) oriented hcp phase [39]. These re-
sults clearly demonstrate that the RHEED pattern of Fig-
ure 4a is produced by Au films which have the (112̄0)
oriented phase (hcp).

In this orientation the hexagonal dense-packed (0001)
atomic plains lie perpendicularly to the Nb(100) sur-
face. The stacking sequence axis ([0001]) is positioned
in the Nb(100) surface showing a very good fit to the
〈011〉 direction of this surface (Fig. 4b) [29]. A much bet-
ter fit of the hcp stacking sequence to the Nb(100) sur-
face (Fig. 4b) than of the fcc sequence (Fig. 4c) explains
lack of re-orientation of up to 100 ML thick Au films to
the natural fcc structure. After a mild annealing (up to
500 K) of thick Au films, RHEED shows some evidence
of a double-hcp stacking. Thus, the orientation relation-
ship of Au on Nb(100) is: Au(112̄0)[0001] ‖ Nb(100)〈011〉,
with the [112̄0] direction being perpendicular to the sur-
face. Consequently, the confined direction ([110]) is not
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perpendicular to any surface of the bulk BZ, not even
for the concurring fcc(110) orientation. In contrast to
the Nb(100) surface, which has four-fold symmetry,
the (112̄0)Au surface has only two-fold symmetry. Al-
though the orthogonal [011]Nb- and [01̄1]Nb-directions of
the Nb(100) surface are equivalent, the orthogonal di-
rections [0001]Au and [11̄00]Au are not. Therefore, Au
grows on Nb(100) in two orthogonal domains. One with
[0001]Au ‖ [011]Nb and [11̄00]Au ‖ [01̄1]Nb and the other
with [0001]Au ‖ [01̄1]Nb and [11̄00]Au ‖ [011]Nb [29]. In
analogy, if the stacking sequence were fcc, the fcc(110)-
orientation would also lead to an Au growth on Nb(100)
in two orthogonal domains: one with [111]Au ‖ [011]Nb and
[11̄2]Au ‖ [01̄1]Nb and the other with [111]Au ‖ [01̄1]Nb and
[11̄2]Au ‖ [011]Nb [29].

These two domains explain the differences mentioned
above in XPD from Au layers on Nb(100) in comparison
to the polar scans from (110)-oriented fcc samples. A po-
lar scan along the [110] azimuth of the Nb(100) surface
scans the hexagonal densest-packed atomic planes ((0001)
or (111)): the (11̄00) and {211} plane for an hcp and fcc
stacking sequence, respectively. The scan along the normal
direction (θ = 0o) always produces a strong peak in XPD,
because for all scanned planes, the dense-packed 〈110〉
atomic chain lies perpendicularly to the surface. Beside
this strong normal emission peak, the scan along (0001)
or (111) produces a peak at θ = 60◦ due to the forward fo-
cusing along the dense-packed 〈110〉 atomic chain situated
at θ = 60o off the surface normal direction (Fig. 4d). The
scans along (11̄00) and {211} produce peaks at θ = 58.5o

(Fig. 4e) and θ = 67.8o (Fig. 4f), respectively. Thus, for
an hcp stacking sequence a superposition of peaks situated
at θ = 60o and θ = 58.5o would result in a peak in XPD
situated slightly before θ = 60o, like that of (Fig. 3a), and
the one obtained from (112̄0)-oriented hcp Co films [28].
An fcc stacking sequence would lead to a superposition
of the peaks at θ = 60o and θ = 67.8o producing a peak
shifted slightly toward polar angles larger than 60◦. The
both stacking sequences (fcc and hcp) do not posses dense-
packed atomic chains in planes positioned at the azimuth
angle of φ = 45o (displacement in the surface plane) rel-
ative to the stacking planes, which explains the low in-
tensity of the peaks at polar angles different from zero in
comparison to the normal emission peak in the XPD curve
measured along the [100] direction of the Nb(100) surface
(see Fig. 3b). The normal emission peak occurs with the
same high intensity independently of the scanned azimuth
direction, because it is caused by the forward focusing of
the emitted photoelectrons along the dense-packed [11.0]
atomic chain which is normal to the surface.

Knowing that the confined direction of the Au film
is [112̄0], we can now determine the thickness d of the Au
monolayer: d = a/2, where a is the nearest-neighbour dis-
tance in bulk Au. In order to calculate the values of k⊥
from the QSE data we still need to assign quantum num-
bers n to the QSE maxima of Figure 1a. Inspecting this
figure, we observe that there are four families of max-
ima marked with natural numbers 1–4. The assumption
that one set of maxima corresponds to one quantum num-

Fig. 5. a) Energy positions of the QSE features shown in Fig-
ure 1 as a function of the Au coverage. b) E(k⊥) values deter-
mined from the QSE shown in panel (a).

ber n allows us to follow the evolution of the quantum
states (maxima) with the thickness and of course with
the energy (Fig. 5a). E(k⊥) determined on the grounds
of the equation k⊥ = π × (n2 − n1)/(t2 − t1) are marked
with squares in Figure 5b.

3.3 Comparison of the determined
E(k⊥) with the bulk band structure

We will now explain the observed QSE in terms of the bulk
band structure of Au in the confined direction, which is
given in Figure 7. As it can be seen in Figures 6, 7, vec-
tor k = π/d, in terms of which the values of k⊥ have
been given, lies at point M, which has inversion symme-
try. Point M, in turn, lies exactly between two Γ points in
the direction 〈112̄0〉 of the bulk BZ which has the pe-
riodicity of k = 2π/d in this direction. Thus, the end
of vector k = π/d lies outside of the first bulk BZ and
not at the BZ boundary (point K). This is different from
the QSE analysed thus far, where the determination of
the E(k⊥) values always made use of k = π/d situated
at the BZ boundary [6]. Our experimentally determined
values of E(k⊥) are marked with squares in the long left
panel of Figure 7. We observe that no agreement with the
bulk band structure can be obtained, unless the E(k⊥)
values (encircled with the oval lines in Fig. 7) are referred
to point M and not to point Γ of the bulk BZ. As al-
ready mentioned in the Introduction, two models of QSE
have been designed to deal with such discrepancies. In the
“envelope model” the wave vectors k⊥ of QWS are re-
lated to the wave vectors k̃⊥ obtained from quantum size
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Fig. 6. a) Hexagonal bulk BZ. b) Orthorhombic LSA-BZ
of (110) oriented films. c) Position of the LSA-BZ inside the
bulk BZ. d, e, f) (ky = 0)-plane (d), (kx = 0)-plane (e) and
(kz = 0)-plane (f) in the repeated zone scheme. LSA-BZ is
drawn with dotted lines. Only some symmetry points of the
bulk-BZ are represented in the figure.

oscillations by the formula k⊥ = π/d−k̃⊥ [6]. This justifies
the change of the reference point from point Γ to point M
which we have had to perform above to get agreement be-
tween the measured energies and the bulk band structure.
The “reduced quantum number model” proposes a differ-
ent assignment of quantum numbers n to the observed
QSE maxima. It introduces a reduced quantum number
ν = N −n, where N is the number of monolayers. Indeed,
if the reduced numbers ν instead of n are assigned to the
observed QSE maxima, the measured QSE energies agree
with the bulk band structure. The two models explain all
the QSE observed so far. There are, however, QSE states,
like those in thin Mg [46] and Gd [47] films, that can be
explained without referring to those models. A question,
thus, arises why the application of the two models is nec-

essary for the explanation of the observed QSE energies in
terms of the respective bulk band structures only in some
cases, while other cases can be explained without these
models.

The considerations above show that although the two
models bring about agreement between the measured val-
ues and the bulk band structure (Fig. 7) the respective k⊥
lie outside of the first BZ. The part of the k-space that
is really physically significant is the first BZ, since it con-
tains all the irreducible bulk states [45]. Thus, it must
also be possible to transform the states encircled with the
oval line in the long l.h.s. panel of Figure 7 back into the
first BZ, using the symmetry of the reciprocal space. The
bulk states corresponding to these QWS are situated on
the surface of the first bulk BZ between points K and M
(Fig. 6). Thus, their wave vectors do not lie in the con-
fined direction as required by the quantum well. Obvi-
ously, the procedure of finding equivalent k points in the
first BZ cannot be applied to the system under investi-
gation (Au film) since the confined direction is unique in
this case and, consequently, there are no symmetry op-
erations which could transform it into another equivalent
direction in the first BZ. This clearly shows that the con-
ventional first bulk BZ is not adequate for the explanation
of the QWS. To remedy the situation, we will now take
into account the symmetry of the film to construct what
will be further referred to as the layer symmetry adapted
Brillouin zone (LSA-BZ).

In contrast to bulk hcp Au, an [112̄0] oriented Au
film has only 2 dimensional (2D) translational symme-
try extending to infinity (in the plane parallel to the
surface of the layer) with a rectangular P (RP) Bravais
lattice [42]. Consequently its first BZ is also 2D, with the
two basis vectors of the reciprocal lattice |b1| = 1.25 Å

−1
,

|b2| = 1.33 Å
−1

lying in the directions [11̄00], [0001], re-
spectively. Since we would like to explain the QWS in
terms of the bulk band structure and are not interested in
surface states, we can assume that the system has transla-
tional symmetry also in the direction perpendicular to the
surface of the layer with the Born - von Karman periodic-
ity condition {1|l · (2d)} = {1|0}, where 1 is the identity
element, l is a natural number and 
d is a vector perpen-
dicular to the surface of the layer, whose length is equal
to the ML thickness (2d gives the translational periodicity
in the confinement direction). This gives a 3-dimensional
BZ, which is a rectangular parallelepiped in the k-space,
its base being the 2D BZ of the Au film and its height π/d
(see Fig. 6b, c).

It can be seen in Figure 6 that the k‖ periodicity in
the [11̄00] direction is in the LSA-BZ (drawn with dashed
lines) of (110)-oriented hexagonal films two times smaller
than in the hexagonal bulk BZ. On the other hand, the
periodicity in the [0001] direction is the same in the LSA-
BZ as in the bulk BZ. Similar differences also occur for
films with the fcc crystal structure. Panel (a) of Figure 8
shows the bulk BZ of an fcc crystal and inside it, drawn
with dashed lines, the LSA-BZ of (001)-oriented fcc films
if [100] is the confined direction. This BZ is also the LSA-
BZ of (011̄)-oriented fcc-films if the [1̄10] is the confined
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Fig. 7. Bulk band structure (E(k⊥)) of hcp Au in the [112̄0]-direction given in the bulk BZ (left long panel) and in the LSA-BZ
(right short panel).

Fig. 8. a) LSA-BZ of (001)-oriented fcc films (drawn with
dashed lines) positioned inside the fcc bulk-BZ. kx and ky axes
are parallel to the 〈100〉-directions, respectively, whereas kz di-
rection is parallel to the surface normal direction of (001)-
oriented fcc films. Basis planes of this tetragonal LSA-BZ lie
perpendicularly to the [001] (kz)-direction, whereas two side
planes are perpendicular to the 〈110〉- (ΓK) directions. b) The
same as panel (a), but now the [110]-, [111]- and [112]- crystal
axes are parallel to the kz, ky and kx axes of the Cartesian coor-
dinate system. If again the kz direction (now [110]) is chosen to
be the confined one, the parallelogram drawn with dashed lines
in panel (b) is the LSA-BZ of (110)-oriented fcc films, whose
shape is identical to that of (001)-oriented fcc-films. The [110]
direction is perpendicular to the basis planes of the LSA-BZ,
but [110] is not perpendicular to any planes of the fcc bulk BZ.
c) Cut through the BZ of panel (a) or (b), which contains the Γ
points of the BZ and the [001]- and [110]-directions. The cut
through LSA-BZ is again drawn with dashed lines. Only some
points of the fcc-bulk BZ are represented in the figure.

direction. The periodicity in the [001]- and [110]-direction
of the k‖-plane is in the LSA-BZ two times smaller than
in the bulk BZ, whereas the k‖ periodicity in the [111]
direction is in the LSA-BZ the same as in the bulk BZ.
Since the periodicity of the 2D BZ of the film is different
from the k‖ periodicity of the bulk BZ, the LSA-BZ can
be verified by the experimental determination of the k‖
dependence of the QWS.

3.4 Experimental determination
of the k‖-periodicity of QWS

ARUPS is a powerful technique for the determination of
E(k‖) bands because the k‖ component of the wave vec-
tor is conserved during the photoelectron emission pro-
cess [41]. The parallel components of the wave vector of
the detected electrons and of the excited (final) band state
are equal, and in the case of a direct (k-conserving) tran-
sition, equal to the parallel component of the initial state.
The k‖ values of the initial emission state can be calcu-
lated from [41]

k‖ =
1
�

√
2meEkin · sin θ =

1
�

√
2me(hν − Φ− |EB |) · sin θ

(2)
where θ is the emission angle, Ekin – the kinetic energy of
the emitted photoelectron, Φ – the work function of the
film, EB – the binding energy of the initial state and hν
– the energy of the absorbed photon. Thus, E(k‖) can be
obtained from off-normal ARUPS measurements and, sub-
sequently, it can be used to determine the k‖ periodicity
of the band states.

The off-normal ARUPS emission from QWS have been
measured in thin (111) [2,12] and (100) [3] oriented
Ag films, (111)-oriented Al films [12,13], (0001)-oriented
Mg films [12] and in thin (100)-oriented Cu films [14].
However, the k‖-periodicity of the QWS was not deter-
mined on the grounds of these measurements due to the
sp character of the observed QWS. In all those cases the
sp-E(k‖) bands cut the Fermi level leaving the BZ bound-
aries unoccupied and, therefore, not accessible to ARUPS.

In contrast, our calculations show that the QWS shown
in Figure 7 (encircled with oval lines) are of d type. Since
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Fig. 9. Off-normal ARUPS spectra of an 11 ML thick Au film
deposited on Nb(100). The Au film was deposited at 150 K, and
subsequently annealed to 500 K (for 1 minute), which improved
its long range order. The emission angle was changed in the
[011]Nb direction of the Nb(100) surface.

the d bands in Au are fully occupied, it is expected that
the E(k‖) bands do not cross the Fermi level and, conse-
quently, can be probed with ARUPS. The sought for k‖
periodicity of the QWS can, thus, be determined from the
measured E(k‖) dependence of the d-type QWS. Figure 9
shows ARUPS spectra of an 11 ML thick Au film grown
on Nb(100) measured at different emission angles. The
Au film was annealed for 1 minute at 500 K, which led to
an improved long range order, reducing the background in
the UPS spectra and sharpening the UPS peaks. As a con-
sequence, weak peaks from a strongly dispersed s-p QWS
appeared between 1.3 and 0 eV (Fig. 9), which can also
be observed in Figure 10 at the energy of 0.65 eV. The
spectra marked with (I) in Figure 10a were obtained from
a non-annealed 10 ML thick Au film, and those marked
with (II) from the film annealed at 500 K for 1 minute.
Such annealing smooths out films like those of Pd or Ag
deposited at 150 K on W(100) [29] or on Nb(100) [44].
Using STM, Smith et al. [40] have explained this process
in the case of Ag films deposited on GaAs. Deposition of a
critical thickness at low temperatures leads to the forma-
tion of a dense nanocluster film. Upon annealing its atoms
rearrange themselves into an atomic flat film [40].

However, Au on Nb(100) does not exhibit such a be-
haviour. The energy position of the QSE peaks between

Fig. 10. a) Normal emission UPS spectra (marked with I) of
a non-annealed 10 ML thick Au film deposited on Nb(100) at
150 K and of the same film, subsequently annealed at 500 K for
1 minute (spectra marked with II). For a better representation,
16 000 counts were added to the intensity of the UPS spectrum
of the annealed film. b) Difference (annealed – non-annealed)
between the UPS spectra of panel (a) (II-I). c) Difference be-
tween the UPS spectra obtained from an 11 ML thick and a
10 ML thick Au film. The Au films were deposited first at 150 K
on Nb(100) and subsequently annealed for 1 min. at 500 K.

1.8 eV and 2.3 eV (Fig. 10a) are not affected by the an-
nealing, which shows that this process does not affect the
thickness distribution in the investigated region of the Au
film. Thus, it can be concluded that the Au films de-
posited on Nb(100) at 150 K are already flat, which is
confirmed by the occurrence of the pronounced QSE in
the non-annealed Au films (Fig. 1). Still, the annealing af-
fects the films by improving their long-range order, which
is evidenced by RHEED. At the same time the short-range
order of the films remains unchanged, since the XPD spec-
tra before and after the annealing are the same. The im-
proved long range order reduces the background in UPS
and sharpens the UPS peaks considerably, especially in
the energy range between 2.5 eV and 3.5 eV, which can
also be seen in the difference spectra between the annealed
and non-annealed Au film (Fig. 10b). The minima and
maxima occurring in the difference spectra between an
annealed 11 ML (Fig. 9) and an annealed 10 ML Au film
(Fig. 10a) show that the energy positions of the peaks
between 3.5 eV and the Fermi level change with the film
thickness. As already mentioned, this behaviour can be ex-
plained by the emission from the QWS whose wave vector
in the confined direction changes with the film thickness.
In Figure 10c the energy difference between the consec-
utive extrema positioned between 3.5 eV and 1.7 eV is
smaller than between those situated in the range 1.5 eV
and 0 eV. These observations suggest that the QSE max-
ima between 3.5 eV and 1.7 eV originate from d states,
whereas those between 1.5 eV and 0 eV from sp states,
because sp states have, in general, stronger energy disper-
sion than d states. Our calculations show that the strong
QSE emission between 3.5 eV and 1.7 eV occurs from
the QWS with d band character whose band dispersion
ends at 1.6 eV, where M point of the bulk BZ (Fig. 7)
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is reached. On the other hand, the weaker QSE emission
in between 1.5 eV and the Fermi energy (Fig. 10c) orig-
inates from a sp band with a stronger band dispersion
intersecting the Fermi level. In the normal emission spec-
tra (θ ∼ 0◦) of Figure 9, the weak QSE peaks originating
from the sp band are located at 1.3 eV, 0.7 eV and 0.3 eV.
In contrast to the stronger emission from d bands, the
emission from the s-p QWS is too weak in the case of the
non-annealed Au films to be distinguished in the form of
peaks from the structureless background emission (Figs. 1,
10a). Despite the poor long range order, the observation
of QWS between 2.3 eV and 1.7 eV in non-annealed films
confirms the d character of these states (d states of noble
metals have much stronger photo-electron emission yield
than sp-states, and thus the emission from these states
occurs even when there is no long-range order). This char-
acter is further confirmed by the behaviour of the E(k‖)
bands related to these states, which do not cross the Fermi
level, dispersing to binding energies lower than 1.5 eV in
the whole k‖ region. In the off-normal ARUPS spectra of
Figure 9 the emission angle (θ) was changed along the
[011]Nb direction of the Nb(100) surface. Taking into ac-
count the epitaxial relation of Au on Nb(100) and the
fact that ARUPS averages over the investigated part of
the sample, the measured E(k‖) is a lateral average over
the [0001]Au and [11̄00]Au directions for the hcp and dhcp,
and over the [111] and [112] directions for the fcc stack-
ing sequence of Au. Panel (a) of Figure 11 shows the de-
pendence of the UPS spectra on the emission angle. The
strength of the UPS emission is indicated as follows: big
black dots correspond to strong UPS peaks, big non-filled
circles correspond to smaller but well distinguishable UPS
peaks or to shoulders of high intensity, whereas the small
dots correspond to peaks or shoulders of low intensity.
The k‖ values of the initial emission states can be calcu-
lated from equation (2). The resulting E(k‖) dependence
of the QSE maxima occurring in the Au film is presented
in Figure 11b. The states which correspond to E(k‖ = 0)
lie in panel (a) on the vertical straight line, but those
which correspond to E(k‖ = 1.26 Å−1) lie on the curved
line marked with an arrow. This shows, that except for
the normal emission spectra (θ � 0), the peaks in the off-
normal spectra correspond to different k‖ values. It can be
observed that the k‖ values of the emitted states increase
with the increasing value of the emission angle.

Panel (c) of Figure 11 shows the E(k‖) dependence of
the QWS plotted without indicating their UPS-emission
strength. The dispersions seems to be symmetric about
k‖ = 0 Å−1, k‖ = 0.62 Å−1 and k‖ = 1.25 Å−1. The be-
haviour of the dispersion around k‖ = 0 Å−1 is identical
with that around k‖ = 1.25 Å−1, as if the Γ‖ point was
reached again there. Although the dispersion behaviour is
similar around these points, the energy positions of the
corresponding states are slightly different. For example,
the lowest lying state in Figure 11c has at k‖ = 0 Å−1

the energy of �1.75 eV, whereas the state with the same
dispersion has at k‖ = 1.25 Å−1 the energy of �1.60 eV.
We suspect that this small discrepancy in energy has two
reasons: one is a ground state effect related to the confine-

Fig. 11. a) Energy positions of the ARUPS features (intensity
peaks and shoulders) of an 11 ML thick Au film as a func-
tion of the emission angle (θ). States marked with black filled
circles correspond to peaks with high UPS emission. States
marked with non-filled circles correspond to peaks of lower
UPS emission and to shoulders. States marked with small cir-
cles correspond to peaks with very low UPS emission or only
to small shoulders. b) E(k‖) dependence of the QSE maxima
shown in (a). The vertical thick lines show the E(k‖ = 0)

and E(k‖ = 1.26 Å−1) states. The states which correspond to
E(k‖ = 0) lie in panel (a) also on the vertical straight line and

those which correspond to E(k‖ = 1.26 Å−1) lie on the curved
line marked with the arrow. c) E(k‖) dependence without the
photoemission intensity indicated.

ment of the film states, and the other – a final state effect
in photo-electron spectroscopy.

The first effect occurs, because the quantised vector k⊥
changes with in-plane momentum k‖ [14], due to the de-
pendence of the phase shift of QSE on k‖ at the film-
substrate boundary. In the case of an idealised quantum
well with infinitely high potential walls, the k⊥ values are
determined only by the thickness of the well (t) according
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Fig. 12. a) The experimentally determined E(k‖)-dependence of QWS in a 11 ML thick Au film deposited on Nb(100) (Figs. 9,
11). b, c) The E(k‖) (E(kxy)) dependence of the E(k⊥)-states marked in Figure 7 with a circle, a cross, and a triangle given in
the bulk BZ (b) and in the LSA-BZ (c).

to the quantisation condition (2k⊥ · t = 2nπ) and, conse-
quently, the k⊥ values are independent on k‖. However, for
a real quantum well with finite potential walls, the quanti-
sation condition is supplemented with the phase shift (Φ)
at the film boundaries (2k⊥ · t+ Φ = 2nπ), because the
electron wave penetrates the well walls. Thus, the phase
shift depends on the energy and also on the coupling of the
film and substrate states. The coupling strength depends
on the energy and k-space topology of the band gap in the
substrate, which, in turn, depends on k‖. Consequently,
the phase shift of the QWS on the film-substrate boundary
depends on k‖, and therefore, due to the quantisation con-
dition (2k⊥ · t+ Φ = 2nπ), k⊥ also depends on k‖. Thus,
in the case of a real quantum well, the k⊥ values are de-
pend on, beside thickness t, also k‖. This was confirmed
by Wu et al. [14] who measured with ARUPS the depen-
dence of k⊥ on k‖ in QSE occurring in thin Cu films. This
explains why the states discussed above have slightly dif-
ferent energies: their vectors k‖ are different (k‖ = 0 Å−1

and k‖ = 1.25 Å−1), and consequently their k⊥ and, with
it E(k⊥) are also different. Since the phase shift also de-
pends on the energy, the magnitude of the energy discrep-
ancy depends on the QWS energy.

The second reason for the energy discrepancy can be
a final state effect, because the electronic structure of the
ground state may be inaccessible with photo-electron spec-
troscopy [15]. Final state effects can be different at differ-

ent k‖-values, leading to UPS peaks at different energies
for equivalent states having different k‖ values. We sus-
pect that both effects, the final state effect and the QSE
caused dependence of k⊥ on k‖ are responsible for the
small energy discrepancy of the states with the identical
dispersion shown in Figure 11.

In this context, the E(k‖) dependence of Figures 11b, c
indicates that the k‖ periodicity of the QSE states is
k‖ � 1.25 Å−1. This periodicity is the same as that of
the 2D BZ of the (112̄0) oriented Au film in the [11̄00]
direction and two times smaller than the respective peri-
odicity of the hcp bulk BZ in the same direction. It is also
consistent, within the experimental error, with the peri-
odicity of the 2D BZ in the [0001] direction, which is the
same as that of the hcp bulk BZ in this direction. Thus,
the obtained results confirm the proposed shape of the
LSA-BZ in the kx,y plane.

3.5 Comparison of the E(k‖) dependence
of QWS with that of bulk Bloch states

The E(k‖) dependence of the bulk Bloch states of the
11 ML thick Au film is given in the bulk BZ in Figure 12b
and in the LSA-BZ in Figure 12c. According to the quanti-
sation condition k⊥(E)·t+Φ(E) = nπ, the layer has in the
confined direction the wave vectors k⊥(E) = nπ/(11d) −
Φ(E)/(11d). If the phase factor Φ was 0, the wave vectors
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would be given by k⊥ = nπ/(11d), which for n = 11, 10, 9
gives the values k⊥ = 11π/(11d), k⊥ = 10π/11d and
k⊥(E) = 9π/(11d). The UPS maxima related to QSE in
the 11 ML thick Au-film occur in normal emission (θ � 0,
k‖ � 0) at 1.7 eV, 1.95 eV and 2.25 eV. The states with
these energies have in the bulk band structure (Fig. 7)
the following values of k⊥: 10.45π/(11d), 9.35π/11d and
8.25π/(11d). Thus, the phase shifts for those states are
Φ = 0.55π, Φ = 0.65π, and Φ = 0.75π, respectively. In
the bulk band structure (Fig. 7) the band states (1.70 eV,
k⊥ = 10.45π/(11d)), (1.95 eV, k⊥ = 9.35π/(11d)), and
(2.25 eV, k⊥ = 8.25π/(11d)) are marked with a black cir-
cle, a cross, and a black triangle, respectively. The E(k‖)
dependence of these states is shown in Figure 12b, c in the
[0001](ky) direction and the [11̄00] (kx) direction, where
the bulk states with k⊥ = 10.45π/d, k⊥ = 9.35π/d, and
k⊥ = 9.35π/d are marked with circles, crosses and trian-
gles, respectively. If the bulk band structure is given in
the bulk BZ, then the states of Figure 12a which lie below
2.5 eV are missing in the [0001] direction. These states oc-
cur in the [11̄00] direction but only at k‖ = 1.25 Å−1 and
not at k‖ = 0, as is required by the experimental data of
Figures 11, 12a. This clearly shows that the k‖ = 1.25 Å−1

periodicity is missing in the hcp bulk BZ. However, if the
bulk band structure is given in the LSA-BZ, those states
occur not only at k‖ = 1.25 Å−1 but also at k‖ = 0.
In this case the measured E(k‖) dependence of the QWS
agrees very well with the bulk band structure folded into
the LSA-BZ. Thus, a question arises whether the k⊥ peri-
odicity of the QWS can also be obtained from their E(k‖)
dependence.

In Figure 7 the states with EB � 2.75 eV, EB �
2.85 eV, and EB � 3.25 eV occur at k⊥ = 2.75π/(11d),
k⊥ = 0.55π/(11d) and k⊥ = 1.65π/(11d), respectively.
Figures 12a, c show that the states with (1.95 eV, k‖ = 0)
and (3.25 eV, k‖ = 0) correspond to the same value of k⊥,
although in the bulk BZ (Fig. 12b) they correspond to
two different values of k⊥: 9.35π/d and 1.65π/(11d), re-
spectively. The same can also be said of the pairs of states
which at k‖ = 0 have the energies of 1.7 eV, 2.85 eV
and 2.25 eV, 2.75 eV. However, these pairs should have
the same value of k⊥ according to the experimentally de-
termined E(k‖) dependence. This inconsistency can be
removed if the periodicity in the confined direction is
k⊥ = π/d, as in the LSA-BZ, and not k⊥ = 2π/d, as
in the bulk BZ. This analysis demonstrates that the pro-
posed LSA-BZ has the correct periodicity in the [112̄0]
direction.

4 Conclusion

We get strong d-type QSE in ARUPS from 5–26 ML thick
(112̄0) oriented Au films whose confined direction ([110])
is not perpendicular to any face of the bulk BZ. We sub-
sequently show that: i) the k⊥ values of the QWS deter-
mined with the help of the existing QSE models lie outside
of the first bulk Brillouin zone. Because of the bulk trans-
lational symmetry (which extends to infinity in all direc-
tions) these states can be rearranged in the first bulk BZ

but the corresponding Bloch states do not lie in the con-
fined direction; ii) the measured E(k‖) dependence of
these states gives a k‖ periodicity which is consistent with
the 2D periodicity of the Au layer but different from that
of the bulk Brillouin zone. These results imply that the
bulk BZ is not adequate for the explanation of the QWS.
Instead, a Brillouin zone which conforms to the symme-
try of the quantum well of the Au film (LSA-BZ) should
be used. The LSA-BZ is a rectangular parallelepiped of
hight π/d in the k-space, whose base is the 2D BZ related
to the translational symmetry of the Au layer. Indeed,
as it is shown in the right hand side panel of Figure 7,
all the measured E(k⊥) values can now be explained in
terms of the bulk band structure of hcp Au without the
application of the envelope function and reduced quantum
number models. It should be noted that the introduction
of LSA-BZ leads to the folding of the bulk band structure
around point k⊥ = π/2d in the confined direction, which
means that point k⊥ = π/d of the bulk BZ corresponds
to point k⊥ = 0 of the LSA-BZ. In contrast to the bulk
Brillouin zones, the k points in the LSA-BZ always satisfy
the equalities: E(-k‖) = E(+k‖) and E(-k⊥) = E(+k⊥).
This is confirmed by the E(k‖) dependence of the QWS
in thin Al(111) and Ag(111) layers [46] which shows that
in the [211]fcc direction E(-k‖) = E(+k‖), which is not
satisfied in the fcc BZ. Besides, the LSA-BZ has the prop-
erty that all the k⊥ vectors are perpendicular to one of its
faces. As a result, states with different values of k‖ may
still have the same k⊥ components of their wave vectors,
which is required for confined film states by the fact that
the confinement is in the k⊥ direction. This, in general, is
not true for bulk BZs. Let us finally observe that in the
case of thin [0001] oriented Mg [46] and Gd [47] films the
bulk BZ is identical with the LSA-BZ and the QWS can
be explained in terms of the bulk band structure given in
the bulk BZ. This explains why the QSE models do not
need to be applied in this case.

Discussions with Dr. L. Aballe on QSE in thin Al and Mg
films and with Prof. L. Fritsche on QWS in thin films as well
as on final state effects in photoelectron emission are thankfully
acknowledged.
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