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Abstract—This paper reports on the first experimental observation of quantum-well states and sp-type reso-
nances in thin single-crystal gold, silver, and copper layers formed on single-crystal W(110) surfaces, which
result from spatial localization of Bloch-type electronic wave functions in a quantum well with potential barri-
ers at the vacuum/metal and metal/W(110) interfaces. The quantization of the valence-band electronic structure
in Au/W(110), Ag/W(110), and Cu/W(110) systems was studied experimentally using angle-resolved photo-
electron spectroscopy. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Research in modern solid-state physics focuses con-
siderable attention on the experimental study and theo-
retical analysis of the electronic structure in low-
dimensional systems. This interest is accounted for, on
the one hand, by the lack of information on such struc-
tures compared, e.g., to bulk crystals and, on the other,
by the broad application potential of low-dimensional
systems in micro- and nanoelectronics. In thin layers,
the motion of electrons perpendicular to the surface of
a solid is substantially constrained, with the scale of
this limitation being comparable to the coherence
length of the electron wave function. As a result of the
electron motion being constrained in this direction, the
energy spectrum becomes modified and the continuum
typical of a bulk crystal is replaced by a set of quantum-
well states (QWSs). A QWS standing wave is produced
through the interference of Bloch electronic waves,
which are multiply reflected from the walls of the
potential well formed by the vacuum/metal and
metal/substrate interfaces. Note that the actual energy
position of the QWS depends on the potential well
width, i.e., on the thickness of the quasi-two-dimen-
sional structure [1]. Therefore, dispersion in the spec-
tral features of the thin-film system under study with
variation of its thickness serves as evidence of the exist-
ence of the QWS. The quantization of the electronic
energy bands of a bulk single crystal occurring as one
crosses over to thin single-crystal films offers a unique
possibility of using angle-resolved photoelectron spec-
troscopy (ARPES) to experimentally study the quan-
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tum electronic states created in thin metal layers [1, 2].
The most essential goal of these experimental studies
was to obtain thin single-crystal films of noble metals
with a perfect crystal structure, because any defects at
the vacuum/metal and metal/W(110) interfaces, as well
as film inhomogeneities, produce electron scattering
and, as a consequence, weaken the effect to be
observed. In our experiments, thin single-crystal films
were prepared through thermal deposition of noble
metals on an atomically clean W(110) surface. The
crystal structure of the layers thus produced was ana-
lyzed using low-energy electron diffraction (LEED).

Earlier experiments showed [3–7] that the surface of
the closely packed (111) face of a thin fcc metal layer
formed on the (110) surface of a bcc metal can have two
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Fig. 1. Two possible (Nishiyama–Wassermann and Kurdju-
mov–Sachs [7]) orientations of the (111) surface of an fcc
metal on the (110) surface of a bcc metal.
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Fig. 2. LEEDS patterns obtained for (a) Au/W(110), Ep = 141 eV; (b) Ag/W(110), Ep = 121 eV; and (c) Cu/W(110), Ep = 173 eV.
types of orientation, Nishiyama–Wassermann (NW) or
Kurdjumov–Sachs (KS) [5–7] (Fig. 1), depending on
certain conditions (the relative magnitudes of the sub-
strate and adsorbate interatomic distances, film thick-
ness, temperature, etc. [3, 4]). The LEED patterns
obtained for the Au/W(110), Ag/W(110), and
Cu/W(110) systems (Fig. 2) confirm the formation of
thin single-crystal films of Au, Ag, and Cu on the sin-
gle-crystal W(110) surface. The LEED patterns permit
one to conclude that thin Au and Cu layers form
through the NW mechanism and Ag layers form
through the KS mechanism, which is in agreement with
[8].

Our photoemission studies showed that quantum
states and resonances of the sp type indeed form in
Au/W(110), Ag/W(110), and Cu/W(110) structures. It
was demonstrated that the photoelectron (PE) spectra
observed in the Ag/W(110) system can be employed to
monitor the thickness of the deposited layers. The dis-
persion relation E(k⊥ ) was obtained experimentally for
the Cu/W(110) system in the [111] direction.

2. EXPERIMENTAL TECHNIQUE

The studies were carried out at the BESSY-I and
BESSY-II synchrotron centers (Berlin, Germany), with
output channels TGM3 and U125, respectively, using a
WSW ARIES-type angle-resolved electron spectrome-
ter equipped with a diffractometer to measure LEED
patterns. Laboratory studies were performed on an SES
200 SCIENTA electron spectrometer with a gas-dis-
charge helium lamp providing hν = 21.2 and 40.8 eV
photons for ARPES experiments. The total energy res-
olution reached in the ARPES experiments was ≈150
and ≈50 meV for the ARIES and SCIENTA electron
spectrometers, respectively.

The atomically clean W(110) single-crystal surface
was obtained through a series of short heatings of the
crystal to 2300°C, with subsequent annealing at
1300°C in an oxygen environment in a vacuum of no
worse than 5 × 10–8 Torr. The heating in oxygen
resulted in a chemical reaction of the oxygen with the
carbon evolved onto the W(110) surface from the bulk
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of the crystal, and the CO2 thus formed escaped from
the surface and was pumped out. This procedure pro-
duced an atomically clean W(110) surface, whose qual-
ity was monitored using ARPES and LEED. Figure 3
presents a PE spectrum and a LEED pattern character-
istic of a perfectly clean W(110) single-crystal surface,
which demonstrate the absence of any foreign inclu-
sions on the surface.

Thin single-crystal layers of Au, Ag, and Cu on
W(110) substrates were prepared through thermal
evaporation of a small piece of the corresponding metal
(a sphere ~2–3 mm in diameter, metal purity 99.999%)
spot welded to a 0.25-mm diameter wire of W75-Re25
alloy. The wire with the metal was heated to the metal
evaporation temperature by passing a dc current
through it (~2.7 A for Ag, and ~3.8 A for Au and Cu).
The Au, Ag, and Cu single-crystal layers were found to
have the best quality when the deposition on a W(110)
substrate was made at room temperature at a rate of no
more than 2 Å per minute. The thickness of the depos-
ited Au, Ag, and Cu layers was determined from the
change in the frequency of a quartz resonator main-
tained inside the vacuum chamber under the same con-
ditions as the sample. On reaching the base vacuum in
the chamber, each source was outgassed to achieve
cleanness of the source components, for which the
pressure during the evaporator operation increased only
to 2 × 10–10 Torr. The base pressure in the chamber in
each experiment was kept below 1 × 10–10 Torr.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Quantum Resonance States 
in the Au(111)/W(110) System

Figure 4 presents the photoemission spectrum
obtained at a photon energy hν = 50 eV under normal
electron emission from the Au/W(110) system with a
gold layer 22 Å thick. This spectrum exhibits several
features (denoted by the symbols 2–6, D1–D3, and S)
that were observed earlier [9, 10]. The feature at 0.4 eV
below the Fermi level, which is denoted by S1, is a
Shockley-type surface state located in the relative
2
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Fig. 3. Photoelectron valence-band spectrum of W(110) measured under normal photoelectron emission and incident photon energy
hν = 40.8 eV. Inset: LEED pattern for the W(110) single-crystal surface.
energy gap at the L point [10, 11]: EF < ESS < 1.1 eV.
The S2 feature is also assigned to a Shockley-type sur-
face state. This feature was observed earlier in [11] and
is in agreement with the surface-state calculations per-
formed for Au(111) in [12]. The symmetric shape of the
surface-state peaks and their high intensity argues for
the high quality of the Au film. The 2–6 features result
from direct transitions between the volume electronic
states along the ΓL direction. The D1–D3 features were
shown [9] to be surface resonances, because their
energy does not change with varying the photon energy
and they exhibit resonance properties at photon ener-
gies from 18.6 to 26.5 eV [9]. The S feature in the PE
spectrum is accounted for by the variation in the poten-
tial at the surface [9]. In addition, the PE spectrum also
has two new features lying at ≈1.3 and ≈2.0 eV below
the Fermi level (denoted by QWR1 and QWR2, respec-
tively) that were not observed earlier in the PE spectra
obtained when studying bulk single-crystal Au(111)
[10]. To establish the nature of these electronic states,
we measured PE spectra for different gold layer thick-
nesses and photon energies. Figure 5 presents PE spec-
tra for the Au/W(110) system obtained at a photon
energy hν = 60 eV. The gold layer thickness was varied
P

from 8 to 30 Å. Note that at gold layer thicknesses in
excess of 8 Å, a QWR1 feature appears in the spectrum
that shifts toward lower binding energies (toward the
Fermi level) with increasing layer thickness. At a gold
layer thickness of 18 Å, a QWR2 feature is seen to
appear in the PE spectrum that also changes its energy
with increasing film thickness. Note that the QWR1 and
QWR2 features for the gold layer thickness of 22 Å lie
at binding energies of ~1.3 and ~2.0 eV, respectively,
which coincide with the positions of similar features in
the PE spectrum for the same system measured at a
photon energy hν = 50 eV. It should be pointed out that,
as the gold layer thickness increases, the QWR1 and
QWR2 features are observed in the PE spectra at ener-
gies down to an energy of ~1.1 eV below the Fermi
level (the Au valence-band top in the [111] direction),
but their intensities decrease noticeably as one
approaches this energy. At binding energies of less than
~1.1 eV, these features are not seen.

The QWR1 and QWR2 features observed in the PE
spectra cannot be due to surface resonance states,
because although their positions are seen to be indepen-
dent of the photon energy, they change with varying
HYSICS OF THE SOLID STATE      Vol. 44      No. 1      2002
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gold layer thickness. For the same reason, QWR1 and
QWR2 cannot result from hybridization of the Au and
W electronic states. We believe that these specific fea-
tures in the PE spectrum [compared to the PE spectrum
of a bulk Au(111) single crystal] can be only a signature
of sp-type quantum electronic states due to sp electrons
being spatially confined to a thin single-crystal layer of
gold by potential barriers at the Au/vacuum and Au/W
interfaces. Tungsten has a relative gap extending from
3.5 to 6.2 eV below the Fermi level in the ΓN direction
perpendicular to the surface [13, 14]. Because the

energy bands  and  of gold and tungsten, respec-
tively, have different crystal symmetries [15], the wave
functions of the electronic sp states in gold will experi-
ence practically total reflection from the Au/W inter-
face at energies from 2.0 to 6.2 eV. However, the wave
functions of the Au sp electrons at binding energies of
less than 2.0 eV can penetrate through the effective

Au/W potential barrier to interact with the  elec-
tronic states of tungsten [16, 17]. This means that the
Au sp electron wave functions in this energy region are
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Fig. 4. Photoelectron valence-band spectrum of the
Au/W(110) system measured under normal photoelectron
emission and incident photon energy hν = 50 eV. Gold layer
thickness 22 Å.
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not totally localized in a thin single-crystal Au layer.
Thus, the semiconfined electronic states observed in the
PE spectra are sp-type quantum resonance states of Au.
In the description of quantum resonance states [1], one
observes a certain analogy to surface resonance states
[9, 18].

Thus, the above analysis gives one grounds to con-
clude that thin epitaxial Au layers produced on single-
crystal W(110) exhibit, in addition to known features,
sp-type quantum resonance states. Note that the elec-
tronic structures of ultrathin gold layers on W(110)
substrates were already studied in [17] and d-type
quantum states were observed at energies from 2 to
4 eV, i.e., in the region of the W energy gap for elec-
tronic states in the ΓN direction of the Brillouin zone

that exhibit  crystal symmetry.

Note that when the Au/W(110) system is excited by
photons of energy hν = 21.2 eV, the QWR1 and QWR2
quantum resonance states are not observed in the PE
spectrum, because the electron photoionization cross
section is considerably smaller in this case than that for

Σ5
1

Fig. 5. Photoelectron valence-band spectra of the
Au/W(110) system measured for different gold layer thick-
nesses. The spectra were obtained under normal photoelec-
tron emission and incident photon energy hν = 60 eV.
Dashed line specifies the position of the surface state.
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hν = 60 eV. For this reason, quantum resonance states
of the sp type were not observed in the studies in [17].

3.2. Quantum-Well States and Resonances
in the Ag/W(110) System

Figure 6 displays a series of PE spectra measured at
a photon energy hν = 50 eV in a system prepared by
depositing thin silver layers of various thicknesses onto
a W(110) single crystal. For a layer thickness of 2 Å,
the PE spectrum exhibits a feature in the region of the
sp electron binding energy of ≈3.2 eV that can be asso-
ciated with electron emission from a quantum state
characteristic of a monolayer Ag film. As the silver
thickness is increased gradually, a new feature appears
in the PE spectrum at a binding energy of ≈2.4 eV,
which signals the formation of a second monolayer.
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Fig. 6. Photoelectron valence-band spectra of the
Ag/W(110) system measured for different silver layer
thicknesses. The spectra were obtained under normal pho-
toelectron emission and incident photon energy, hν = 50 eV.
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After the silver coating thickness reaches 7 Å, a feature
with a binding energy of ≈2.0 eV is seen to appear in
the spectrum, thus indicating the formation of the third
monolayer.

Note that at silver film thicknesses above three
monolayers, the film growth was shown to be accompa-
nied by island formation on the surface [8]. This obser-
vation is supported by the considerable decrease in
intensity of the spectral features originating from quan-
tum states in thicker Ag layers. As a result of the pres-
ence of Ag surface imperfections in such films, elec-
trons scatter from surface defects in reflection from the
Ag/vacuum interface, thus giving rise to a blurred struc-
ture of the PE spectra associated with size quantization.

As in the Au/W(110) system, at binding energies of
less than 2 eV, electron wave functions of silver can
penetrate through the effective barrier into the sub-
strate. Therefore, the quantum states of silver in this
energy region should be considered to be sp-type reso-
nance quantum states. Figure 7 plots the typical depen-
dence of the energy positions of the quantum states and
resonances on the silver layer thickness.

As seen from Fig. 6, the thickness of a silver layer
can be derived from the position of the quantum elec-
tronic states in the PE spectra. This experimental obser-
vation offers the possibility of using QWSs to determine
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Fig. 7. Energy position of the peaks of quantum states vs.
silver film thickness for the Ag/W(110) system derived
from the photoelectron spectra in Fig. 6.
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the thickness of very thin metal layers in addition to
evaporator calibration.

3.3. Quantum Resonance States
in the Cu/W(110) System

Interest in this system has been stimulated, on the
one hand, by studies of the quantum effects in such sys-
tems as, for instance, Cu/Ni(100) [19] and Cu/Co(100)
[20], and, on the other, by observations arguing for the
existence of sp-type quantum resonance states in thin
copper layers on W(110), namely, by the possibility of
growing thin epitaxial single-crystal copper layers on
W(110) substrates [21], by the similarity of the elec-
tronic band structures in Au, Ag, and Cu in the [111]
PHYSICS OF THE SOLID STATE      Vol. 44      No. 1      200
direction [15], and by the existence of an effective
potential barrier at the Cu/W interface.

Figure 8a displays a series of PE spectra of epitaxial
copper films of various thicknesses on W(110) sub-
strates measured at a photon energy hν = 21.2 eV. At
this photon energy, one observes the maximum inten-
sity of the Shockley-type surface state on Cu(110),
which provides a possibility of monitoring the surface
quality of thin single-crystal copper layers. The feature
corresponding to a surface state in the PE spectra
shown is observed at a binding energy of ≈0.3 eV below
the Fermi level and lies in the energy gap (EF < ESS <
0.75 eV) at the L point. In addition to the surface state,
the PE spectrum exhibits a number of features (denoted
by 1–4) not seen in the PE spectra of bulk Cu(110) sin-
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Fig. 8. (a) Valence-band photoelectron spectra of the Cu/W(110) system measured for various copper layer thicknesses; the spectra
were obtained under normal photoelectron emission and incident photon energy, hν = 21.2 eV; the Cu layer thickness is varied from
22 to 50 Å; the dashed line identifies the position of the surface state. (b) Dispersion relation E(k⊥ ) along the [111] direction per-
pendicular to the Cu(111) surface; points are experimental data extracted from the PE spectra; the solid curve represents a fitting
function calculated from the two-band model [25].
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gle crystals [22]. Increasing the copper thickness shifts
these features toward the Fermi level. These features
can be accounted for in terms of the quantization of the
Cu sp band in the ΓL direction through the formation of
quantum electronic states. In the Cu/W(110) system,
the wave functions of copper electrons with energies in
the range 0.75 < E < 2 eV are capable of penetrating
through the effective Cu/W barrier into the substrate to
form semiconfined resonance quantum states.

The quasi-wave vector k⊥  in the direction perpen-
dicular to the surface for a quantum state with a given
energy can be calculated from the condition of quanti-
zation of k⊥ , which is based on the finite thickness of a
thin layer [1, 23, 24]. Thus, experimental PE spectra
can be used to calculate the dispersion relation E(k⊥ )
along the [111] direction. The E(k⊥ ) dispersion for the
Cu(111)/W(110) system is presented in Fig. 8b as a set
of experimental dots and a curve representing the fitting
function E(k⊥ ) calculated in [23] in terms of the two-
band model [1, 25]. The best fit to the experimental data
was obtained with the following parameters: a copper
valence-band top in the given direction of 0.75 eV and
an effective mass m* = 0.66me, where me is the free-
electron mass.

4. CONCLUSIONS

Thus, the results of our study of thin single-crystal
Au, Ag, and Cu layers formed at room temperature on
atomically clean W(110) single-crystal surfaces permit
one to conclude that localization of the sp electron
wave functions gives rise to the formation of quantum-
well states and resonances, which reveal characteristic
variations of the energy position with metal layer thick-
ness. The quantum states observed in the PE spectra of
thin uniform Ag layers on W(110) are a signature of the
layer-by-layer film growth, which can be used to mea-
sure the thickness of a deposited coating. It should be
pointed out that quantum-well states and resonances
were observed in the Au/W(110), Ag/W(110), and
Cu/W(110) systems for the first time.
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