
Surface Science 609 (2013) 39–43

Contents lists available at SciVerse ScienceDirect

Surface Science

j ourna l homepage: www.e lsev ie r .com/ locate /susc
First-principle modeling of gold adsorption on BeO (0001)

S. Barzilai ⁎,1, F. Tavazza, L.E. Levine
Material Measurement Laboratory, National Institute of Standards and Technology, 100 Bureau Drive, Stop 8553, Gaithersburg, MD 20899, USA
⁎ Corresponding author. Tel.: +1 3019758359.
E-mail address: barzilai.shmuel@gmail.com (S. Barzi

1 On sabbatical leave from the Nuclear Research Cent

0039-6028/$ – see front matter © 2012 Elsevier B.V. All
http://dx.doi.org/10.1016/j.susc.2012.10.017
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 July 2012
Accepted 21 October 2012
Available online 29 October 2012

Keywords:
BeO
Ab-initio calculations
Adsorption
Substrate
Gold nanowire chains are considered a good candidate for nanoelectronic devices since they exhibit remark-
able structural and electrical properties. For practical engineering devices, α-wurtzite BeO may be a useful
platform for supporting these nanowires, since the atom separation of the BeO (0001) surface is compatible
with the Au–Au atom spacing. However, its influence on the nanowire conductivity is unknown. Here, ab
initio simulations of adsorption of one gold atom on cleaved BeO (0001) surfaces have been performed to
find the most favorable adsorption site. An attractive adsorption was obtained for all the studied sites, but
the most favorable site was above the oxygen for the O-terminated surface and above the Be–Be bridge for
the Be-terminated surface. A relatively high electron density is observed in the Au\O and Au\Be bonds,
and the local density of states exhibits high peaks in the vicinity of the Fermi energy.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Gold nanowires have attracted a great deal of attention since they
exhibit remarkable electrical and structural properties which make
them candidates for applied areas such as nanoelectronic devices.
Many experimental [1–10] and theoretical [11–24] studies have
been carried out to explain these properties, however only a few
studies [25–28] attempt to characterize them when the nanowires
are placed atop a suitable substrate that is needed for practical engi-
neering devices. Those studies investigate the transport properties
of gold chains on a metallic NiAl(110) substrate which is useful for
conductive, straight, single atom chains but may prove to be inade-
quate for more complicated chain configurations such as two dimen-
sional (2D) zigzag or hexagonal structures [24] due to its surface
symmetry, or for nanoscale circuits which include resistors and semi-
conductors made from these nanowires due to its conductivity.

α-Wurtzite BeO may be a useful platform for supporting such
nanoscale gold chains. This compound has a band gap of 10.6 eV
[29], high thermal conductivity [30], sixfold symmetry on the basal
plane and bond lengths which are similar to the Au\Au bond length
in low-energy nanoscale configurations. Moreover, BeO has good cor-
rosion and a thermal-shock resistance.

As a first step toward characterizing the conductance of several
configurations of gold nanowires lying atop a BeO (0001) surface, it
is necessary to investigate the interaction between a gold atom and
the BeO surface to find the favorable adsorption sites and to charac-
terize the nature of their bonding. This understanding is also impor-
tant for numerous applications, such as coating, brazing, soldering,
lai).
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catalysis and fabrication of composite materials where earth alkali
oxides, and especially BeO, may be involved.

The preferential adsorption of metallic elements at the substrate
surface can be predicted by ab initio analysis using density functional
theory (DFT) methods. Earlier calculations have considered such cal-
culations for several types of metallic atoms adsorbed onto CaF2
[31–33]. The present study is limited to the adsorption calculation
of a single Au atom on a BeO (0001) surface, while computations of
adsorption and conductance of several gold atoms in a nanowire
structure will be pursued in future studies.

Results are presented for ab-initio calculations of a Au atom placed
above three different sites on both oxygen- and beryllium-terminated
BeO (0001) surfaces. The adsorption potential (i.e., the interaction ener-
gy) is computed for each site and for different metal–surface distances.
At the equilibrium distance, the adsorption energy and various proper-
ties of the electronic structure are presented to elucidate the nature of
the bonding. These results suggest that gold nanowires on BeO (0001)
may be a suitable system for building nano-devices and justify pursuing
a more exhaustive conductance study.

2. Methodology

Cluster (non-periodic boundary conditions) calculations were
performed assuming an ideal condition of 0 K, with surfaces free of
contamination and defects. The calculations were carried out in the
framework of DFT, using the DMol3 code [34–36]. We used a real
space cut-off of 4.0 Å and a double-numeric basis set with polariza-
tion functions (DND). The exchange-correlation potential was treated
within the Perdew–Burke–Ernzerhof (PBE) generalized gradient ap-
proximation (GGA) [37]. The ion core electrons of the Au were de-
scribed by a hardness conserving semi-local pseudopotential (DSPP)
[38] and only the outer electrons (5s25p65d106s1) were treated as
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valence electrons. Several calculations were made with unrestricted
spin polarization and only a minute effect was observed. Thus, to
save computational time, we performed restricted spin polarization
to all of the calculations described here. To ensure that the results of
the calculations are directly comparable, identical conditions were
employed for all systems. The convergence criteria for the energy cal-
culation and structure optimization were: 1.6×10−4eV (6×10−6Ha)
for self-consistent calculations, 10−4Å for maximum displacement
and 1.4×10−3eV (5×10−5Ha) for energy change.

The hexagonal BeO wurtzite structure can be described as alternat-
ing parallel beryllium and oxygen layers perpendicular to the c axis.
Cutting the crystal perpendicular to this axis creates a Be-terminated
(0001) surface on one side of the cut and an O-terminated surface on
the other side of the cut. For each surface, we considered three different
adsorption sites as described in Section 3. We used a relatively large
substrate with non-periodic boundary conditions to explore the effect
of a single adsorbate on the near and far neighbors, to minimize the
side effect of the substrate on the adsorption potential and to investi-
gate the magnitude of the atomic configuration changes at the edges
of the substrate. This substrate has six layers and 24 or 25 atoms on
each layer (Fig. 1). The adsorption potentials were calculated for a Au
atom above a non-relaxed substrate having bulk bond lengths, and
above a substrate that was relaxed previously. For the latter, the
atoms of the two bottom layers of the substrate were kept fixed during
the relaxation, while the rest of the atomswere allowed to relax. To ex-
amine the stability of the Au atoms in their selected sites, further relax-
ations were made, allowing the Au adsorbate to move on the surface,
and the surface to relax due to the interaction with the adsorbate. The
results from these calculations revealed the preferred configurations
of Au on the surface. For these configurations, the electron density
and the density of states (DOS) were computed.

To compute DOS results, it is necessary to use periodic boundary
conditions. Here, we used a super-cell of 10 Å×17 Å to have continu-
ity in the XY directions and a top vacuum layer of 15 Å. For this calcu-
lation, one k-point sampling was incorporated using the Monkhorst–
Pack scheme [39]. It should be recalled that DFT calculations provide
access to the DOS of the non-interacting Kohn–Sham reference sys-
tem, rather than that of the fully interacting system of electrons
[40], but the two systems may be expected to be qualitatively similar.
The relaxation was performed by the conjugate gradient approach
based on a delocalized internal coordinate scheme [41,42].

To estimate size effects of substrate thickness, three oxygen-
terminated surfaces having thicknesses of 6, 8 and 10 layers were re-
laxed and representative adsorption calculations were made (Eq. (1))
for Au above the central oxygen of each. To reduce the computational
expense for the substrate relaxation, only nine atoms were used for
each substrate layer. It was found that the thickness of the relaxed
(a) (b)
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Fig. 1. Top and side view of the sites on BeO (0001) surfaces considered for adsorption;
(a) beryllium terminated surface and (b) oxygen terminated surface. The labels a, b, and
c, stand for the oxygen, beryllium and BT positions of the Au adsorbate, respectively.
substrate has only a small effect on the adsorption energy. For a sub-
strate containing 8 and 10 layers, the adsorption energy difference
was less than 0.05 eV compared to the energy calculated for sub-
strates containing 6 layers, used in our standard calculations. As the
effect of adding more layers beyond 10 should be much smaller, we
can claim that the inaccuracy of our results caused by the finite sub-
strate thickness is ≈50 meV. Similar effects of substrate thickness
were obtained previously for Au on MgO (001) [43]. In this case, the
adsorption energy exhibits only minor changes (less than 30 meV)
for substrates containing 2 or more layers. Comparing this rock-salt
structure to the relaxed BeO (0001) structure, these 2 layers may be
equivalent to 4 layers in the wurtzite structure. In both cases, these
layers represent two couples of Me–O (Me = Be or Mg).

3. Results and discussion

The calculations were performed for Au adsorbed on oxygen- and
beryllium-terminated surfaces of BeO (0001) (Fig. 1). For each sur-
face, three adsorption sites were considered (a) atop the oxygen,
(b) atop the beryllium and (c) atop the bridge triplet (BT) formed
by the top-most atoms of the surface. In each case, the adsorption en-
ergy, the electron density and the DOS of the adsorbed Au were
studied.

3.1. Adsorption energy

The total energies of the BeO (0001)/Au systems were calculated
for the sites shown in Fig. 1, for distances of 1.4 Å to 9.0 Å between
the Au and the terminate layer of each surface. The adsorption poten-
tial (Uads) was calculated according to:

Uads zð Þ ¼ Esystot zð Þ− Esubstratetot þ EAutot
� �

; ð1Þ

where Etotsys(z) is the total energy of the substrate with Au atom, calculat-
ed for each adsorption site at various distances (z) from the substrate
surface. For the non-relaxed surface, this baseline was fixed, whereas
for the relaxed substrate, the average location of the top most atomic
layer is used as the base line. Etotsubstrate is the total energy of the substrate
configuration without the Au atom, and EtotAu refers to the total energy of
the single Au without the substrate. For Au that is well-separated from
the BeO substrates, the condition limz→0 Uads zð Þ ¼ 0 is satisfied.

To determine an optimal value for the adsorption energy, Eads, it is
useful to interpolate the computed results for the adsorption poten-
tial. In order to obtain an accurate interpolation, especially in the vi-
cinity of the minimum, we apply Morse-type functions (Eq. (2)) for
the cases where both attractive and repulsive interactions were ob-
served in the adsorption potential curves:

U ¼ Eads⋅ e−2a z−z0ð Þ−2e−b z−z0ð Þ
� �

: ð2Þ

Here, Eads represents the adsorption energy, z0 represents the
equilibrium distance, and a and b are constants to be retrieved by
fitting the functions to the computed results.

Fig. 2 exhibits the adsorption potential curves of BeO/Au for the
three different sites and four types of BeO (0001) surfaces. Table 1
gives the interaction parameters of the fitted functions for each
configuration.

As can be seen from the adsorption potential, in all the cases, the
gold atom interacts with the substrate in an attractive manner. How-
ever, the adsorption energy depends strongly on the nature of the
surface. For the non-relaxed surfaces, high adsorption energies
(2.8 eV to 4.4 eV) were computed and the BT site was identified as
the most favorable adsorption site for both the oxygen- and the
beryllium-terminated surface. For the more physically correct relaxed
surfaces, the adsorption energies are much lower (0.58 eV to 0.72 eV)
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Fig. 2. Adsorption potentials of Au atom above oxygen- and beryllium-terminated BeO (0001) surfaces. The adsorption potential was computed for non-relaxed (a) and relaxed
(b) substrates. In each figure, the distance is relative to the surface layer. During the relaxation of the Be-terminated surface, the O atoms moved to locations that were slightly
above the Be atom positions, thus becoming the top most layer.
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and the energetically preferred adsorption site was changed to the O
site for both surfaces. Electrostatic considerations [44,45] show that
the charge separation that occurs when a polar sample is cleaved
leads to an energetically highly-unstable situation. Thus, during the
relaxation, the BeO (0001) surfaces may exhibit massive surface re-
constructions which can decrease their reactivity. Indeed, during the
substrate relaxation, the Be and O atoms moved to overcome this in-
stability. For the oxygen terminated surface, the average distance be-
tween the Be and O layers changed from 0.535 Å to 0.28 Å for the top
Table 1
Parameters that characterize the adsorption potential of Au atom above oxygen and
beryllium terminated of BeO (0001) surfaces, for the relaxed and non-relaxed
substrates.

BeO (0001) surface type Adsorption site Interaction parameters
from Eq. (2)

Eads, eV a, Å−1 z0, Å

Non-relaxed surface Be terminated O 4.16 0.96 2.09
Be 4.07 1.05 2.26
BT 4.45 0.92 2.01

O terminated O 2.80 1.36 2.12
Be 2.94 1.16 1.86
BT 3.14 1.13 1.77

Relaxed surface Be terminated O 0.57 1.08 3.15
Be 0.44 1.26 3.18
BT 0.29 1.20 3.23

O terminated O 0.72 1.73 2.64
Be 0.58 1.49 2.52
BT 0.58 1.36 2.45
two layers and to 0.21 Å for the next two layers. Significant changes
were also observed for the beryllium-terminated surface. Initially,
the beryllium layer was 0.535 Å above the oxygen layer, while after
the relaxation, this separation decreased to≈−0.04 Å, with the aver-
age relaxed O positions slightly higher than that of the Be atoms.
These configuration changes may explain the differences between
the adsorption energies computed for the relaxed and non-relaxed
surfaces.

Further relaxations were carried out to allow the Au adsorbate to
move on the surface, and the surface to relax due to the interaction
with the adsorbate. For the oxygen-terminated surface, the favorable
adsorption site remains above the oxygen, but the Au atom moved
≈0.3 Å toward the Be atom. For the beryllium-terminated surface, the
Au atom moved to a new adsorption site which is directly above the
Be–Be bridge. For both cases, the presence of the gold adsorbate also
caused small changes in the positions of the nearby beryllium and oxy-
gen atoms. For these fully relaxed sites, the adsorption energywas com-
puted as 1.2 eV and 1.9 eV for the oxygen- and beryllium-terminated
surfaces, respectively. To elucidate the nature of the adsorption bonding
and the effect of the substrate relaxation, we examined the electronic
structure. This analysis was focused on the most favorable cases that
were obtained from the relaxed BeO/Au systems.

3.2. Electronic structure

A deeper understanding of the bonding interaction in the BeO
(0001)/Au systems can be achieved by studying their electronic
structure. As described previously, the most stable adsorption sites
obtained from these relaxed systems were atop the oxygen and
above the Be–Be bridge for the O-terminated and Be-terminated
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surfaces, respectively. The redistribution of electrons due to Au ad-
sorption and the local DOS (the DOS of the specified atom, LDOS)
near the Fermi energy (EF) were calculated and related to the tenden-
cy of the Au atom to interact with the BeO substrate. Fig. 3a and b
shows the electronic structure associated with Au adsorption on the
O-terminated surface and Fig. 3c and d shows the same information
for the Be-terminated surface.

As can be seen from the electronic structures, for Au adsorbed on
the O-terminated surface (Fig. 3a and b), the adsorption bonding of
Au can be related to the interaction with a single oxygen atom from
the BeO surface. The LDOS indicate that the adsorption hardly affects
the electronic structure of the Be atoms, but affects the electronic
structure of the Au atom and the oxygen atom adjacent to it. Orbital
projected DOS and integrated DOS analyses indicate that the 6s
state of the Au becomes almost empty (see the Au DOS Fig. 3b)
with part of the Au charge transferred to the surface and mostly to
the 2p states of the oxygen beneath it. Moreover, the electrons that
occupied the 5d states of Au interact with the 2p states of O (see elec-
tron energies 2 eV to 5 eV below the Fermi energy). A different situ-
ation was obtained for the Au adsorption on the Be-terminated
surface (Fig. 3c and d). In this case, almost no charge transfer was ob-
served and the adsorption bonding of Au is associated with the inter-
action with two beryllium atoms and one oxygen atom from the BeO
surface. According to the DOS computations (Fig. 3d), this bonding
primarily affects the electrons lying in the band that crosses the
Fermi energy. Here, a new band is raised for the Be and O atoms be-
neath the Au. This band does not exist for the Be and O atoms that
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Fig. 3. Electronic structure of the relaxed BeO (0001)/Au systems. (a) and (b) are the electro
(d) are the electron density iso-surface and the LDOS of the Be-terminated/Au system, respe
the electron density iso-surfaces correspond to 0.2 e/Å3. The orbitals that dominate the ban
are far from the adsorbate and it is associated with the occupied s
states in Au, p states in O and s,p states in Be. This triple bonding is
consistent with the high adsorption energy observed for this surface.
4. Conclusion

Adsorption of Au on a hexagonal BeO (0001) wurtzite structure
was investigated to find the most favorable adsorption sites on the
O- and Be-terminated surfaces, and to explore the nature of the inter-
action. For the adsorption configurations studied, it was found that
the relaxation has a major effect on the adsorption energy and on
the positions of the substrate atoms close to the surface. After
substrate relaxation, the O site was found to be preferred for both
Be- and O-terminated surfaces (Fig 2b). Further relaxation, which
allowed both the Au adsorbate to move on the surface and the surface
to relax due to the interaction with the adsorbate, indicates that the
most favorable adsorption site for the Be-terminated surface is locat-
ed above the Be–Be bridge and for the O-terminated surface it
remains above the O. The electronic study shows that, for the Be-
terminated surface, the Au atom interacts mainly with two Be atoms
and one O atom located beneath it. For the O-terminated surface,
the adsorption primarily affects the electronic structure of the O be-
neath the Au atom. Thus, for future conductance simulations of gold
nanowires lying on a BeO surface, it is recommended to place the Au
atoms above the O atoms for the O-terminated surface, and above
the Be–Be bridge for the Be-terminated surface.
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