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Electric field control of the structure, dimensionality, and reactivity of gold nanoclusters (Au20)
deposited on MgO films of various thicknesses supported on Ag(100) are introduced and studied using
first-principles electronic structure calculations. Field-controlled interfacial charging and field-induced
dimensionality crossover are predicted. For a field Ez � 1 V=nm, an optimal planar Au20 island on
MgO�8 layers�=Ag�100� is determined, while for Ez � 0, the preferred structure of the cluster is a
tetrahedron. Field control of the reactivity of the adsorbed nanocluster with O2 is discussed.
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Control of the structure and stability of nanostructures
and tunability of their properties and functionalities are
some of the main goals of modern research of nanoscale
materials in general, and in nanocatalysis in particular
[1,2]. Recently, it has been predicted theoretically [3,4],
and subsequently confirmed experimentally [5], that while
on the surface of bulk and thick metal-oxide films [e.g.,
MgO(100)] grown epitaxially on metal substrates [e.g.,
Mo(100) or Ag(100)], three-dimensional (3D) structures
of deposited gold clusters are most stable, a dimensionality
crossover occurs for thinner metal-supported oxide films
(under 8 layers), with 2D planar structures gaining in
stability compared to the 3D ones. The stabilization of
the 2D structure (i.e., enhanced wettability of the metal-
oxide thin film surface) has been found [3,4] to be caused
by accumulation of electronic charge (originating from the
underlying metal support) at the cluster-to-metal-oxide
interface, which is enhanced by the larger interfacial con-
tact area of the planar structure compared to the 3D one.
The excess charge results in attractive interaction with its
image in the underlying metal, thus binding more strongly
the partially (negatively) charged adsorbed 2D metal nano-
structure. Additionally, the excess charge on the gold clus-
ter has been predicted [4] to catalyze, on sufficiently thin
metal-supported MgO films, the oxidation reaction of CO
to CO2, through activation of the adsorbed O2 through
population of the antibonding 2�� orbital.

Here, we report on the use of external electric fields to
control and manipulate the structural stability, dimension-
ality, and chemical reactivity of gold nanoclusters (Au20)
deposited on MgO films of various thicknesses, grown on
an Ag(100) substrate. Employing first-principles calcula-
tions, we predict field-controlled interfacial charging and
field-induced structural dimensionality crossover; e.g., for
a field of 1 V=nm, we determine an optimal 2D planar
configuration of an Au20 island adsorbed on an Ag-
supported 8-layer MgO(100) film, while under field-free
conditions, the preferred structure of the adsorbed Au20

cluster is a 3D tetrahedron. Furthermore, we illustrate

field-dependent control and tunability of the chemical
reactivity of adsorbed Au nanoclusters with O2.

In our investigations of the electronic and geometric
structures of surface-deposited nanoclusters [6], with and
without an external electric field [7], we employ first-
principles density-functional theory (DFT) calculations
[8,9], with the use of the generalized gradient approxima-
tion (GGA) [10], ultrasoft pseudopotentials [11] (scalar
relativistic ones for gold) with a plane wave basis (kinetic
energy cutoff of 400 eV).

We focused here on an Au20 cluster which in the gas-
phase has been found (through photoemission [12,13] and
electron diffraction [14] measurements coupled with theo-
retical calculations) to exhibit an optimal tetrahedral struc-
ture, Au20�T�, with a sizeable energetic advantage
�Egas�T; P� � E�Au20�P�� � E�Au20�T�� � 1:95 eV over
the corresponding planar isomer, Au20�P�. The 3D tetrahe-
dral structure maintains its excess stability over the 2D one
when adsorbed on a bulk MgO(100) surface. On the other
hand, as noted above, for sufficiently thin films (under 8
layers) of MgO(100) epitaxially supported on metals
[Mo(100) or Ag(100)], a planar structure of Au20 shows
excess stability [3–5].

To quantify the thickness-dependent stabilization
effect, we define the cluster binding energy (BE) to
the surface as �BE�n�Au20�T=P�� � Egas�Au20�T=P�� �
E��MgO�n=Ag� � E�Au20�T=P�=�MgO�n=Ag�, where
E�. . .� denotes the total energy (<0) of the relaxed system,
(T=P) denote tetrahedral or planar structure of the ad-
sorbed Au20 cluster, and n is the number of layers of the
metal-supported MgO film. All the results were obtained
following unconstrained structural optimization. We also
define the charge difference, �Qn [Au20�T=P�], between
the total electronic charge of the combined system
Au20�T=P�=�MgO�n=Ag�100�, optimized with (or without)
an external electric field, and the isolated cluster and
surface support kept in the geometry as in the combined
system. Figures 1(a) and 1(b) reveal notable dependencies
of �BE�n and �Qn on the MgO film thicknesses for the
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adsorbed planar (2D) structures [see upper curves in (a)–
(d)]. In contrast, the results for the 3D structures show
relative insensitivity to n [see lower curves in (a)–(d)].

We also define the binding energy difference for the two
structures of the adsorbed clusters ��BE�n�Au20�T; P�� �
�BE�n�Au20�P�� � �BE�n�Au20�T��, and the binding energy
difference normalized to the energy difference between the
gas-phase T and P structures, i.e., �En�Au20�T; P�� �
��BE�n�Au20�T; P�� � �Egas�Au20�T; P��; note that for
�En�Au20�T; P��< 0, the adsorbed 3D structure (T) is
energetically favored, while the planar 2D structure (P)
is preferred for positive values of �En. In Fig. 2(a), we
display calculated values of �En�Au20�T; P��, showing
dominance of the 2D adsorbed structure for n � 3 and 6,
with the 3D tetrahedral structure emerging as the favored
one for supported MgO films with n 	 8 layers,
�E8�Au20�T; P�� � �0:02 eV. As aforementioned, the
3D tetrahedral structure is favored for all thicknesses of

free standing MgO(100) films, with �E�Au20�T; P�� �
�0:87 eV calculated for a 6-layer film.

Application of an electric field cancels the thickness-
dependent dimensionality crossover found above for the
field-free case. Indeed, the dominance of the planar ad-
sorbed structure, Au20�P�, is restored under the influence of
a field applied to the 8-layer MgO film [see Fig. 2(b)]. The
field-induced increased wetting propensity [Figs. 1(c) and

FIG. 2. Binding energy differences normalized to the energy
difference between the tetrahedral and planar structures in the
gas phase (see text). (a) �E plotted vs n, the number of
MgO(100) layers supported on Ag(100), with Ez � 0. (b) �E
vs Ez calculated for Au20 adsorbed on MgO�8L�=Ag�100�. Lines
connect the calculated values to show the trend.

FIG. 3 (color online). Isosurfaces of electronic charge differ-
ences shown as shaded regions localized mainly at the cluster/
surface interface [see (a) and bottom figure in (b)], calculated for
the system Au20�T=P�=MgO�8L�=Ag�100� and optimized with
an external electric field of 0:1 V= �A (on line the excess charge is
in blue and the charge depletion is pink). The isosurfaces are
superimposed on the atomic structure; oxygen and Mg atoms of
the surface are depicted as darker spheres (online red and green,
respectively), and the gold atoms of the adsorbed cluster are de-
picted as gray shaded spheres (online yellow). (a) a 3D tetrahe-
dral adsorbed cluster isomer, and (b) the energetically favored
planar adsorbed cluster, with a top view given above (the surface
atoms are not displayed), illustrating preferable charging at the
island periphery, and a side view shown at the bottom.

FIG. 1 (color online). Binding energies and excess electronic
charges for adsorbed Au20 clusters; in (a)–(d) upper curves and
lower curves correspond, respectively, to planar, Au20�P�, and
3D, Au20�T�, clusters. In (a) and (b), �BE��Au20� and �Q�Au20�
are shown versus the number of MgO layers, n, supported on
Ag(100) under field-free conditions, and in (c) and (d), they are
shown, for clusters adsorbed on an Ag-supported 8-layer MgO
films, as a function of the external electric field strength. Dotted
and dashed lines denote �BE��Au20� and �Q�Au20� for the planar
and tetrahedral clusters, respectively, adsorbed on the surface of
bulk MgO films (without metal support). Values for
Au20�P�=MgO�3L�=Ag�100�, displayed in (c) and (d) by empty
(red) circles, are for the reversed field polarity, i.e., Ez �
�0:1 V= �A and �0:2 V= �A, showing reduced BE and �Q; com-
pare to the Ez � 0 results shown in (a) and (b).
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2(b)] is accompanied by enhanced interfacial charge accu-
mulation as shown in Fig. 1(d). The spatial distribution of
the accumulated charge is visualized in Fig. 3.

Interestingly, our calculations predict the ability to ma-
nipulate the wettability of the substrate also via reversal of
the applied field direction (polarity). This effect is illus-
trated for Au20�P�=MgO�3L�=Ag�100� through calcula-
tions with Ez � �0:1 and �0:2 V= �A [see open circles in
Figs. 1(c) and 1(d)], where 3L denotes three layer. We find
for the two fields, respectively, binding energies (and
charge excess) of 4.33 eV (1:29e) and 3.96 eV (1:06e),
which are both smaller than the ones calculated in the
absence of the electric field, i.e., �BE�3�Au20�P�� �
4:86 eV and �Q3�Au20�P�� � 1:49e.

The ability to control and tune the chemical activity of
nanocatalysts through the use of applied electric fields is
particularly interesting. To this aim, we have compared
certain characteristics of adsorbed molecular oxygen on
surface-supported Au20 clusters, under field-free condi-
tions and in the presence of applied fields. For reference,
we note first that for a thin (three-layer) MgO film sup-
ported on Ag(100), the Au20 cluster, which takes a favor-
able planar geometry, adsorbs O2 at the cluster periphery
with a binding energy of 0.8 eV, with the adsorbed mole-
cule in an activated peroxo state, having spin S � 0 and an
internuclear distance dOO � 1:45 �A, compared to 1.26 Å
in the paramagnetic gas-phase oxygen molecule; binding
of the molecule to the energetically less favorable (by close
to 1 eV) 3D tetrahedral gold cluster occurs also at the
interface of the cluster with the MgO surface, with an
adsorption energy of 0.24 eV and an activation of the
molecule to a peroxo state with dOO � 1:43 �A.

As noted above, on a thicker metal-supported 8-layer
thick MgO film, the 3D cluster is (slightly) energetically
favored, and it is found to adsorb molecular oxygen rela-
tively weakly (a binding energy of 0.19 eV at the top apex
of the tetrahedron) with the molecule maintaining a non-
activated (dOO � 1:275 �A) S � 1 state; the adsorption
energy to the corresponding planar gold cluster is higher
(0.85 eV), and the molecule is activated (dOO � 1:43 �A
and S � 0). Interestingly, under the effect of an electric
field of 0:2 V= �A, the binding of the O2 molecule to the 3D
adsorbed cluster increases to 0.37 eV with the molecule
bound to the cluster (at the cluster interface with the MgO
surface) in an intermediate superoxo or peroxo state (S � 0
and dOO � 1:41 �A). Under the same conditions, binding to
the (now) favored 2D cluster increases to 0.98 eV, with the
molecule in a highly activated peroxo state (S � 0 and
dOO � 1:44 �A).

The field-induced modifications of the electronic struc-
ture, atomic arrangements, and dimensionality of surface-
supported metal nanoclusters, introduced and illustrated
here, suggest new research avenues on nanostructures
and nanocatalysis. Implementation of external field control
and tunable manipulations of the physical and chemical

properties of nanostructures remain an outstanding experi-
mental challenge.
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a planar one. A 20 Å thick vacuum region was used to
separates the periodically replicated slabs (with a thicker
region used when applying an external field). The large
size of the computational supercell used by us [up to 6
 6
larger than the planar unit cell of the MgO(100) and
Ag(100) substrate, i.e., equivalent to a 6
 6 k-point
sampling when a single planar unit cell is used for the
substrate] justifies the k � 0 (�-point sampling) calcula-
tions that we employed here. Comparisons between the
k � 0 calculations and test computations that included
explicit k-point sampling (2
 2
 1 and 4
 4
 1, i.e.,
increasing the effective number of k points up to 24

24
 1) provided clear evidence that the k � 0 results are
indeed well converged, with differences in total energies
well below 1%, and differences (in comparison with the
k � 0 results) of at most 1% between the binding energies.
We conclude that added k-point sampling has no discern-
ible effect on the results of our computations.

[7] A homogeneous external electric field, Ez was applied
using the method of K. Kunc and R. Resta, Phys. Rev.
Lett. 51, 686 (1983). A field, Ez� of the opposite sign was

PRL 100, 056102 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
8 FEBRUARY 2008

056102-3



applied in the vacuum region of the supercell, that is,
Ez
� � ���Zmax � L�=L�Ez where Zmax is the length of the

supercell and L is the length of the region where the
reversed field is applied. Sufficiently large L was used
to prevent electronic charge localization in the vacuum
region. Faster convergence was achieved with a sinusoidal
smoothing function applied in a 2 Å wide zone connecting
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