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Theoretical study of small two-dimensional gold clusters
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The geometric and electronic properties of small two-dimensi@) Auy (N=2-20) clusters are studied
using the density-functional method. The lowest-energy geometries of a closed-packed nature are selected for
2D Au,- Aug clusters. A clear odd-even oscillation is found for the stability and energy gaps\ptidsters
with N<15. The polarizabilities of the 2D clusters are calculated and found to be strongly anisotropic. In the
normal direction of a 2D cluster, the polarizability is smaller than that of bulk Si, indicating a nonmetallic
character. A fitting formula is proposed to estimate the polarizability of a 2D Au cluster with arbitrary size and
shape in the normal direction. The behavior of a 2D Au cluster in a strong electric field is also discussed.
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[. INTRODUCTION numerical atomic orbitals augmented by polarization func-
tions, i.e., functions with angular momentum one higher than

Small clusters have been a subject of intense investigatiotihat of the highest occupied orbital in the free atom. For
in recent years. Gold clusters are of significant interest, dueomparison, some calculations are repeated by the general-
to their promising applications in developing new nanode4zed gradient approximation (GGA) using the
vices. Experimental and theoretical studies on the structuraBecke-Lee-Yang-P&it?* (BLYP) functional. The electronic
electronic, optical, magnetic, and other physical and chemistructure is obtained by solving the Kohn-SK4RT equa-
cal properties of the isolated and passivated gold clusters at®ns self-consistently. All-electron calculations with scalar
at the forefront of cluster scienc¢e'! relativistic corrections are used. Medium grid mesh points

Most of the experimental and theoretical studies haveare employed for the matrix integrations. Self-consistent
been focused on three-dimensiof@D) Au cluster~810-15  field procedures are done with a convergence criterion of
However, great interest in two-dimensioridD) Au clusters 10" ° a.u. on the energy and electron density. Geometry op-
has been developed recerfth?'8The 2D Au clusters have timizations are performed using the Broyden-Fletcher-
been synthesized on the top of well-characterized insulatingoldfarb-ShannadBFGS algorithm?® with a convergence
self-assembled monolayetSAM’s) grown on the metallic  criterion of 102 a.u. on the gradient, I¢ a.u. on the dis-
substrate$? By the means of a scanning tunneling micro- placement, and I a.u. on the energy. All the calculations
scope(STM), these 2D Au clusters have been systematicallyare carried out allowing for spin polarization and carried out
investigated.’18 using the molecular simulation packageoL3.?’

The capacitance of a nanojunction formed by a STM tip  In our study, the substrate effect on 2D Au clusters can be
and a 2D Au cluster was measured through the singleneglected. The substraté monolayer of thidl is self-
electron tunneling spectroscopy of a double-barrier tunnehssembled on a freshly ALl surface, and the S atoms
junction.17 In order to have a quantitative comparison be-bond with the A111) surface, leaving saturated C-H bonds
tween experiment and theory, there is an urgent need ton the top ends of the SAM. So the interaction between a 2D
know whether a 2D Au cluster exhibits metallic behavior in Au cluster and the substrate is van der Waals type, much
the normal direction so that the cluster can be set as themaller than the interaction among Au atoms of the cluster.
central metallic electrode of a double-barrier tunnel junction.To support the above argument, we calculated the adsorption
The behavior of a 2D Au cluster under an external field isenergy of a Aud cluster on the SAM substrat¢the
also interesting because in the measurement of the STM, dIl€H;CH,SH), cluster model is used to mimic the substfate
external electric field is imposed on the 2D Au cluster, whichusing the LDA and obtained a value of 0.025 eV/atom,
may cause the deformation of structure and a nonlinear diwhich is much less than the Au-Au binding energy of 1.55
electric response. eV/atom. To see the substrate effect on the structure and

In this paper, we report a theoretical study of small 2Drelative stability of 2D Au clusters, we studied hexagonal
Auy (N=2-20) clusters. Our calculations are carried out byand zigzag Aw clusters with and without the SAM substrate.
using the local density approximatighDA) based on the We found that the substrate has little effect on the optimized
density-functional theory(DFT). At the LDA level, we structures, and the changes of bond lengths are less than 0.01
choose the Vosko-Wilk-NusaifVWN) local correlation A. With the substrate, the binding energy difference between
functional together with the DNP basis functions. The VWNthe 2D hexagonal and zigzag Aalusters is 0.63 eV, almost
local correlation functional is the Vosko-Wilk-Nus#irpa-  the same as the valu®.62 e\j obtained without the sub-
rametrization of Ceperley and Alder’s electron gas Montestrate. Moreover, the calculated frequencies of 20 Alus-
Carlo dat&! which can be used successfully to predict theters with and without the SAM substrate are all positive,
cluster structure. The DNP basis functions are the doubleindicating that the 2D A clusters are indeed local minima.
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In the following, we discuss the nominal low-energy ge- The DOS provides a convenient overall view of the clus-
ometries(NLEG's) of 2D Auy clusters in Sec. Il. In Sec. lll  ter electronic structure. Figure 2 displays the total and partial
we report their electronic structures and densities of stateBOS of the Ay, Au,g, Aug, and Ay clusters. The DOS
(DOS). We present the calculated polarizabilities of the 2Dare obtained by a Lorentzian extension of the discrete energy
Au clusters and propose an empirical formula to estimate théevels and a summation over them. The broadening width
polarizability of a 2D Au cluster with arbitrary size and parameter is chosen to be 0.10 eV. From the total DOS, we
shape in the normal direction in Sec. IV. In Sec. V, the befind that the sparse and sharp discrete spectrum of Au
haviors of 2D Au clusters under external electric fields areevolves towards a continuous “bandlike” structure of fu

discussed. Finally a summary is given in Sec. VI. with Au,q and Aug lying in some sense in between. From
the partial DOS, we can see that the contribution sfafd
II. NOMINAL LOW-ENERGY GEOMETRIES 6p orbitals is negligible below the Fermi energi«) and

the orbital hybridization is strong above tkg .
The NLEG'’s of 2D Ay-Aug clusters are determined by
maximizing the calculated binding energies for the possible
geometries. Since the number of possible geometries in- IV. POLARIZABILITIES
creases quite rapidly with cluster size, it becomes impossible |y order to determine whether a 2D Au cluster exhibits
to determine the NLEG's of the larger clusters with this metallic behavior, the polarizabilities i y, andz directions
method. We only assume several probable geometries fQ§f the 2D Ay, (N=2-20) clusters are studied. The elements

each of the larger clusters and regard the isomer with thgs the polarizability tensory;; (i,j=1, 2, and 3are defined
largest binding energy among them as the NLEG. Theg

NLEG'’s we obtained for the clusters are shown in Table I.
From this table, one can see that the cluster favors more
close-packed geometries. o :% 1)

In Fig. 1, we display the calculated binding enerdsg) UoE)’
of the Au clusters as well as the second differential of the
binding energy: A2Eg(N)=2Eg(N)—Eg(N+1)—Eg(N whereu; andE; are the Cartesian components of the dipole
—1). A%Eg(N) exhibits strong odd-even oscillations when moment and the applied electric field, respectively. In our
the number of atoms in a cluster is smaller than 15, indicatealculation, this first-order change is estimated by the finite
ing that even-numbered Auclusters are relatively more difference. The dipole moment is first calculated at zero ex-
stable than the neighboring odd-numbered ones. The oscillaernal field. An external field of strength 0.001 a.u. is then
tions become irregular and insignificant whehis larger  imposed in the positive and negatixey, z directions, re-
than 15. The increase &g(N) with N indicates the better spectively, and the change in the dipole moment is calculated
stability as the structure grows in size. For the large size, thiand averaged to give;; . (There are a few cases in which
increase should lead to the cohesive energy of the 2D bulkhe |A u| for the positive and negative fields differs by more
The Eg value for 2D close-packed Aglis calculated to be than 0.01 D. In those cases we decreased the external field
3.55 eV/atom, close to the value of 3.48 eV/atom found forstrength to 0.0005 a,uFor the 2D clusters, the elemenis;
Au,g. Since the calculations using the LDA usually overes-and a5 (i=1 and 2 are equal to zero. So the polarizability
timate the binding energy, we have checked a few clusters bin the z direction (a,,) can be calculated directly by
the GGA. The difference of binding energy between theju,/dE,. When the 2D cluster has an axis of symmetry in

LDA and GGA is almost a constant of 0.4 eV/atom. the x or y direction, all the elements in the tensor except the
diagonal ones are equal to zero. In these cases, the polariz-
IIl. ELECTRONIC STRUCTURE AND DENSITY ability in thex andy dlrect!ons xx and a,,) can be calcu-
OF STATES lated directly byou;/JE; (i=x andy). All the clusters ex-

cept Ay, and Ay, have the symmetry axis in theor y

A particularly interesting property for clusters is the en-direction in our study. For Ay and Au, clusters, we have
ergy gap Ey) between the highest occupied molecular or-diagonalized the full polarizability tensor to obtain polariz-
bital (HOMO) and the lowest unoccupied molecular orbital abilities in thex andy directions.
(LUMO). In Fig. 1 we plotE, for Au,-Auy, clusters with the Our calculated results for the NLEG's are presented in
NLEG’s. Odd-even oscillations oty are observed. In the Table I. All the results are calculated with the LDA. We have
range of 5=N=15, theEy of an even-numbered cluster is checked the LDA calculated,, with the GGA for Aw-Auyg
larger than that of its odd-numbered neighbors. In the rangeslusters and found that the changes are very sitsk
of N<<5 andN>15, a reversed relationship exists. Thgis  Table ).
particularly large for Ay, Aug, Auig, and Aug clusters It is found that the polarizabilities of the 2D clusters in the
(3.72 eV, 1.74 eV, 1.18 eV, and 1.18 eV, respectiyelhis  x andy directions(the lateral directionsare much bigger
odd-even oscillation is considered to be caused by the spirthan the one in the direction(the normal directiopand that
pairing effect. Itis believed thE of odd-numbered clusters in the z direction the polarizability falls down gradually with
is caused by the spin polarization. For even-numbered clughe increase of the number of atoms in the cluster. We expect
ters, it may be due to the crystal field splitting. The similarthat as the cluster size goes to infinity, the polarizabilities of
oscillation has been found for the 3D Au clust&s® the 2D clusters in the lateral directions should also become
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TABLE I. The geometries, binding energie€d), HOMO-LUMO gaps Eg), and polarizabilities
(axx, ayy, anda,,) for the 2D Au clusters with the NLEG's. The values in the parentheses are the GGA

results.
N | Structure Eg(eV/atom) E(eV) a «(A%atom) | a, (A¥atom) | a (A% atom)
1.55 .
2 — 1.80 7.13 2.97 297
(1.11) (3.01)
1.94 2.68
3 372 5.64 5.63
A (1.54) 6 @.71)
2.31 2.48
4 < | Se 1.00 7.63 4.39
(1.93) (2.52)
2.55 237
5 1.37 7.79 4.99
w (2.12) (2.40)
277 2.26
6 1.74 6.46 6.46
B> 2.35) (2.28)
2.85 2.15
7 % 0.87 6.52 6.52
(2.43) (2.19)
2.94 2.12
8 <]§ 0.74 8.12 5.81
;‘ (2.53) (2.16)
3.00 2.08
9 0.46 9.63 '
@ 2.57) 535 @.11)
3.11 2.02
10 118 8.61 6.01
% 2.73) (2.06)
11 % 3.14 0.65 9.70 5.96 2.00
12 E 3.24 1.10 7.56 7.59 1.95
1 | 8000 3.23 0.69 11.20 5.73 1.94
14 @ 3.32 1.00 9.06 6.80 1.90
15 @ 333 0.76 10.46 6.42 1.89
16 | < 335 0.68 11.88 6.08 1.89
17 % 338 0.99 10.46 6.42 1.85
18 @ 3.43 0.45 8.11 9.02 1.83
19 % 347 118 8.57 8.57 1.80
20 @ 3.48 0.32 9.02 8.57 1.80

infinite, displaying metallic behavior in the cluster plane. Tooms. When the cluster is small, the polarizability, of a
explain the decrease of the polarizability in the normal direccluster reflects contributions from both the core and edge
tion, we notice that atoms in a 2D cluster can be roughlyatoms, while it is dominated by the contribution from the
divided into edge and core atoms. The edge atoms have bigore atoms when the cluster becomes large.

ger polarizabilities than the core atoms since the edge atoms If we assume in a 2D cluster that the polarizability,
have fewer nearest-neighb@IN) atoms than the core at- can be divided into contributions of different kinds of atoms
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FIG. 1. Size dependence @) the binding energy per atorth)
the second differentialA’Eg) of Eg, and(c) the HOMO-LUMO
gap ) of 2D Au clusters.

which have different NN atoms, we can write down a for-
mula to estimate it:

aZZ:(aZlX n1+ azzx n2+ az3>< n3

+a, XNyt asXng)/in, (2
with
n=n;+n,+n3+n,+ng, 3
— totdos

-=-5d
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(=)

o

E(eV)

FIG. 2. The total and partial DOS of Au Auyy, Ausg, and
Au,, clusters. The thicker solid line is the total DOS, and the thin-
ner solid line is the partial DOS of thep6orbital. The dashed line
is the partial DOS of the & orbital, and the dotted line is the partial
DOS of the & orbital.
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FIG. 3. The polarizabilitiesy,, of 2D Au clusters with the zig-
zag structure. The open circles present the calculated polarizabilities
while the solid circles present the estimated ones from the formula.

where a,q, @, a3, au, and a,s are the contributions
from the atoms with 2, 3, 4, 5, and 6 NN atoms, respectively.

We have performed a least-squares fitting and get
the estimateda,;, az, a3, @u, and ay,; as ay,
=2.66 A/atom, a,,=2.29 A¥/atom, a,3=1.90 A¥/atom,
a,,=1.43 BJatom, a,s=1.31 A¥atom. The largest rela-
tive deviation for the fitting is about 1%. It is obvious that
the more NN's the atom has, the smaller the contribution to
the polarizability is. This can be understood by noting that
with more NN atoms, the interaction among the atom and its
NN atoms is stronger, and polarization by the external elec-
tric field becomes more difficult.

The formula for the polarizabilityy,, should be indepen-
dent of the form of the 2D structures. In order to check the
transferability of the fitting parameters in the formula, we
have calculated ther,, of Auy-Au,g clusters with zigzag
structure by the LDA and the formula, shown in Fig. 3. From
this figure, one can see that the estimated gives a good
approximation to the LDA-calculated one, proving the trans-
ferability of the fitting parameters. Now, we can use the for-
mula to estimate thev,, of the infinite chain with zigzag
structure to be 1.90 Hatom (i.e., a,3) and thea,, of the
infinite single-atom chain to be 2.66*fatom i.e., ;).

In Fig. 4, we have plotted the estimated polarizabitity,
of the 2D round cluster as a function of the radius. From this
we can estimate the polarizability,, of a 2D Au island
easily from the size. When the cluster becomes large enough,
the polarizability of the cluster will reach the bulk value of
the 2D Au cluster, which is estimated asy,
=1.31 A¥/atom, lower than that of Si buf We conclude
that in the normal direction of a 2D Au cluster, it exhibits
nonmetallic properties.

V. BEHAVIOURS OF 2D Au CLUSTERS
IN ELECTRONIC FIELDS

In the measurement of the capacitance of a nanojunction
formed by a STM tip and a 2D Au cluster, the capacitance is
observed to first increase and then decrease at short separa-
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FIG. 5. The electric-field dependence of the dipole moments in

FIG. 4. Radius dependence of the polarizabidity, of 2D round  the field direction of 2D Ay, Augg , Ausg’, Auye® , and Aug® ™
Au clusters. clusters.

tion by decreasing the STM tip-cluster separafibrOne
possibility is that the decrease in capacitance at very small

tip-cluster separation is due to a nonlinear dielectric re- |, this paper, small 2D Au clusters are theoretically stud-
sponse. Using a heuristic simple parallel-plate capacitofeq for their NLEG’s, electronic structures, and the dielectric
model with a finite dielectric constant for the Au cluster in properties using the DFT method. A series of close-packed
the field direction, we can write down an equivalent capaciyctures is found as the NLEG's for the 2D Au clusters.
tance asC=goea A/ (dauteald), Whereeg is the permit-  The changes of the electronic structures of these clusters
tivity of free space, and,, A, andd,, are the dielectric  paye been characterized by means of DOS plots and HOMO-
constant, area, and thickness of the Au cluster, respectively.ymo gaps. The DOS evolves from a discrete behavior for
Sincee,, may not be a constant in the strong electric field,the small clusters as Auto a “bandlike” appearance in
the decrease of the capacitance could be anticipated. Au,,. The HOMO-LUMO gaps are found to show odd-even
In the measurement of the STM, the bias voltage is abougsciliations. The polarizabilities of the Au clusters in the,
0.01-2 V. The distance between the two electrodes is abowyfyq 7 directions with different structures have been investi-
5-15 A. We take the Ay cluster as an example to investi- gated. It is found that in the lateral direction, the cluster
gate the strong external field effect on the polarizaitity of  displays metallic dielectric properties. In the normal direc-
2D Au clusters. The structure of the fycluster is opti-  tjon, the polarizability has the same magnitude as that of a
mized, and the average bond length expands from 2.78 A tgemiconductor, displaying nonmetallic properties. We have
2.82 A as the electric field strength increases from 0.001 a.Weduced one fitting formula from which the polarizability of
to 0.01 a.u.. The DOS almost has no change. the 2D Au cluster can be estimated without calculation. Un-
The dipole moment in the normal direction of the clusterder an external field of 0.001—0.01 a.u., the deformation of
as a function Of the intensity Of external eleCtI’iC f|e|d iS the C|uster is Very Sma”_ We can Conc|ude that in the mea-
shown in Fig. 5. The slope of the curve slightly decreasegyrement of the STM, the structures of clusters will not be
with the increase of electric-field intensity, implying that the gecomposed by the electric field. The polarizabilities of 2D

polarizability «,, decreases in the strong field. However, theay clusters decrease slightly with the increase of the electric-
decrease is very slight which verifies that the field effect offie|d intensity.

the capacitance of the nanojunction in the STM measurement
may be not substantial.

VI. SUMMARY
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