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Density Functional Theory is used to study the influence of to the system, a simple expression is proposed to estimate its
value from the eigenenergies of the frontier levels in neutralthe size of copper clusters modeling the Cu(100) surface, on

the electronic properties: ionization potential, electron and partially ionized systems. A detailed comparison of the
geometric and electronic structures is made between theaffinity, electronic chemical potential, and chemical

hardness. The model clusters are chosen to have a bilayer model surface copper clusters, real copper clusters, and the
actual metal surface; it is seen that the model surface clustersstructure and range in size from 9 to 20 copper atoms. The

chemical hardness being identified as the relaxation energy provide an easy extrapolation to the properties of the metal
surface.of the frontier levels when an electron is removed or added

a first approximation as monovalent (the 3d bonding andIntroduction
antibonding orbitals in a copper cluster are all filled). Nu-

Metal clusters are increasingly exploited as surface mod- merous experimental measurements and theoretical studies
els to study surface reactions. The size dependence of their of increasing sophistication have been performed on the size
electronic properties and reactivities therefore attracts evolution of the properties of real copper clusters, such as
major interest from both fundamental and applied stand- ionization potential, electron affinity, and band gap.[7212]

points, especially since clusters provide a bridge between the Early theoretical approaches, such as the corrected classical
properties of metal atoms and those of the infinite metallic model, [13] in which the cluster is considered as a perfect
solid, between homogeneous catalysis and heterogeneous conducting sphere, fail to reproduce the behavior of elec-
catalysis.[126] To study the mesoscopic world between the tron affinity and ionization potential with cluster size. [14]

metal atom and the metal solid, a traditional approach is Hence, a quantum mechanical treatment is needed to ob-
to evaluate the properties of real metal clusters with inter- tain a reliable average evolution of cluster properties, as
mediate sizes and to build a rationalization of the evolution shown in the semi-classical model of Brack.[14,15] The latter
of these properties. With real metal clusters, direct compari- method is able to explore the properties of huge clusters (up
son between theory and experiment is possible; however, to 106 atoms) since the nuclei are not explicitly considered;
real clusters are shape-distorted spheres and thus present however, it only gives an average evolution of the properties
geometric structures (interatomic distances, packing struc- as a function of the cluster size, fails for small clusters, and
tures) and electronic properties that can be much different does not provide other electronic features (bond descrip-
from those of (infinite) metal surfaces. As we ultimately aim tion, charge distributions, etc.). The semi-classical model
at studying reactions at metal surfaces, we have investigated can be refined within jellium models to take into account
size effects for metal clusters modeling metal surfaces; the shell effects, where the valence electrons move in a spherical
geometric structure of such model clusters is chosen to rep- or a perturbed spherical potential modeling the positive
resent a portion of the surface: they are flat (generally bilay- charge due to the nucleus screened by core electrons, such
ered) and extended into two dimensions. The comparison as the Clemenger2Nilsson model. [3,4,16] Such jellium meth-
between such an approach based on flat model clusters and ods reproduce the shell effect and even-odd oscillations
the traditional approach using real clusters is interesting typical of real copper clusters, [7,9,12] which are not explained
since both must extrapolate to the same limit at infinite size. by the classical or semi-classical models; however, they are

Among transition metal clusters, copper clusters are not reliable for very small metallic clusters (< 7 atoms) since
probably those that are most studied because of the appar- the nuclei cannot be modeled with a jellium. Methods that
ent simplicity of the copper atom, which can be seen in take into account the positions of the nuclei are therefore

necessary; they are more computationally demanding but
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properties (ionization potential and electron affinity) of
copper clusters as surface models. In contrast to previous
theoretical works, [23,24,28,29] the clusters studied here are de-
signed to model an adsorption site of the Cu(100) surface.
Therefore, copper cluster systems studied here do not have
the quasi-spherical shape of real copper clusters. The conse-
quences of such a difference are analyzed, on the one hand,
on the validity of the surface model, and on the other hand,
on the ability to extrapolate the evolution of ionization po-
tential and electron affinity with cluster size.

In the second part, the copper clusters are characterized
in terms of global properties as defined within Density
Functional Theory (DFT): the electronic chemical potential
(µ) and chemical hardness (η). One of the highlights of the
present work is to point out the relationship between hard-
ness and relaxation energy of the valence levels when one
electron is removed or added to the system; an estimate of
hardness is proposed on the basis of the eigenenergies of
the frontier levels of neutral and partially ionized systems.
The evolutions of the chemical potential and hardness are
analyzed with respect to the size of the clusters. Bureau et
al. [30] have shown that the DFT chemical potential, µ, is
particularly relevant to describe the interaction of a mol-
ecule with a metallic surface, should it be polarized or not:
µ is the pertinent parameter both for mimicking the setting
of a metallic surface under voltage under electrochemical
conditions, and for the description of the charge transfer
between the adsorbed species and the surface. The latter
aspect is based on the relationship between DFT and the Figure 1. Representation of the copper clusters Cun(y,w) used as

models of the Cu(100) surface. The clusters are composed of twoLewis concept of acids and bases, as introduced by Pearson
atomic layers; one containing y atoms and the other w atoms; fromand Parr; [31,32] within this scheme, the hardness of the sur-
the fourteen-atom cluster, the two copper atoms in dark have the

face and the molecule, and the difference in their chemical same nearest neighbors as a surface atom on the actual Cu(100)
surfacepotentials are essential parameters for the understanding of

adsorption phenomena.[32234] It is thus of primary interest
to analyze the behavior of these properties (chemical poten- distances can have a strong influence on the chemisorption
tial, chemical hardness) with cluster size since we ultimately energy of an adsorbate. This is illustrated by the different
aim at using metal clusters as surface models to study the reactivities of different crystalline surfaces of transition
interaction between an organic molecule and a metal sur- metals.[35237]

face. The clusters are bilayered; the smallest one is Cu9(5,4)
We emphasize that we have deliberately chosen to adopt (where the subscript indicates the total number of copper

a very pedagogical pace to introduce the concepts touched atoms in the cluster and the numbers in parentheses denote
upon in this work. The validity and merits of our methodo- the composition of its layers, in this case, 5 atoms in the
logical approach can in this way be best assessed. upper layer and 4 in the bottom layer); in Cu9(5,4), the cen-

tral atom of the upper layer has the same number of nearest
neighbors as on the actual (100) surface. Clusters Cu10(6,4),
Cu11(7,4), and Cu12(8,4) are obtained by extending the up-Methodology
per layer; extending the bottom layer then leads to

The (100) Copper Surface Cu13(8,5) and Cu14(8,6); Cu14(8,6) has two central atoms
which have the same number of nearest neighbors as on the

An adsorption site of the fcc crystal (100) surface is mod- actual (100) surface. Larger clusters built from Cu14(8,6) are
eled with various copper clusters by considering sizes rang- also considered: Cu16(8,8), Cu18(9,9), and Cu20(10,10).
ing from nine to twenty copper atoms (Figure 1). The in-
teratomic distances are fixed at the bulk crystal values, so
that all reconstruction phenomena are neglected. This Computational Approach
choice of interatomic distances for the copper clusters de-
signed to model the surface is obviously taken to simulate The calculations are performed in the framework of the

density functional theory. [38,39] This method is a nonempiri-at best a site on the surface. Indeed, it is well known that
the atomic density at the surface and thus the interatomic cal approach, alternative to Hartree2Fock-based theories,
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that presently enjoys a wide range of applications to chemi- ences are the interatomic distances and the overall shape of

the clusters; their consequences on the electronic propertiescal problems due to the possibility of including a significant
part of the electron correlation energy; correlation is essen- are described below.

Small real copper clusters (<10 atoms) have significantlytial for a correct description of transition metal compounds.
An extension of the Kohn2Sham theory describes the en- shorter interatomic distances[22,27,28] than those in the bulk

(nearest-neighbor distance of 2.55 Å). The mean in-ergy as a continuous function of the occupation of the mon-
oelectronic levels; [40,41] this allows one to use fractional oc- teratomic distance in real copper clusters tends to increase

when the cluster grows. As far as the atomic packing is con-cupations to evaluate the derivatives of energy with respect
to the number of electrons in the system. The evaluation of cerned, the fcc structure is found to be the most stable for

clusters larger than thirteen atoms with interatomic dis-such derivatives is a way to estimate the electronic chemical
potential and chemical hardness of copper clusters. tances close to those of the bulk metal. [51] Hence, the con-

traction of the interatomic distances is significant only forAll the calculations were performed with the DMol pro-
gram.[42,43] The basis set is DNP (double zeta numeric with small clusters.

The interatomic distances used in the model clusters arepolarization). The core orbitals are frozen during the SCF
iterations and we choose a “MEDIUM” mesh size of the the same as those in the bulk (thus larger than the distances

of the corresponding real clusters), and their structure isnumerical grid for the calculations.[42,44,45] The calculations
are performed within the local spin density approximation fcc. Note that the use of non-optimized clusters has some

unexpected consequences: in the spin-unrestricted calcu-(LSD) with the Vosko2Wilk2Nusair exchange-correlation
potential. [46] The ionization potential and electron affinity lations, some clusters with an even number of atoms are

more stable in their triplet state, whereas real copper clus-are calculated from total energy differences: IP(n) 5
Etot(Cu1) 2 Etot(Cun) and EA(n) 5 Etot(Cun) 2 Etot(Cu2

n) ters with an even number of atoms are expected to be sin-
glet. The total spin of the most stable states found in the[note that, when using this convention, EA(n) > 0 means

the anionic species is more stable than the neutral species]; odd-clusters (i.e., having an odd number of atoms), namely
Cu9(5,4), Cu11(7,4), and Cu13(8,5), is always 1/2. For thethe ions are maintained in the same geometry as the neutral

copper clusters. The LSD approximation is known to give even-clusters, the spin of the most stable state is one for
Cu10(6,4), zero for Cu12(8,4), one for Cu14(8,6), one forelectron affinities and ionization potentials that are better

than those obtained with Hartree2Fock methods[47,48] and Cu16(8,8), and zero for Cu18(9,9) and Cu20(10,10). Never-
theless, it must be noted that the total energy of the firstin reasonable agreement with experimental data. Therefore,

reliable trends for the evolution of electronic properties with singlet state for Cu10(6,4), Cu14(8,6), and Cu16(8,8) is al-
ways very close to that of the first triplet state. The fact thatrespect to the size of the copper clusters can be expected

from LSD calculations. Note that since the method is less we obtain triplet states for these clusters results from the
quasi-degeneracy of the one-electron levels near the highestcomputationally demanding than the gradient-corrected

approximations, it allows us to consider relatively large clus- occupied molecular orbital, which is a consequence of the
large interatomic distances used and the non quasi-spheri-ters with all 3d, 4s and 4p atomic orbitals of Cu included

in the basis set. The charge analysis used in this work comes cal symmetry of the clusters, as explained below.
The ionic species Cu2

n and Cu1
n used to calculate EA(n)from the Hirshfeld scheme, which is directly based on elec-

tronic density. [49,50] and IP(n) are more stable in a state having a spin multi-
plicity of either one or two. The spin multiplicity is one for
the anionic or cationic odd-clusters, and two when the ionic

Results and Discussion species have an even number of copper atoms. No spin-
multiplicity difference among the charged even-clusters is

The presentation of the results is divided into two parts. observed, in contrast to the neutral clusters.
Firstly, we compare the electronic properties of the model 1. Size Dependence of EA and IP: We now consider the
clusters [representing a site of the copper (100) surface] to evolution of electron affinity and ionization potential with
those of real copper clusters; the evolution of ionization the size of copper clusters. These two properties are ex-
potential (IP) and electron affinity (EA) as a function of pected to converge on increasing the cluster size since both
cluster size is analyzed. Secondly, the electronic chemical become equal to the workfunction at infinite size where the
potential (µ) and the chemical hardness (η) of copper clus- cluster is truly metallic, with no electronic gap. In Figure 2,
ters are evaluated and their evolution with cluster size is dis- we compare the EA values calculated for the Cun(y,w) clus-
cussed. ters to those measured experimentally from the ionization

threshold of real anionic clusters. [7,9] In the experimental
work, the energy needed to remove an electron from theComparison between Real Copper Clusters,
anionic cluster was associated to the opposite of the elec-Surface-Model Clusters, and the Metal Surface
tron affinity of the neutral cluster; as it is a vertical evalu-
ation of EA, these experiments in fact provide the EA ofIn this section, the Cun(y,w) clusters modeling the

Cu(100) surface are compared to the corresponding real the neutral cluster in the geometry of the anionic cluster.
Note that the presence of an extra electron globally in-clusters Cun, in terms of geometric structure and behavior

of EA and IP with cluster size. The main geometric differ- creases the interatomic distances; this is closer to our theo-
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retical situation since the interatomic distances of the explaining experimental data have used the following crude

but reasonable approximation (e.g. refs. [9] and[12]): copperCun(y,w) clusters are those of the bulk (known to be larger
than in small neutral clusters). It can be seen in Figure 2 atoms are considered as monovalent in clusters; as a conse-

quence, the number of valence electrons involved in a clus-that the theoretical values of EA and the experimental data
lie in the same energy range; such an overall agreement is ter is the same as the number of copper atoms in the cluster.

In this approximation, the 4s valence electrons of an idealan indication of the ability of our method to evaluate EA.
spherical copper cluster are confined in a spherically sym-
metric potential (spherical jellium model). Because of its
symmetry, such a potential gives rise to a spherical shell
structure where the valence electrons successively fill the de-
generate levels. The electronic system of a cluster with ex-
actly the right number of electrons to complete a shell is
very stable. This is the case when the number of 4s electrons
is for instance 8 or 20; the corresponding clusters (Cu8,
Cu20) are thus very stable: this is called the “shell effect”
and the numbers 8 and 20 are called “magic numbers (ng)”.
This can be experimentally related to the high relative abun-
dance in the mass spectrum for the anionic species of (ng 2
1) atoms, like 7 and 19, [7,8] and for cationic species of (ng

1 1) copper clusters, like 9 and 21;[53] such stable ions have
a completely filled shell. When one atom is added to a Cu8

or Cu20 neutral cluster, its valence electron occupies a de-
generate state with considerably higher energy, and hence
the stability of the cluster is reduced. In such a case, the
cluster symmetry is reduced into a distorted sphere in order
to minimize the energy (Jahn2Teller-like effect). [17,54] ForFigure 2. Comparison between the calculated electronic affinities
each system, the structure distorts to maximize the gap at(EA) of the copper clusters Cun(y,w) (n 5 9 2 20) modeling the

(100) surface and the experimental values for the corresponding the Fermi level under the constraints set up by other energy
real copper clusters

contributions. For even-numbered clusters, there are two
electrons in the HOMO and thus the energy gain due toSome errors are expected to be introduced by the LSD

and frozen-core approximations used in our calculations. the distortion is larger, resulting in a larger gap.[17] This
interplay between the electronic system and the geometryThe magnitude of this error can be estimated by comparing

the experimental vertical EA provided by ultraviolet photo- of the cluster allows some clusters to be very stable without
having a “magic number” of atoms.electron spectroscopy (UPS) measurements on the anionic

copper dimer[8] to the calculated value EAcal. EAcal is the As shown by Pettiette et al., [9] the low electron affinity of
magic-size copper clusters with respect to the EA of thedifference between the total energy of the anionic copper

dimer whose geometry was optimized and the total energy neighboring sizes, as well as the even-odd oscillations of
experimental EA values, can be explained qualitativelyof the neutral copper dimer in the geometry of the anionic

species. The experimental vertical EA of Cu2 is 0.89 ±0.01 within a monoelectronic scheme with Koopmans9 theorem
thanks to jellium models:eV, while the calculated EA is 0.80 eV. That the error in the

evaluation of the electron affinity for Cu2 is small (0.1 eV), (i) The sudden decrease in EA for magic sizes (Cu20) can
be understood by considering the shell structure appearingagain illustrates the ability of the method we apply to calcu-

late such a property. when valence electrons move in a spherical potential; the
EA for n 5 20 is lower than that for size n 2 1 5 19, sinceThe most striking feature of Figure 2 is the oscillating

behavior of the experimental curve, which is not reproduced an additional electron must occupy a new shell of higher
energy. For surface models Cun(y,w), no shell structure isin the calculations. In order to understand this difference,

it is necessary to briefly recall basic theoretical models expected since the shape is not spherical but flat. This ex-
plains why Cu20(10,10), corresponding to a magic size fordescribing real copper clusters. Real copper clusters (>7

atoms) tend to adopt an equilibrium geometry consisting of real clusters, does not have a low calculated EA. As a conse-
quence, EA for size 20 differs most importantly with respecteither a sphere or a distorted sphere. This was demonstrated

theoretically for copper clusters up to 29 atoms by search- to experiment (ca. 1 eV) (Figure 2).
(ii) The magnitude of the even-odd oscillations is abouting the most stable geometry using a simulated annealing

approach coupled to an effective-medium method.[17] Al- 0.5 eV in small real copper clusters; these oscillations de-
crease when the size increases and disappear at the bulkthough strong 3d-4s hybridization occurs for some small

copper clusters, which affects their electronic structure and limit. To qualitatively understand the even-odd oscillations,
Taylor et al. [12] refer to the case of monovalent, non-fullygeometry, [27] it has been shown that the Cu2Cu bonds are

mainly due to the overlap of 4s atomic orbitals, as men- symmetrical clusters, thus with no degeneracy in the energy
levels. In the even-numbered neutral clusters, the HOMO istioned for Cu2. [26,52] Various theoretical studies aiming at
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doubly occupied while the odd-numbered neutral clusters
are open-shell species. To a first approximation, the extra
electron, which makes the cluster negative, would either oc-
cupy the lowest unoccupied molecular orbital (LUMO) of
the even-numbered clusters or fill the HOMO of the odd-
numbered clusters. Such an effect will result into lower EA
for the even-atom clusters.

The lack of even-odd oscillations in the theoretical curve
(Figure 2) can be understood on the basis of the density of
valence states (DOS) of the Cun(y,w) surface models. The
calculated DOS of the model Cu10(6,4) cluster and that of
the real Cu10

D4d cluster (both shown in Figure 3), as well as
the experimental photoemission spectrum of Cu(100), [19,55]

are presented in Figure 4 [the DOS of the copper clusters
are obtained by enveloping the DFT eigenvalue spectrum Figure 3. Geometric structures of the surface model Cu10(6,4) and

of the corresponding real cluster Cu10
D4dwith Gaussians of width 0.1 eV and we use Löwdin9s de-

composition[56] to obtain local DOS (LDOS); note also that
the Fermi level is set at zero energy]. The comparison be- small gaps are actually observed for all Cun(y,w) surface
tween these DOS and the experimental spectrum shows, on models, since these clusters do not have spherical or quasi-
the one hand, strong differences between the DOS of spherical symmetry. This is why the evolution of IP(n) and

EA(n) for these clusters does not show shell effects andCu10
D4d and that of Cu10(6,4), and, on the other hand, the

even-odd oscillations. The removal of such strong oscil-similarity between the DOS of Cu10(6,4) and the exper-
lations in EA(n) [and also in IP(n)] is actually a major ad-imental photoemission spectrum of Cu(100). For both cop-
vantage when the average behavior of these properties needsper clusters, the most important region of d monoelectronic
to be extrapolated to larger cluster sizes.states lies in the 24,0 to 21,3 eV range, between hybridized

In Figure 4, we observe a narrower distribution of the 3ds-p states. Two main differences appear between the DOS
and 4s states in the DOS of Cu10(6,4), relative to that in theof the two copper clusters: the global shape and the elec-
experimental spectrum of Cu(100). This is due to two majortronic gap. The DOS spectrum of the real cluster Cu10

D4d

reasons: first, the model cluster is not large enough to rep-shows weakly overlapping peaks, while the DOS of the 3 d
resent the metal; secondly, the application of Koopmans9states of Cu10(6,4) is non-vanishing in the entire 23 to 21
theorem is not strictly valid for the DFT eigenvalues, sinceeV energy range, where these states are almost exclusively
Janak has shown that these eigenvalues rather correspondconcentrated; these features are present in the total DOS of
to the derivative of the total energy with respect to the oc-all Cun(y,w) clusters studied here. The lower symmetry of
cupation of orbitals [40]. However, the striking similarity be-Cun(y,w) relative to spherical clusters, is responsible for the
tween the DOS of Cu10(6,4) and the experimental spectrummore uniform, in general, distribution of the monoelec-
for Cu(100), along with the difference relative to the DOStronic states, i.e. the absence of the degenerate levels. The
of Cu10

D4d, is a favorable argument for considering thefact that the 3d states of Cu10(6,4) are mainly localized at
Cun(y,w) surface models appropriate (and better than realhigher energy is related to the chemical saturation (the num-
clusters) to model the (100) copper surface.ber of the nearest neighbors) of the copper atoms in the

2. Exploration of the Mesoscopic Size Copper Clusters:clusters. Indeed, Figure 5 shows that the lower the satu-
Here, we take advantage of the weak oscillations observedration of the copper atoms, the more they are involved in
in the evolution of EA(n) and IP(n) for the Cun(y,w) surface3d states of high energy: the local DOS corresponding to
models to explore the mesoscopic region. Properties ofmolecular orbitals involving 3d atomic orbitals centered on
large copper clusters are thus deduced from the propertiesthe peripheral atoms of the top layer (3 or 4 nearest neigh-
calculated for small model copper clusters.bors) are mainly in a range of higher energy than the local

It has been shown that the evolution of the properties ofDOS related to the peripheral atoms of the bottom layer (5
real clusters, such as the cohesive energy, ionization poten-or 6 nearest neighbors); it is the local DOS related to the
tial, and electron affinity, can be described with a conver-most saturated atom, i.e. the central atom with 8 nearest
gent series whose variable is the number of atoms (n) in theneighbors, that spreads over the widest range of energy.
cluster. [57] When neglecting high-order terms, the truncatedHence, since every atom is saturated almost equally in
expansion contains only one unknown coefficient (A) and

Cu10
D4d, its DOS does not display the specific concentration

shows that a property G(n) evolves as a function of n21/3:of 3d valence states in a range of high energy as for
Cu10(6,4). G(n) 5 G(`) 1 A · n21/3 (1)

The other main difference between the eigenvalue spec-
trum of Cu10

D4d and that of Cu10(6,4) is the significant elec- The exponent of n is thought to be related to the ratio
between the surface and the volume of the cluster, as sug-tronic gap for the real cluster (Figure 4), while for our sur-

face model the electronic gap is vanishingly small; extremely gested by Müller et al. [57]. The exponent is therefore ap-
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Figure 5. Local density of states (LDOS) from the d component of
Cu10(6,4) localized on different regions of the cluster: (i) the peri-
pheral atoms of the top layer (atoms labeled 2, 7, 8, 9, 10 in Figure
3) (full line); (ii) the peripheral atoms of the bottom layer (3, 4, 5,
6) (dashed line); and (iii) the central atom (1) (dotted line).

B · n21/3 and IP(n) 5 WCu 1 C · n21/3, where WCu is the
workfunction of polycrystalline copper (4.65 eV).
Accurate descriptions of the average evolution of EA(n) and
IP(n) are obtained by imposing the condition that the
curves EA(n) 5 WCu 1 B*n21/3 and IP(n) 5 WCu 1 C ·
n21/3 pass through the experimental bulk limit (n21/3 5 0,
WCu 5 4.65 eV), see Figure 6. Coefficients B and C are
determined from linear regressions, which yields the follow-
ing expressions:

Figure 4. Comparison between the calculated total density of va-
lence states (DOS) of Cu10

D4d, that of Cu10(6,4) and the experimen- Figure 6. Evolution of calculated EA(n) (open circles) and IP(n)tal photoemission spectrum of Cu(100). [19,55] The total densities of (full circles) with the size n of the cluster Cun(y,w). The straightvalence states are enveloped with Gaussians of width 0.1 eV and lines represent the average evolution of these properties with size,their decomposition in local density of states (LDOS) is obtained as obtained by the method described in the text. The intersectionfrom the scheme by Löwdin. The local density of states correspo- point between the average evolution of IP(n) and that of EA(n) isnding to molecular orbitals including 4s atomic orbitals is shown set at the workfunction of polycrystalline copper (WCu 5 4.65 eV).as a dashed line, the 4p component as a thick-dotted line and the
3d component as a thin-dotted line. The Fermi level is set at zero
energy. EA(n) 5 4.65 2 5.073 · n21/3 (2a)

IP(n) 5 4.65 1 3.166 · n21/3 (2b)
proximately 21/3 for real clusters, which are often almost
spherical. Although the Cun(y,w) surface models are not Note that if the linear regressions are performed without

imposing the curve to pass through (n21/3 5 0, WCu 5 4.65spherical, we also use 21/3 as the exponent, for the sake of
simplicity and to allow a comparison with previous work eV), the extrapolated values for the workfunction of copper

is found to be 4.34 eV; this is as good an estimate as thosedealing with real copper clusters[729,11]. The average be-
havior of IP(n) or EA(n) as a function of size (n) of the found for the workfunction of other metals from jellium

calculations in the LSD approximation (VWN func-clusters can thus be expressed as follows: EA(n) 5 WCu 1
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tional). [58,59] Since oscillations are very weak for large cop- an integer), can be expressed from the total energy of the

neutral cluster, E(n,N0), by means of a series: [38,67]per clusters, the average evolution of EA(n) or IP(n) given
by these expressions is expected to follow closely the real
evolution. Therefore, we believe that calculations on small
copper clusters can provide valuable estimates of the (3)
properties of large copper clusters, by means of the above
interpolation formulae.

An argument in favor of the validity of the calculated R(x3) contains the higher-order terms of the series. An
coefficients is that the ratio between coefficient B for EA(n) analogous expression can be written when considering the
and C for IP(n), i.e. B/C 5 25.073/3.166, is very close to addition of a partial charge x. We recall that, in DFT, the
that observed in various experimental studies (25/3) [8,11]. first derivative of the expansion, (δE/δN)N 5 N0, considering
The average behavior of IP(n) and EA(n) can be evaluated either charge removal or addition, is defined as the elec-
from the limited sample of Cun(y,w) (n 5 9220) clusters tronic chemical potential µ(n); [70] while half of the second
studied here because the absence of spherical symmetry in- derivative, 1/2(δ2E/δN2)N 5 N0, corresponds to the absolute
duces small electronic gaps and thus a rather linear evo- hardness[32] η(n) or half of the inverse of the softness
lution of IP(n) and EA(n) vs. n21/3. The simple expressions [2S(n)]21. The chemical potential, i.e., the opposite of the
describing the average evolution of IP(n) and EA(n) will electronegativity, and the hardness can also be obtained in
thus be used below to describe the behavior of the chemical the finite difference approximation: [32]

potential of the clusters.

(4)

Size Dependence of Chemical Potential µ(n) and
Hardness η(n) As discussed by several authors,[41,71274] electronic open-

shell systems have a single chemical potential while closed-1. Evaluation of Chemical Potential and Hardness; Re-
shell systems do not have a unique chemical potential. In-lation with Other Electronic Properties: The chemical poten-
deed, for the latter, the removed electron comes from thetial and the hardness or softness of the clusters are import-
HOMO level while the added electron goes to the LUMOant parameters for describing the physics and chemistry of
level. As a consequence, the derivative (at x 5 0) of themetal clusters. Firstly, various studies have shown that the
energy with respect to the charge removed from the system,softness, a global property measuring the response of a sys-
i.e. the chemical potential denoted µ1, corresponds to thetem to the change in the number of electrons at fixed exter-
HOMO energy, according to Janak9s theorem;[40] similarly,nal potential, is directly related to the static dipole polariz-
the derivative of the energy with respect to the charge addedability α, a measure of the response of the electron cloud to
to the system, i.e. µ2, corresponds to the LUMO energy.the change in external potential (modification of external

electric field) at a fixed number of electrons.[60266] Secondly,
the chemical potential and the hardness are related to the

(5a)reactivity and the charge transfer between the metal cluster
and an adsorbate upon chemical bond formation. [34,67]

Moreover, Ghanty et al. noticed that the condition of maxi-
(5b)mum hardness, which can be regarded as a criterion of sta-

bility, [68] can in general be associated to the minimum pola-
rizability. [69] Thus, the chemical reactivity could be guided
by the evolution of hardness or polarizability upon reac- For closed-shell systems, the injection of Equations 5 into
tion. Equation 3 allows the definition of the ionization potential

In this section, we show the relation between hardness and electron affinity:
and relaxation of valence levels when an electron is added
or removed from the electronic system. We then propose

IP(n) 5 E(n,N0 2 1) 2 E(n,N0) 5 2εHOMO(n,N0) 1 Erel
1 (n) (6a)various ways to estimate these properties and calculate the

2EA(n) 5 E(n,N0 1 1) 2 E(n,N0) 5 εLUMO(n,N0) 1 Erel
2 (n) (6b)hardness η(n) and chemical potential µ(n) for the Cun(y,w)

copper clusters.
E1

rel(n) and E2
rel(n) are the relaxation energy when anWe first consider a neutral cluster containing n copper

electron is removed from the HOMO level and the relax-atoms, with N0 electrons explicitly taken into account in the
ation energy when an electron is added to the LUMO ofcalculations; here, N0 5 11 · n, since 11 electrons per atom
the cluster of size n, respectively. The relaxation energies, asare not frozen. Janak showed that the DFT total energy
defined here, are expressed as follows:can be seen as a continuous function of the occupation vec-

tor and thus of the number of electrons, N, in the system.[40]

The total energy of Cun
1x, E(n, N 5 N0 2 x), obtained by E1

rel(n) 5 η1(n) 1 R1(n) 5 IP(n) 1 εHOMO(n,N0) (7a)
E2

rel(n) 5 η2(n) 1 R2(n) 5 2EA(n) 1 εLUMO(n,N0) (7b)the removal of a negative charge x|e| (x is not necessarily
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where R1(n) and R2(n) are the values of the higher-order For x 5 21|e| and x 5 1|e|, i.e. in the finite-difference

approximation, Equation 11 provides EA(n) and IP(n) val-terms R(x3) in the series (Eq. 3) for x 5 1 when the electron
is removed or added to the system, respectively: ues that can be recombined to express µ(n) and η(n) as in

Equation 4. In order to improve on the accuracy of µ(n)
and η(n) with respect to the definitions given in Equation

(8a) 4, we have considered a set of charges x (x 5 21|e|; x 5
20.5|e|; x 5 0|e|; x 5 0.5|e|; x 5 1|e|) and interpolated the
SCF total energy difference [E(n,N0 2 x) 2 E(n,N0)]

(8b) through the second-order polynomial of Equation 11, for
each size n of the clusters. The chemical potential and hard-
ness of Cun(y,w) clusters resulting from the above inter-

When R1(n) and R2(n) can be neglected, the relaxation polation are denoted below µ(n) and η(n) (without any indi-
energy of the valence levels is directly related to the hard- ces).
ness of the electronic system. In this approximation, we pro- Figure 7 shows the calculated [E(n,N0 2 x) 2 E(n,N0)]
pose a new expression for the hardness, which can be writ- for Cu20(10,10) carrying different charges, together with the
ten as: second-order fit. The value of the first derivative of this

expression for x 5 0 gives an estimate of the electronic
chemical potential of the cluster [2µ(20)] while the curva-(9a)
ture of the parabola (Eq. 10) is an estimate of the hardness
of the cluster [η(20)]. The graph of Figure 7 provides the
values of EA, IP, and µ for Cu20(10,10): respectively 2.9 eV,

(9b) 5.8 eV, and 24.4 eV. We obtain the trend that the differ-
ences between IP(20) and 2µ(20) or between 2EA(20) and
µ(20) are mainly related to the hardness η(20) and only

The hardnesses estimated using Equation 9 are denoted weakly depend on the higher terms R in the expressions
ηED(n), since the ionization potential and electron affinity 7a and 7b: {IP(20) 2 [2µ(20)]} 5 1.43 eV and [2µ(20) 2
are evaluated as total energy differences (ED). EA(20)] 5 1.45 eV are both very close to the curvature of

The IP and EA values can also be calculated using Slat- the parabola η(20) 5 1.44 eV.
er9s transition state concept;[75277] the simplest approach is
to consider the opposite of the eigenenergy of the HOMO-
[LUMO] coming from the neutral system, when this orbital
is occupied by half of an electron, as the value of the ioni-
zation potential [electron affinity]. Consequently, the hard-
nesses of a system can be estimated only from the eigenval-
ues of the frontier orbitals for neutral and partially ion-
ized systems:

η2
Slater(n) ø 2εHOMO(n,N0 2 1/2) 2 εHOMO(n,N0) (10a)

η1
Slater(n) ø 2εLUMO(n,N0 1 1/2) 2 εLUMO(n,N0) (10b)

Since, for the copper clusters we study here, the HOMO
2LUMO gap is very small (as discussed above), we may
consider in a first good approximation that unique (aver-
age) first and second derivatives of the energy can satisfac-
torily characterize the chemical potential and absolute

Figure 7. Calculated total energy of Cu20(10,10) as a function ofhardness of the copper clusters (closed-shell and open-
charge x (full circles). The parabola interpolated from the calcu-

shell). Hence, the HOMO and LUMO eigenenergies written lated points (Equation 11) is represented by a full line. The dotted
line represents the tangent of the parabola at the origin, which cor-in the above relations can be replaced by the chemical po-
responds to [2µ(Cu20) · x], and the dashed line represents [WCu·x].tential of the copper clusters. This approximation becomes The arrows point to specific values, such as IP(Cu20), EA(Cu20),

increasingly accurate for closed-shell systems as the size of and µ(Cu20).
the cluster expands, the electronic structure then approach-

We now apply the relations defined above and compareing that of the metal, for which the chemical potential of
the results to those obtained from the interpolation usingthe electrons and hardness are well-defined concepts [33].
Equation 11. Table 1 lists the energies of the HOMO andTaking this approximation and neglecting the high-order
LUMO levels as a function of cluster size as well as theterms R(x3) of the series in Eq. 3, the total energy differ-
chemical potentials estimated from the slope at the originence, [E(n, N0 2 x) 2 E(n, N0)], displays a parabolic depen-
of the interpolated parabola (Eq. 11). The µ values are verydence on charge x:
close to the HOMO or LUMO energies of the neutral
Cun(y,w) clusters. This confirms that Equation 11 is a[E(n,N0 2 x) 2 E(n.N0)] 5 2µ(n)x 1 η(n)x2 (11)
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Table 3. Comparison among: (i) the hardness, η, evaluated as thereasonable way to determine the chemical potential [we
curvature of the interpolated parabola described by Equation 11;note that both frontier orbital energies are given in Table 1
(ii) the hardness, η1

ED and η2
ED, estimated from Equations 9a

since: (i) the calculations were performed at the unrestricted and 9b; and (iii) the hardness, η1
Slater and η2

Slater(n), coming from
Equations 10a and 10b. The values are in eV.level; and (ii) the copper clusters having an even number of

atoms are not necessarily closed-shell systems].
n η1

ED(n) η2
ED(n) η1

Slater(n) η2
Slater(n) η(n)

Table 1. Comparison between the chemical potential µ(n), esti-
mated as the slope at the origin of the interpolated parabola des- 9 1.99 1.89 2.09 1.20 2.00
cribed by Equation 11, and the eigenenergies of the frontier orbitals 10 1.92 1.84 1.83 1.80 1.96
of the neutral copper clusters Cun(y,w) with n 5 9220. All the 11 1.89 1.82 1.57 1.20 1.93
electronic properties are given in eV. 12 1.80 1.71 1.69 1.77 1.91

13 1.74 1.69 1.59 1.26 1.79
14 1.59 1.63 1.63 1.61 1.62n µ(n) εHOMO(n,N0) εLUMO(n,N0)
16 1.45 1.41 1.46 1.61 1.48
18 1.58 1.48 1.60 1.57 1.57

9 24.13 24.13 24.02 20 1.39 1.47 1.81 1.12 1.44
10 24.29 24.30 24.18
11 24.37 24.41 24.26
12 24.36 24.51 24.19
13 24.12 24.16 24.03 izability. In fact, a low relaxation energy implies a low en-14 24.16 24.18 24.15

ergy cost of the deformation of the electronic cloud. Hence,16 24.17 24.21 24.07
18 24.25 24.23 24.17 the smaller the relaxation energy of valence molecular or-
20 24.36 24.41 24.38

bitals, the smaller the hardness and the higher the polariz-
ability of the system.

Table 2 compares the energies of the frontier levels when 2. Evolution of the Chemical Potential and Hardness with
they are occupied by half an electron with the electron af- the Size of Copper Clusters: The knowledge of the chemical
finity and ionization potential coming from total energy potential and hardness of the copper clusters allows us to
differences. The results show that the use of Slater9s tran- characterize the evolution of these properties with size,
sition state gives the right order of magnitude for the ioni- from a small metal cluster to bulk metal. Since the relation-
zation potential and electron affinity. However, this simple ship between hardness, polarizability, and relaxation energy
approximation introduces some inaccuracy in the estimates of the valence levels has been pointed out above, we also
of EA [err|EA 2 εLUMO| 5 0.28 eV] and IP [err|IP 2 discuss the evolution of these properties.
εHOMO| 5 0.14 eV] and, consequently, also in Equations 10 The evolution of the parameters µ and η of the parabola
which gives the hardness ηSlater. (Equation 11) has been analyzed as a funtion of the size of

the cluster. The results are presented in Figure 8. We firstTable 2. Comparison between the electron affinity (EA) and ioniza-
discuss the behavior of the first derivative in the expansion,tion potential (IP) of the Cun(y,w) clusters, calculated using total

energy differences and with the eigenenergies of the HOMO and 2µ(n). Figure 8 indicates that 2µ remains close to the value
LUMO levels occupied by half of an electron and coming from of WCu whatever the size; it slowly converges towards thethose of the neutral system (Err is the mean error). All the elec-

workfunction of the metal surface for an infinite size, astronic properties are given in eV.
found within the jellium model. [78] The oscillation of the

n EA(n) εLUMO(n,N0 1 1/2) IP(n) εHOMO(n,N0 2 1/2) chemical potential of the metal clusters is weaker than that
of IP or EA since the chemical potential can be seen as an

9 2.13 22.82 6.12 26.22 average of these properties (Eq. 4). Hence, the slope of the10 2.34 22.38 6.22 26.13
average evolution of IP(n), EA(n) and 2µ(n) should also11 2.44 23.06 6.29 25.97

12 2.48 22.42 6.31 26.20 be correlated. The average evolutions were found above for
13 2.33 22.77 5.90 25.75 EA(n) 5 4.65 2 5.073 · n21/3 and IP(n) 5 4.65 1 3.166 ·14 2.52 22.54 5.77 25.81

n21/3. The slope D of 2µ(n) 5 4.65 2 D · n21/3 can be16 2.66 22.46 5.66 25.67
18 2.69 22.60 5.82 25.83 directly evaluated by using the interpolation formulae (Eq.
20 2.91 23.26 5.79 26.21

2) of IP(n) and EA(n) in Equation 4; it appears that D 5Err |EA 2 εLUMO| 5 0.28 eV |IP 2 εHOMO| 5 0.14 eV
(5.073 2 3.166)/2 5 0.954, which is in good agreement with
the value of D 5 0.938 calculated from a linear regression

In Table 3, we compare the hardness values calculated in of 2µ(n) for n 5 9220:
various ways. These all provide the right order of magni-
tude. However, the results from Equation 10 miss what ap- 2µ(n) 5 4.65 2 0.954 · n21/2 (12)
pears as the reasonable evolution of the relaxation energy
and hardness, i.e. their decrease with cluster size; it is likely The small value of coefficient D leads to a relatively weak

dependence of µ on n, in the range of n studied; this ration-that an improved approximation, such as the Generalized
Slater9s Transition State method,[76] would give the right alizes the proximity between 2µ and WCu and the slow con-

vergence of 2µ towards WCu, i.e. the quasi-constant charac-evolution.
A relationship between the polarizability and the elec- ter of µ in the clusters studied here. The HOMO energy of

copper clusters (Table 1), and thus the chemical potentialtronic relaxation of valence levels also exists since, as we
have mentioned above, the hardness is related to the polar- as calculated here (since the gap is very small), is then a
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For bulk metals, n is considered to be infinite and the

relaxation energy when removing an electron at the Fermi
energy is zero [for n 5 `, IP becomes the workfunction and
the HOMO level corresponds to the Fermi level; Equation
7a then becomes: E1

rel(n 5 `) 5 0]. Equation 7a shows
that the non-zero value of the hardness of a metal surface
exactly corresponds to the opposite of the higher-order
terms in the series of Eq. 3, 2R1(n 5 `). Hence, as the
hardness is also the inverse of the density of states at the
Fermi level g(EF), [33] we obtain the following equalities:

η(n 5 `) 5 2R1(n 5 `) 5 1/[2g(EF)] (13)

This shows the direct relationship, for a bulk metal, be-
tween the higher-order terms in the series of Eq. 3 and the
density of states at the Fermi level.

It has been demonstrated that hardness modifications
Figure 8. Evolution of the electronic properties of Cun(y,w) with with size are related to the shell structure in atoms or metalsize n: (i) opposite of the chemical potential 2µ(n) (full circles); (ii)

clusters. [65,81] The hardness of real copper clusters pos-IP(n) (full triangles); and (iii) EA(n) (open squares). The solid line
indicates the workfunction of the metal. sessing a magic size is expected to be larger than that of the

neighboring sizes, as observed for Lin clusters; [82] clusters
with a magic size adopt a geometric structure such that agood approximation of the workfunction of the metal. This
shell is filled, so that hardness is maximized according toresult was first observed by Russier et al. for other tran-
the maximum hardness principle. [68] Consequently, as forsition metal clusters such as those of palladium.[79]

the other properties [IP(n), EA(n)], the absence of shellThe hardness, η(n), decreases as a function of size of the
structure in the model copper clusters can be advantageouscluster (Figure 9). This trend is similar to that found for
to evaluate the average evolution of hardness with size. Fig-sodium clusters (Nan). [63,65] The curvature of the parabola
ure 9 indicates that the [2µ(n) 2 EA(n)] and [IP(n) 1 µ(n)]η(n) (represented in Figure 7 for n 5 20) decreases with
curves are similar to that of η(n); this shows that the simpleincreasing size n, hence the edges of the parabola for x 5
relation (Eq. 4) defining the hardness from EA and IP is21 and 1, i.e. EA and IP respectively, tend to become equal
valuable for finite copper clusters Cun(y,w). Of course,to the workfunction W, as shown in Figure 6. The decrease
Equation 4 is not valid for infinite metal clusters (accordingin hardness with cluster size is fully consistent with the ex-
to it, the hardness would be zero, whereas the hardness ofpected evolution of the polarizability and relaxation energy.
a metal is non-zero); nevertheless, since the hardness of aAs the copper clusters grow, the number of valence levels
metal is small [g(EF) is large], it is reasonable to use Equa-that are close in energy increases, which induces a smaller
tions 4 and 2 to estimate the hardness of large clusters; in-relaxation energy and a higher polarizability. [63,80]

jecting Equation 1 into 3 gives the following relation:

η(n) 5 4.120 · n21/3 (14)

The comparison between the evolutions of chemical po-
tential (Eq. 12) and hardness (Eq. 14) illustrates that the
hardness varies much more strongly than the chemical po-
tential with size. In the expression of the total energy as a
series (Eq. 3), it is the second-derivative term, related to
the relaxation energy (Eq. 8) and hardness, that is mostly
responsible for the variation of IP(n) and EA(n) when the
size n is changed, as already indicated for IP by Russier[41].

We have also calculated the cohesive energy of the
Cun(y,w) copper clusters (binding energy per atom); it is
found to evolve in a roughly linear manner with respect to
n21/3 (Figure 9). This is in good agreement with the pre-
vious study by Delley et al. on quasi-spherical copper clus-
ters. [25] Figure 9 clearly shows that when the cluster size
increases, the cohesive energy increases while the hardnessFigure 9. Evolution of the cohesive energy per atom (full triangles)
decreases. The same kind of observation was made byand chemical hardness of the copper clusters Cun(y,w). The full

circles represent the hardness evaluated from the curvature of the Ghanty et al. [63] for Nan clusters; these authors pointed out
polynomial expression (Eq. 11, Figure 7); the other two curves rep- a polarizability increase as well as a cohesive energy in-resent the evolution of [IP(n) 1 µ(n)] (open triangles) and [2µ(n)
2 EA(n)] (open circles). crease with size of the Nan clusters. To the best of our
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knowledge, no analytical relation between cohesive energy energy of the valence levels and the increase in polariz-

ability when increasing the size towards the metal.and hardness has been established. Such a relationship
would probably be linked to another concept (which is not In a forthcoming paper, we intend to exploit the knowl-

edge base obtained in the present work to study the influ-related to size dependence): the maximum hardness prin-
ciple, [68] which is a stability criterion and could be associ- ence of the copper cluster size on the adsorption of organic

molecules such as acrylonitrile; the adsorption of acryloni-ated to a minimum polarizability condition, as has been
suggested by Ghanty. [69] trile on copper surfaces and copper electrodes has indeed

been identified as the initial step leading to the grafting of
polyacrylonitrile on a copper cathode through electropoly-
merization, a process that holds much promise for the sur-Synopsis
face protection of commodity metals.[83285]

Density Functional Theory has been used to study the
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