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The equilibrium geometry, binding energy, and electronic structure of small metal parti-
cles are investigated using self-consistent one-electron local-density theory. Results for
Cu,, Cuy, and fcc Cu;z and Cuys clusters show an increasing equilibrium bond length with
cluster size, and a stiffening of the a, vibrational force constants. The calculated binding
energies of 1.05 (Cuy), 1.26 (Cuy), 2.19 (Cuy3), and 3.03 (Cuy) eV/atom compare well with
the experimental values of 1.00 (Cuy) and 3.50 (bulk) eV/atom. For Cu, the theoretical
bond length and vibrational frequency are found to be in good agreement with experiment.
Densities of states and core-level shifts are analyzed to display cluster-size effects.
Charge-density maps are used to display the buildup of metallic bonding charge with in-

creasing particle size.

I. INTRODUCTION

The electronic properties of small particles are of
interest in many different fields, ranging from the
formation and optical properties of interstellar dust
grains to the chemistry of smog and dust particles,
atmospheric electricity, and nucleation. Recent in-
terest in small metal particles arises because of their
important catalytic role in hydrocarbon synthesis
reactions as well as in photochemical processes.
Further, metallic particles can serve as models for
the study of corrosion and reactive properties of
rough surfaces. Finally, they also provide models
with which to investigate local properties in amor-
phous and liquid metals.

Noble-metal clusters are particularly interesting
since, for metallurgical reasons, good experimental
information is available. In addition, Ag particles
are catalysts. In contrast to other catalysts the fully
occupied d shell simplifies the theoretical treatment.

Experimental studies on small noble-metal parti-
cles and thin plates by x-ray diffraction started long
ago.! These and subsequent studies show that the
lattice becomes contracted with decreasing particle
size. The same result is obtained from a recent ex-
tended x-ray absorption fine-structure (EXAFS)
study on supported Cu and Ni particles.? In addi-
tion, it is observed that the absorption edge shifts to
higher binding energy as particle size decreases.
X-ray photoemission spectroscopy (XPS) studies of
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small Ag particles show broadening of the d band
and a change in shape with increasing particle size
among other structures, which were related to Ag-
substrate interactions.>

Optical spectroscopy of matrix-isolated Cu atoms
and small Cu particles* yields information about the
electronic level structure. It is observed that clus-
ters containing more than four atoms possess many
of the optical features of the bulk metal. Band
spectroscopic measurements help to determine the
ground state with vibrational modes yielding infor-
mation about the binding-energy curve and the dis-
sociation energy. Such experiments on Cu, have
been performed by Ashlund® and Kleeman.®

There are three basic theoretical approaches
available for application to small particles and clus-
ter compounds as follows:

(i) The semiempirical methods, e.g., Hiickel,
CNDO, and tight-binding linear combination of
atomic orbitals (LCAO) schemes.” Most particle
calculations reported up to now have been per-
formed by semiempirical methods. The Hamiltoni-
an is drastically simplified and the few remaining
parameters can be taken from experiment. These
methods require calibration against data, which typ-
ically are not yet available; thus, very uncertain ex-
trapolations are involved.

(ii) The one-electron self-consistent field methods,
e.g., Hartree-Fock (HF) and local-density models.
This group of methods does not take input from ex-
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periment as a starting point and, in principle, such
calculations are carried to self-consistency. Better
approximations for the effective electron-electron
interaction derived from an underlying many-body
theory are continuously sought to obtain more accu-
rate predictions for physical properties. The model
Hamiltonian, if treated to sufficient precision, gives
an adequate description of ground-state properties
for many atomic, molecular, and solid-state sys-
tems. However, the treatment of excited-state prop-
erties is more problematical.

(iii) The many-body methods, e.g., generalized-
valence-bond (GVB) and configuration-interaction
(CD methods.” In this last group of methods, no
approximation is made to the Hamiltonian, in prin-
ciple, and the wave function is (implicitly or expli-
citly) of multiple-determinant type. Applications of
these GVB and CI methods to transition-metal clus-
ters have been limited because of the greater com-
plexity of the correlated wave function and the
large number of configurations involved. Practical
limitations on the accuracy of the results also arise
from truncation of the single-particle basis set,
which is typically made up from Gaussians.

We have developed and applied local-density
theory (of which Slater’s Xa scheme is a special
case) for treating spectroscopic and cohesive proper-
ties of small particles. The self-consistent one-
electron Hamiltonian underlying this theory is

h=—35V2+Vlp) 1)

in Hartree atomic units. Vg contains the classical
Coulomb potential arising from the nuclear and
electronic charge distributions, as well as exchange
and correlation effects. Vg is a functional of the
charge density (and of the spin density for open-
shell systems), which is represented as a sum over
single-particle contributions,

P=2_fi|¢i|2- 2

The occupation numbers f; are dictated by the
underlying many-body theory. The main simplifi-
cation for this theory arises from making a local ap-
proximation to exchange and correlation effects,
thus requiring Vg to be a single-valued function of
p(T). It is now well established that this approxi-
mation is not severe for homogeneous systems; it
cannot be formally justified for inhomogeneous sys-
tems such as free atoms.

It is important to realize that wave functions do
not play the same role in local-density theory as
they do in classical quantum chemical methods.
The single-particle orbitals and their eigenvalues are

introduced as auxiliary quantities to facilitate deter-
mination of the optimum density p, which deter-
mines the total energy for the lowest state of a given
symmetry. The many-body wave function is ill-
defined in this theory, since the statistical averaging
process mixes different multiplet states of a given
configuration. In specific cases it is often possible
to project out properties of a particular many-
electron state. Furthermore, it is a remarkable fact
that the statistical total-energy functional E(p) has
proved to be useful in determining excited-state
properties of atoms, molecules, and solids through
application of so-called transition-state theory®®
and through the schemes proposed by Ziegler'®®
and by von Barth.!%®

The error in the total energy of atoms calculated
from E(p) differs typically by less than 1% from
(for example) Hartree-Fock (HF) or CI results.
This is mostly due to errors in the most highly
bound core states, and is traced to the inaccurate
treatment of the self-interaction part of the ex-
change operator. Various Hartree-type modifica-
tions of the simple Slater (or Kohn-Sham) potential
have been put forward; however, manipulation of
nonorthogonal orbitals becomes awkward. The
presence of a 1% error in the total energy would be
intolerable except for one fact: Here we are in-
terested in the comparison of systems where the core
states are barely changed. Therefore, core contribu-
tions to binding energy will cancel out almost com-
pletely. This cancellation is the basis for successful
applications of local-density theory in calculating
the cohesion of bulk metals.!!

Small metal particles are mostly open-shell sys-
tems. While the density-functional approach is not
formally justified for degenerate ground states, it
still extrapolates smoothly to an average configura-
tion. This theory underestimates the binding of the
lowest multiplet state; however, the result is often
still a reasonable approximation. A significant im-
provement of the theory can be made by allowing
Ve to be spin dependent.”” As in the analogous
spin-unrestricted formulation of HF theory, this
generalization is sufficient to treat, e.g., singlet-
triplet multiplet splittings. Since multiplet splitting
is important for determining energies in the
isolated-atom case, we find it advisable to treat the
reference state of the separated atoms by spin-
unrestricted density-functional theory.

II. THEORETICAL-COMPUTATIONAL
APPROACH

As the spin-dependent part of the effective poten-
tial, we have chosen the so-called Xa potential
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in Hartree atomic units with @ =0.7 for most of
this study. The effective potential has to be deter-
mined self-consistently with the charge density for
spin direction o given by

= Zf(ei,a) | Yio | 2, 4)

We do not restrict the symmetry of the electron sys-
tem, and therefore the occupation numbers f(¢;) are
determined by the Fermi-Dirac distribution func-
tion.

We have explored two methods of solution to the
self-consistent field equations, one using an analytic
basis of Slater-type orbitals (STO’s) and the other
using numerical free-atom —ion wave functions as a
variational basis. Such comparisons as can be made
are quite useful, since it is possible to verify the nu-
merical accuracy of the computer algorithms and to
check on the quality of basis sets required to obtain
a given precision.

A. Analytic bases

A conventional STO basis of the form

"e =Y, (F) located on nuclear sites was used.
Apphcatlons of this approach to a variety of mole-
cules have been reported in the literature.!>!* We
observed that “double-zeta” basis sets, i.e., roughly
two functions per occupied state, are the bare
minimum required for quantitative accuracy. We
have generally preferred to use “double zeta plus
polarization” and “triple-zeta” quality bases in
describing transition-metal complexes.

The molecular Coulomb potential is calculated
from an analytic least-squares fit to the
eigenvector-derived charge density as described pre-
viously."* The charge-fitting procedure is typically
the most tedious step of the calculation since a rath-
er large basis is required to obtain the potential (and
hence binding energies) to chemical accuracy.

B. Numerical bases

Basis functions of the form R,(r)Y},(¥), with
R,;(r) numerical radial functions, were generated
with the use of free-atom or ion potentials to local-
ize the functions to nuclear sites. The chief motiva-
tion for using numerical bases is to find a compact
but accurate representation that can be carried over

to many-atom clusters. We observe that satisfacto-
ry convergence of valence-electron properties is ob-
tained with two or three radial functions for each /
value. Core-electron states are described accurately
by a single radial function. In order to describe pre-
cisely the dissociation of Cu, clusters to free Cu
atoms, we have included in the basis free atom 3d,
4s, and 4p functions. In addition, we have included
a set of 3d’, 4s’, and p’ functions generated from
free Cut or Cu*t states to form a “double basis.”
The one-electron cluster wave functions are ob-
tained in the usual linear variational procedure by
solving an energy-independent secular equation
determined by a discrete set of sampling points.'*

Since a major purpose of this study is to extract
molecular binding energies and geometries of small
particles, we have taken great care to calculate the
electrostatic potential accurately. One of the most
rapidly convergent representations for the electronic
charge density is given by multicenter overlapping
multipoles:

Proded = 2, Pim i) Yim (7). (5
ilLm
Here i denotes multipoles centered on various nu-
clear sites at T;. A convenient multipolar represen-
tation can be obtained from a least-squares fitting
procedure with controlled accuracy. The potential
can be calculated from this procedure accurately
and efficiently.'* We found sufficient convergence
for the copper particles treated here by including
multipoles up to /=2 in the charge representation.
We recall that the total energy in spin-restricted
local-density approximation can be written as

E=3efi- fB—P—” ) g3 g

|T—7

+ [ PDNE (D)= Vil D)]dr

z,Z,
+5 3=, 6)
pv

where Exc(f’)=%ch( T) for the effective potential
of Eq. (3). Often the main interest is not in the
large total energy, but rather in binding energies
with respect to some reference system, e.g., the dis-
sociated molecule

Binding energies E; are on the order of a few elec-
tron volts, while E, are on the order of 10° eV. Itis
obvious that numerical noise must be kept under
control in order to obtain useful results. Attention
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also has to be paid to the computational implemen-
tation of Egs. (6) and (7) so that E, does not become
excessively sensitive to only approximate self-
consistency. How this can be achieved is described
in more detail in the Appendix. Suffice it to state
here that it is possible to calculate E; to comparable
or higher accuracy as that achieved for the indivi-
dual one-electron eigenvalues.

We note in passing that for the dissociated sys-
tem Hamiltonian and overlap matrices become di-
agonal and the eigenvalues of the numerical atomic
calculations are recovered. In this respect local-
density theory differs greatly from the HF model.
It is well known'®® that symmetry-restricted HF
wave functions have the wrong dissociation limit, a
flaw which can be partially corrected by the use of
spin- and orbital-unrestricted single-determinant
models. In contrast, the local charge density p(T)
displays the correct limiting behavior. However,
the spin density and its contributions to E, depend
critically upon the presence (or absence) of symme-
try restrictions.

III. RESULTS

The free Cu atom contains one unpaired 4s elec-
tron. Therefore, one could apply the spin-
unrestricted formalism of Eq. (3). This gives a total
energy of —1638.330 a.u. (1 a.u.=27.212 eV); the
spin-restricted formalism leads to a 0.0137-a.u.
reduction of the total energy. This total energy can
be compared to a numerical Hartree-Fock result
—1639.964 a.u.,!'! which demonstrates that the
local-density approximation leads to relative errors
in total energies for atoms of the transition series of
order 10~3. As mentioned previously, this error
arises mostly from improper cancellation of the
self-interaction from the core states. Such errors
cancel out in energy comparisons for different

geometries of the clusters, which we now proceed to
examine.

A. Dimer
1. Analytic basis results

Self-consistent calculations using triple-zeta qual-
ity analytic bases have been made on copper parti-
cles containing up to nine atoms. The geometry of
the bulk metal was used to explore the chemisorp-
tion of CO on the CU(001) surface.'® For the Cu,
dimer at a (bulk) distance of 4.82 a.u. the binding
energy of 2.01 eV was obtained for the '3;" ground
state. Geometry optimization led to a predicted
equilibrium bond length of 4.27 a.u., with a binding
energy of 221 eV and vibrational frequency
. =268 cm~!. These results are in excellent agree-
ment with experiment (see below) and are consistent
with the level of accuracy deduced from calcula-
tions on smaller closed-shell molecules.!®

2. Numerical basis results

In order to discover practical limitations of the
numerical approach we have investigated the con-
vergence of the binding energy versus the variation-
al basis for the Cu dimer. We include free-Cu-atom
functions in the basis, which clearly provide a good
starting point for the wave-function expansion at
large separation distances. At small bond lengths,
additional variational freedom becomes increasingly
important. We have chosen a bond length smaller
than the equilibrium bond length to investigate the
quality of the basis, with results shown in Table L
The first basis chosen (I) consists of Cu 3d, 4s, and
virtual 4p atomic functions, while the second (II)
contains the 3d and 4s functions augmented by
Cu*t, 3d, 4s, and 4p functions. The third basis (IIT)
uses atomic ground-state s,p,d and Cu**t ionic

TABLE I. Binding energy of Cu, at a bond length of 3.5a, vs variational basis quality.

Basis set dsp?®
Number of functions 18
Binding energy 0.39
(eV/atom)

ds+d§p dsp+dspf
30 50
0.53 0.55

2dsp means numerically tabulated atomic functions 3d,4s,4p from a self-consistent atomic X«
calculation. The functions d,§,p, are Cu** numerical functions, and d,§,5,f are obtained

from a Cu** ionic state.
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s,p,d,f functions. It is evident from Table I that
the second basis set considered already yields an al-
most converged binding energy. It is also interest-
ing to note that inclusion of higher-/ components,
here an f wave function, barely increases the bind-
ing energy. This is in contrast to findings on co-
valent molecules, where higher-/ polarization func-
tions are essential for obtaining accurate basis sets.!”
Not shown in Table I are results for basis sets simi-
lar to type II with the additional functions from a
Cu?t ionic calculation. The binding energy coin-
cides with the basis-II result within 10 mV.

Some information about the stability of predicted
bond lengths as a function of basis quality was
desired, so we have compared binding energies as a
function of bond length in Cu, for different basis
sets. As an example, a comparison for bases II and
I is given in Table II. The binding-energy differ-
ence between the two bases remains fairly constant
at various distances; thus the minimal basis would
already have given practically the same binding
curve as an accurate basis, but shifted upward in en-
ergy. This is rather reassuring, but it should be re-
called that our minimal basis set is already capable
of giving very accurate results at large distances.
Improvement of the basis sets beyond this minimal
basis leads then generally to a reduction of equilibri-
um bond length. Table II suggests that the reduc-
tion of bond length versus basis quality is less pro-
nounced than the increase in binding energy. In all
calculations reported below we have used basis set
II to obtain accurate binding energies.

The ground state for Cu, is 12; . Our theoretical
binding energy is 2.10 eV relative to separated,
spin-unrestricted atoms. This value is in good
agreement with the experimental data of Ginger-
ich'® (1.99 eV) and Ashlund et al.’ (2.05 eV). From
a Morse curve fit to the calculated binding energies
between 3.8a, and 5.0a,, we deduce a stretch fre-
quency of 286 cm~!. The experimental result of
Kleeman and Lundqvist® is 266 cm™!. For the
equilibrium bond length we obtain 4.20a,, which
happens to agree precisely with the experimental re-
sult of Ashlund et al.’

3. Results by other methods

Previous work by Harris and Jones using
density-functional theory in a linear muffin-tin or-
bital (LMTO) method leads to substantially the
same results for Cu,.!® As will be shown in Table
V, their higher binding energy of 2.30 eV can be
traced back to the use of the Gunnarsson-Lundqvist
form of the effective potential. In addition to ex-
tended Hiickel calculations,” which yield perfect
agreement with experimental data for Cu,, HF and
CI calculations have also been applied to Cu, clus-
ters. Joyes and Leleyter?! find a CI bond length of
ro=4.16a, and a dissociation energy of E,=1.7
eV. A recent calculation by Bachmann et al.?, us-
ing Hartree-Fock theory, yielded ry=4.43a, and
E,=0.84 eV. Calculations by Noell et al.?} by the
generalized-valence-bond method give ry,=4.66a,
and E, =0.83 eV.

B. Tetramer
1. Analytic basis results

We have used a triple-zeta STO basis augmented
by a single-zeta virtual p set. Computations were
done for tetrahedral T; symmetry at bond lengths
of 4.0ay, 4.5ay, and 5.0ay. A parabolic interpola-
tion of the results gives a binding energy of 1.21
eV/atom at a bond length of 4.6a,. The configura-
tion found is 27", and the one-electron eigenvalue of
the highest occupied orbital is —2.43 eV. For com-
parison, the “surface cluster” with Cu-Cu distance
of 4.82 au. gave a binding energy of 1.18
eV/atom.'® The STO calculations thus give a very
plausible relaxation of the bond by ~0.3 bohr and
an increased stabilization of 0.07 eV/atom in pass-
ing from the dimer to the tetramer.

2. Numerical basis results

Since there has been some controversy about the
geometrical shape of transition-metal clusters con-
taining a few atoms, we have calculated the binding

TABLE II. Binding energy (in eV/atom) of Cu, at different bond lengths: a comparison of

minimal- and extended-basis-set results.

Bond length (bohr) 35

E(dsp) 0.39
E(ds+d5p) 0.53

4.0 4.5
0.85 0.85
1.00 0.99
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energy of Cuy in linear D, tetrahedral T,;, and
distorted tetrahedral C,, symmetry. In any such
configuration Cuy is found to have a higher binding
energy per atom than Cu,. The tetrahedral
geometry of Cuy has a predicted binding energy that
is slightly higher than the linear Cu, chain in the
gas phase. It is, however, possible that the linear
geometry may be better bound in the solid environ-
ment encountered in matrix isolation experiments.*
We find that the energy difference is only 0.12
eV/molecule in the gas phase, with E, for the T,
cluster equal to 1.26 eV/atom.

As with the analytic bases we find that
tetrahedral Cu, is an open-shell *T’, system; there-
fore, the spin-unrestricted formalism should be ap-
plied. The results of this calculation show that
spin-energy contributions are less than 0.01
eV/atom. Jahn-Teller distortions are also expected
to occur in the tetrahedral case; however, we find
that small distortion in bond lengths (E mode) of
0.1a, contributes less than 0.01 eV to the binding
energy. Thus energy gains due to static Jahn-Teller
distortions are seen to be small compared to thermal
(i.e., room-temperature) energies.

A comparison of results from the numerical and
the analytical bases shows that the binding energy is
in significantly better agreement than one-electron
eigenvalues, which differ by 0.9+0.01 eV. This fact
is not surprising since the local-density binding en-
ergy is a variational quantity.?* One-electron eigen-
values are only variational quantities as long as the
potential is held fixed. On going to self-consistency
a small deviation in the charge density in the low-
density region can introduce a dipole barrier that re-
sults in an almost uniform shift of all eigenvalues
(but not of the dissociation energy). We have inves-
tigated the accuracy of the numerical method,
which is used for the rest of the present work, in
some detail. We find that less than +0.1-eV error
in eigenvalues can be accounted for by truncation of
the basis set, less than +0.1-eV error by truncation
of the charge and potential expansion, and less than
+0.05-eV error may be due to inaccuracy of the
matrix elements. We also find that the local-density
cohesive energy may have been underestimated by
0.05 eV per atom due to limitations in the basis set.
Limitations in the charge expansion and approxi-
mate numerical integrations lead to a further uncer-
tainty of +0.05 eV.

C. 13-atom cluster

Cuy; is very close to the limits of feasibility for
the other ab initio methods described in Sec. I, but

does not present a major challenge to local-density
methods. With the use of the numerical basis ap-
proach, we find an electronic ground state with T,
symmetry for the cluster of octahedral symmetry.
At an equilibrium nearest-neighbor distance of
4.55a, we find a binding energy of 2.19 eV/atom.

Our findings for the energetics of the Cu;; clus-
ters are in disagreement with extended-Hiickel-
theory calculations,?’ which produce an equilibrium
separation of 5.05a, and a 0.78-eV/atom binding
energy. We also disagree with recent Hartree-Fock
calculations,?? which find 0.63 eV/atom at an as-
sumed distance of 4.54a, (the equilibrium distance
was not calculated).

D. Cuy particle

We have obtained results for Cuy
(=Cu;Cu,Cu¢CuyyCuy,Cuyy) using the same ex-
tended basis set, basis II in Table I, as well as the
charge and potential representation used for Cuys.
At a fixed nearest-neighbor distance of 4.80a, we
find a binding energy of 3.03 eV/atom. The single
value of the bond length used was chosen by extra-
polation from the smaller clusters toward the bulk
value (see below).

This cluster contains six coordination shells and
could thus be used to discuss a number of properties
as a function of depth from its surface. Let us be-
gin by considering the local density of states (DOS).
Discrete partial DOS were calculated for coordina-
tion shells by convolution of the level structure with
a 0.4-eV full width at half maximum (FWHM)
Gaussian and by integration of the orbital densities
inside the corresponding atomic spheres,

—ale—¢)? "2 N
Py arar(@)=aZe =TT [ U@ |
I

(8)

The surface-atom DOS and the DOS arising from
the 19 central atoms are shown in Fig. 1. The sur-
face coordination shells have both a reduced band-
width and a chemical shift to lower binding energy
compared with the central atoms. The narrowing
and shift to lower binding energy, which we calcu-
late is in qualitative agreement with the band theory
of Appelbaum and Hamann.?> There are quantita-
tive differences, however, between the DOS at the
center of the cluster in the present case and results
from bulk and thin-slab calculations, as should be
expected. For a cluster with Oy symmetry, the or-
bital densities all have at least D,; symmetry. Such
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FIG. 1. (a) Partial DOS for a sphere containing the
central 19 atoms. The discrete spectrum is convoluted
with a Gaussian of 0.4 eV full width at half maximum.
(b) Partial DOS for the surface atoms obtained from an
integration in a small sphere around each surface atom.

symmetry restrictions for small particles prevent
very rapid convergence to bulk DOS, especially at
the center atom. For very large clusters bulk DOS
would finally be obtained according to a theorem by
von Laue,?® which states that the probability density
¥ (r,E)¢(r,E) becomes approximately independent
of the form of the boundary condition at distances
from the boundary greater than a characteristic
length inversely proportional to the wave number.
Next let us discuss core-level shifts at the copper
surface compared to interior regions. The simple
superposition of atomic charge densities would give
rise to a potential giving about 6 eV more binding
for the core electrons of the central atom compared
to a free atom. However, such an attractive poten-

TABLE III. Core-level shifts for Cuyy 2p core levels in
each coordination shell (in eV). Ag; is the static shift re-
lative to atomic ground-state value in frozen-core approx-
imation; Ae, is the shift including both final-state relaxa-
tion and screening.

S bulk Ag; Ae,

Center atom —2.14 + 6.65
2 —2.54 + 6.25
3 —2.41 + 6.38
4 —2.14 + 6.65
5 —1.92 + 6.87
Surface —1.73 + 7.06

tial near the center of the cluster pulls in a small
amount of screening charge, which in turn reduces
the core-level shifts. Values for these net chemical
shifts (a ground-state property) of ~2 eV are shown
in Table III. To relate to spectroscopic measure-
ments one has to take into account further energy
contributions for the excited-state core-hole screen-
ing. We have not performed extensive calculations
for this effect so far. For simplicity we assume that
screening in the surface shell is as good as it is in
the center of the cluster. With this assumption we
predict the same relaxation energy for all ine-
quivalent sites. The ground state Ae; would then
predict shifts of 0.4 to 0.8 eV to lower the binding
energy of the core levels at the Cu surface. Experi-
mentally unambiguous core-level shifts to 0.5-eV
lower binding energy have been found for Au sur-
face atoms.”".

Core levels of free atoms are observed at higher
binding energy than those for bulk atoms. Here
differences in screening for the atom become impor-
tant. For the free Cu atom the final state is
[Ar]~'d %!, while in the bulk a screened configura-
tion closer to [Ar]~'d %2 would be expected.

A self-consistent atomic calculation shows that
the screened d '%? configuration leads to 8.8-eV re-
duced binding for the Cu2s and 2p levels compared
to the d %! free-atom case. Table III also shows es-
timated values for the cluster core-level shifts with
this simplified approximation to screening. The re-
sults with screening are in fair agreement with the
experimentally observed reduction of binding by 7.5
eV for bulk Cu core levels compared to free Cu core
levels.

E. Trends with cluster size
1. Bonding charge distribution

In contrast to the DOS the total charge density is
not very sensitive to cluster size. In order to com-
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FIG. 2. Difference density Ap=p (self-consistent
field) —p (overlapping atoms), with dotted contour at zero
and full contours at +(1,2,4,8,...)x10~%/ad. (a) Cu,,
(b) Cuy in a (110) plane; Ap is positive at »=(0,0,0); (c)
Cu,; in a (100) plane; Ap is positive in the interstitial re-
gion.

pare charge densities of the Cuy(D_j), Cuy(T,),
and Cuy;3(0y) clusters, we have prepared charge-
density difference plots where a reference density
from overlapping atomic Cu densities is subtracted
out. Such plots are shown in Fig. 2. For all three
clusters the same pattern emerges: There is a de-
pletion of charge in the core region and in the inter-
stitial region the charge density is enhanced com-
pared with overlapping atomic charge densities.
Figure 2(a) shows the difference density for Cus.
The enhancement of the charge density in the bond
region can be seen clearly. In contrast to covalent
bonds the region of enhanced charge density is
much wider than the bond length. Figure 2(b) for
the tetramer and Fig. 2(c) for the 13-atom cluster
show enhanced charge density in the entire intersti-
tial region.

2. Binding energy versus bond length

Figure 3 shows the binding-energy curves for
Cu,, Cuy(Ty), and Cuy3(0,) plotted versus nearest-
neighbor separation. The curves show clearly that
the equilibrium bond distance increases with in-

. creasing cluster size. The equilibrium binding ener-

gy per atom is also seen to increase with cluster
size. At small bond length (r <r,) the largest clus-
ter shows the greatest repulsion. If there were a

\
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FIG. 3. Binding energy per atom for uniform scaling
of the Cuy(D 4), Cuy(T,), and Cu;3(0y) clusters vs bond
distance. Calculated points are indicated by dots. The
point ©® shows the binding energy of Cus(0;) with as-
sumed bond distance equal to 4.8a,. The curve b denotes
the bulk result obtained from experimental data for the
cohesive energy, lattice constant, and bulk modulus.
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universal pair potential for Cu, then the Cu,
binding-energy curve should be scaled up by a fac-
tor of 1.5 from the Cu, curve, and Cu,;; should be
more attractive at all bond lengths. This is clearly
not the case, so our density-functional-theory re-
sults cannot be reproduced by a single-Cu-pair po-
tential. Figure 3 also shows that the binding-energy
curves for uniform expansion of the cluster become
increasingly steeper with increasing cluster size,
thus implying an increase in the totally symmetric
vibrational frequencies. In addition, we show in
Fig. 3 a calculated point giving the cohesive energy
of the Cuyg cluster for an assumed nearest-neighbor
distance of 4.80a, as well as an experimental curve
derived from experimental lattice constants,
cohesive energy, and bulk modulus. Since surface-
relaxation effects in any cluster are expected to oc-
cur, which are not possible in bulk systems, we need
to estimate their importance. Based on estimates
from the Cuy; curve, one would expect that the sur-
face shell contracts reducing the nearest-neighbor
distance to the subsurface shell by not more than
0.25a,. With the use of the bulk and Cu,;; curves
for guidance less than a 0.1-eV increase in cohesive
energy for the fully relaxed Cuyy cluster would be
expected.

3. Surface effects

Cluster-size dependent quantities can be con-
sidered as surface effects. Thus the parameter
N~13, with N equal to the number of cluster
atoms, is proportional to the surface-to-volume ra-
tio if a fixed volume is associated with each atom in
a spherical cluster. Figure 4 shows a plot of bond
length versus this parameter. The theoretical equili-
brium bond length shows a rather regular reduction
upon going from the bulk to small clusters. This
result is in qualitative agreement with the EXAFS
study of Apai and co-workers,” who also find a
monotonic reduction of bond length with decreasing
cluster size. We have related their results to our
parameter by assuming a constant atomic volume.

Figure 5 shows an even more linear trend of the
local-density binding energy versus cluster size.
The parameter N ~!/? allows us to map all particle
sizes from the single atom to the bulk into one pic-
ture. For N~!1*=1 we have the isolated atom,
which is the zero reference concerning cohesive en-
ergies. Note that the calculated dissociation energy
of the dimer agrees very well with the experimental
value and that our theoretical cluster binding ener-
gies extrapolate linearly to a bulk value of 4.0 eV.
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FIG. 4. Bond length versus particle size. The calcu-
lated local-density values, shown as @, are connected by a
solid curve labeled a for visual convenience and extrapo-
lated linearly to the bulk theoretical-experimental value
(+). The curve b is from the EXAFS data of Ref. 2 and
its extrapolation. The arrow indicates the experimental
value for the dimer, in excellent agreement with the cal-
culated local-density value and the value from CI (Ref.
21). Results of other calculations are denoted as “EH”
for extended-Hiickel-theory results (Ref. 20). The result
of a Hartree-Fock calculation is denoted by HF (Ref. 22).

(As discussed before, relaxation of the Cus9 could
increase the extrapolated bulk cohesive energy to
4.1 eV.) This extrapolated bulk cohesive energy is,
however, 17% larger than that observed experimen-
tally, as is the value obtained from a bulk band-
theory local-density calculation.!! Indeed, it may be
taken as reassuring evidence for the validity of the
large-cluster approach that it yields an extrapolated
bulk value that is close to that obtained for the
cohesive energy by a totally independent Korringa-
Kohn-Rostoker (KKR) bulk energy-band local-
density method. Figure 5 also shows extended-
Hiickel-theory (EHT) results?® for dimers, tetra-
mers, and 13-atom clusters. For dimers an excellent
prediction of the binding energy is obtained. How-
ever EHT cohesive energies decrease with increas-
ing cluster size, which is against all expectations.
Hartree-Fock (HF) results?? are included in Fig. 5.
The cohesive energy is consistently low for all the
clusters considered. Despite the slight increase of
the cohesive energy with increasing cluster size, it is
difficult to see how bulk cohesive energies would be
attained either with HF or with EH approaches.

Let us now focus on the surprising linearity of
the cluster cohesive energy versus our parameter
N 173 seen in Fig. 5. This linearity implies that we
can write for the cohesive energy per unit volume a
simple relation

€c=¢€p— —':70 9)
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FIG. 5. Comparison of various results for the cohesive
energy vs particle size (N is the number of atoms in the
cluster and N~'/3 is an effective surface-volume ratio).
The experimental values for the atom, dimer, and bulk
are indicated by a cross (+ ). The cross for the dimer
coincides with the present a=0.7 result and the
extended-Hiickel-theory (EH) result (Ref. 20). Point 4 is
the bulk value obtained in Ref. 11 with the Hedin-
Lundqvist potential; B is the cohesive energy for the 13-
atom cluster with the same potential; C is the value for
the dimer by Harris and Jones (Ref. 19) using the
Gunnarsson-Lundqvist (GL) potential; it coincides with
the present value for the GL potential; D is the value for
the dimer by configuration-interaction theory (Ref. 21); E
is the atomic binding energy, which is the zero reference
for each method. The present result uses the spin-
polarized atom 3d1°3d 1°4s1' configuration as the refer-
ence state. A line (a) connects the present a =0.7 results.
The extrapolation to bulk is discussed in the text. The
line “EH” connects extended-Hiickel-theory results (Ref.
20) and the line “HF” connects Hartree-Fock results
(Ref. 22). The dotted line is taken from surface-tension
data (Ref. 33).

to a good approximation, with €, the bulk cohesive
energy per unit volume and a surface-tension contri-
bution o. If this equation is taken seriously then
the surface tension can be calculated simply from
the cohesive energy and the atomic volume:
o ~E,(bulk)/(47r%;) with the use of the Wigner-
Seitz radius 7. Such estimates for the surface ten-

sion are shown in Table IV. It is obvious from the
table that this simple linearity assumption applies
fairly well to monovalent metals. We know that for
divalent and polyvalent metals the cohesive energy
does not scale linearly with N —!/3. In divalent met-
als the surface tension is underestimated, and in po-
lyvalent metals overestimated, by such an assump-
tion of linearity.

4. Sensitivity to exchange-correlation
potential

It is useful to compare predictions of the cohesive
energy as obtained with different proposed forms of
the effective exchange-correlation potential, as ap-
plied to the case of copper clusters. Table V shows
a summary of the results obtained with the a =0.7
Xa potential as well as results obtained with the po-
tential of Hedin-Lundqvist?® (HL) and
Gunnarsson-Lundqvist® (GL). It should be men-
tioned that the HL and GL potentials, which are
very similar in structure, add Coulomb correlations
not included in the simplest Xa potential. The vari-
ous potentials all yield the same electronic ground
state (shown in the fifth column of Table V). The
GL potential yields a cohesive energy for the dimer,
which is 0.1-eV larger than that obtained from Xa.
For the 13-atom cluster, a 10% increase (0.19 eV) in
binding energy is obtained with the use of the HL
potential.

Differences for the one-electron eigenvalues are
more dramatic and amount to a shift of about 1 eV
to higher binding energy with both the HL and GL
potentials (cf. last column of Table V). Consequent-
ly, with HL or GL potentials, 1-eV higher ioniza-
tion potentials would be predicted than are obtained
with the @ =0.7 potential.

Finally, if one is willing to accept our extrapolat-
ed theoretical cohesive energy for bulk copper of 4.0
eV for the @=0.7 potential (and 4.1 eV for the
Hedin-Lundqvist potential), a reasonably clear pic-
ture emerges about the discrepancies between exper-

TABLE IV. Simple estimates for surface tension of selected metals [cf. Eq. (9)].

oo (exp)* o (estimated) Deviation
(erg/cm?) (erg/cm?) (%)

Li 463 480 +4

Na 236 219 —8

K 121 119 -2

Cs 83 98 + 18

Cu 1583 1493 —6

Ag 1102 998 —10

*The experimental values have been extrapolated to zero temperature.
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TABLE V. Numerical-basis and analytic-basis determinations of cohesive energy (E.),
ground-state one-electron energies of the highest occupied state (— E}), and equilibrium bond
lengths, r, (in a.u.) for the different clusters studied. The potentials used are « =0.7, GL
(Gunnarsson-Lundqvist), and HL (Hedin-Lundqvist), as described in the text. For comparison

we also cite the dimer results of Harris and Jones (Ref. 19) for Cu,.

Cluster Symmetry Potential State E, (ev/atom) r. (a.u.) —E;, (eV)
Numerical basis
Cu, D, a=0.7 st 1.05 4.20 4.35
Cuy Ty a=0.7 T, 1.26 445 3.15
_ Is + center 4.40
D, a=0.7 2 1.23 outer -4.20 4.35
Cuys (o3 a=0.7 2T 2.19 4.55 3.80
Cuyg (o) a=0.7 3.03 fixed 4.8 3.65
Cu, D, GL IE; 1.15 fixed 4.25 5.40
Cuy; Oy, HL 2ng 2.38 fixed 4.50 4.70
Analytical basis
Cu, D, a=0.7 12; 1.11 427 44
Cuy Ty a=0.7 T, 1.21 4.6 243
Harris and Jones
Cu, D, GL 12; 1.15 4.30 5.4

imental and theoretical cohesive energies. It has
been stated previously,’® and is now generally ac-
cepted, that this discrepancy between theory and ex-
periment is a result of local-spin-density approxi-
mations for the atom rather than on the bulk sys-
tem, since the theory has been derived and is more
appropriate for extended systems. In the case of Cu
with its 3d1%4s! configuration, atomic multiplet ef-
fects can be ruled out as a cause for the discrepan-
cy. Following the discussion of cohesive energy
versus our particle-size “surface” parameter N ~1/3,
we first note that the theoretical binding energy for
the Cu dimer agrees well with the experimental dis-
sociation energy, being only slightly overbound.
The smoothness of the trend of the cohesive ener-
gies with particle size shown in Fig. 5, extrapolated
to give a bulk cohesive energy that is overbound by
0.5 eV, suggests that the error in the cohesive ener-
gy scales smoothly with the surface-to-volume ratio
of the cluster. Hence the differential error from the

surface term vanishes in the bulk limit and in-
creases at the right-hand side of Fig. 5; thus we may
consider the Cu atom to be underbound by half an
electron volt. This suggests that local-density-
theory predictions could be somewhat improved by
adding a very small correction term to account for
the inhomogeneity of the electron density in the
atom. The remarkable success of the local-density
approach for a variety of ground-state properties of
bulk solids would then also extend to the calcula-
tion of cohesive energies.
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APPENDIX

For completeness we give some details of the binding-energy algorithm developed by Delley.’! The total-

energy estimate of local-spin-density theory is given by

Z,Z,

E,= Eek,anka+ 2 fpa(—%Ve _”xc,a+exc)d3r+%2' r (AD
o (-4

uv

We rewrite (A1) in the framework of the present variational approach as
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A Z Z,
E(p;)= 2 zek,ank,a (px oVe (Pt a)) + <p1 a[exc(Pt) I-"xc,a Pt PP ]> +3 2 s (A2)

4 k Tuy

where k labels single-particle functions with eigenvalues €, and occupation n(k). p;, is the spin density
(0=+,—) used to generate the effective potential.!* ¥, is the Coulomb potential due to the electrons, y,. is
an exchange-correlation potential [e.g., Eq. (3)] and €, is the corresponding energy density per electron.
Eigenvalues € , result from the variational solution of single-particle equations,

(- %V2+ Vi +Velpi) +tixe,olpit 07 )) i — €k,0€ 1) 5165 k,0} =0 (A3)
J
with eigenvectors € ,. Here Vy is the nuclear Coulomb potential and {f );; denotes a linear sampling opera-
tor*? approximating a three-dimensional integration of the type

J (T (710, T)d’r (A4)

with variational basis functions ;.

The variational principle ensures that zk’ o€i,k,oMk,o 18 minimal for a given charge density p; and for a
given expansion set for the wave function {®;}, when ny , is chosen according to the Fermi distribution
ng,o=f(€,,). If weinsert in Eq. (A2) the self-consistent density

=3 np oWk (P (r) (AS5)

with ¢, =, €i,k,o®j, then the variational principle ensures, moreover, that E (po) is minimal with respect to
variations in the ¢; x ,. If p; deviates from p,, we observe that

E(p, )=E\(P())+ Z aek,onk’o'+8[% (PV) + (P(exc —ch) )]
k,o

pi(r)=po(r)

=E(po)+ ((8V, +8pxc)po) — {podV ) {podiixc) +O0((8p)*)=E(pe)+O0((8p)?) . (A6)

Thus we show that first-order corrections to £ vanish by using
8¢pV.(p))=(V.(p)8p) +{pdV,(p)) =2(pdV,(p)) +O((6p)*)

and the relation 8[pe . (p)]=p(p)8p, with 8p=p; —po and 8¥(py)="V(p;)—V(po). Thus we have shown that
E (p;) in (A2) is stationary versus differences §p=p; —p, as well as versus variations of the eigenvectors. The
Rayleigh-Ritz theorem ensures that E > E,. The lower bound E;, however, need not be equal to the local-
density ground-state energy because of the use of a linear sampling operator. We recall in passing that one-
electron eigenvalues are affected to first order by 8p, as expected.

A further important element of numerical noise reduction for molecular binding-energy calculations can be
introduced by realizing that (A2) equals

Z,Z,
<2€kanko¢k¢k+2[_2ptoV +p;, ol€xc— P’xca”)'*‘%zl £
k,o

=(e(?)>+§2'—r“—”, (A7)

nv

where e(T) is an energy density. We wish to

A

Z,Z,
By=(e(F)—e™(T)+7 >

suppress numerical noise arising from the first term (A9)
in (A7) in evaluating binding energies: Tuv
E,=E,—E, (A8)

This leads to stable convergence of E,, versus quali-

with E™, the energy of the separated atoms, as our ty of expansion basis for both {®;} and p;. Numer-

standard reference. Subtraction of this constant can
be taken inside the approximate three-dimensional
integration as

ical studies on the convergence of the linear sam-
pling operators show that present cohesive-energy
values are converged to better than 10~2 e¢V/atom.
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