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ABSTRACT: Simpliﬁed theories of transition metal electronic structure have been
postulated for many decades. We test one such approximation, namely separate
treatments of d (valence) and s/p (conduction) electrons in transition metal clusters,
within a density functional theory (DFT) formalism. Two different basic approaches are
considered: (a) an independent-band approximation, in which the d- and s/p-bands
interact only via the -dependent components of the Kohn–Sham operator; and (b) a
more realistic approximation, in which the lowest-energy d- and s/p-orbitals (separately
derived) are allowed to interact through explicit off-diagonal coupling matrix elements.
The results are presented for the energy differences among three structural forms
(icosahedral, cuboctahedral, and truncated decahedral) of 13-atom Ni and Pt clusters.
We demonstrate that an explicit decoupling of the d- and s/p-bands does not produce
accurate results for the clusters considered, not even for nickel, i.e., the transition metal
for which d–s/p mixing should be at its minimum. By contrast, allowing the lowestenergy orbitals of the two separate bands to interact improves the results considerably,
and ensures a fair description of metal–metal bonding. This ﬁnding suggests that
simpliﬁed models that exclude explicit d–s/p coupling should be employed with
caution. © 2004 Wiley Periodicals, Inc. Int J Quantum Chem 100: 277–287, 2004
Key words: structural energy differences; d–s hybridization; electronic structure;
transition and noble metals; inter-band mixing
Correspondence to: A. Fortunelli; e-mail: fortunelli@ipcf.cnr.it
Contract grant sponsors: Italian Consiglio Nazionale delle
Ricerche; National Science Foundation (U.S.).

International Journal of Quantum Chemistry, Vol 100, 277–287 (2004)
© 2004 Wiley Periodicals, Inc.

APRÀ, CARTER, AND FORTUNELLI

Introduction

T

he theoretical description of systems containing transition metals (TMs) presents wellknown difﬁculties, associated with the presence of
two different open shells: a “valence” d-shell, with
localized character often important for chemical
bonding [1], and a “conduction” s/p-shell, with
substantially delocalized character that gives rise to
conventional metallic bonding. These difﬁculties
are at their maximum in ﬁnite species such as clusters, due to the presence of boundaries and asymmetries. An accurate treatment of intra- and intershell polarization and correlation effects in pure TM
clusters has proved extremely difﬁcult (a prototypical example is the Cr2 molecule, see Ref. [2] for an
overview and recent perspectives), so much so as to
limit the application of rigorous post-Hartree–Fock
methods. Density functional theory (DFT) represents a convenient and quite successful alternative,
providing results that are usually in reasonable
agreement with experimental data. Despite the simpliﬁcations inherent in DFT—which is cast in a
form equivalent to an independent-electron approximation—and the rapid development in computer technology, DFT calculations on systems containing hundreds of TM atoms are still very
demanding from a computational point of view.
Over the years, this has prompted a search for
simpliﬁed methods, which would allow one both to
extend the range of applicability of the theoretical
machinery and, most importantly, to develop models for qualitative prediction, interpretation, and
deeper understanding of TM chemistry and physics.
One of the main simpliﬁcation strategies attempts to disentangle the mixing of the “valence”
and “conduction” bands [3–18]. This would drastically simplify the problem, by splitting it into two
separate, and much more affordable, problems. To
be speciﬁc, the separate treatment of the d- and
s/p-bands would allow one, for example, to use
different theoretical approaches for the description
of each of them [3–5] (S. C. Watson, E. A. Carter,
M. K. Walters, and P. A. Madden, unpublished
observations) or to develop a fully convincing and
accurate tight-binding treatment of TMs [19]. (The
general validity of such a treatment is still debated,
whereas it has been successfully developed, e.g., for
carbon- and silicon-based compounds [20].
Conceptual understanding of TMs based on
some sort of separation between d- and s/p-elec-
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trons can be found in the literature for many decades [3] up to the present day [18].
Early on [4, 5], interpolation schemes for overlapping s/p-conduction and d-valence bands in
bulk metals were developed. The conduction band
was described within a nearly free electron formalism (in analogy with the pseudopotential method
developed for simple metals [21]), whereas the dband was treated within a tight-binding scheme,
and their coupling was parameterized. This analysis, which was very detailed and insightful, concentrated on the representation of the band structure.
From these results and further analysis [6, 7], it
appeared that it was possible to model the electronic structure of bulk transition and noble metals
in terms of d-resonant states immersed in the conduction band continuum. This oriented the research
toward the development of approximate schemes
based on a formal separation between d- and s/pbands, especially in view of the study of cohesive
energies [8 –10]. In these schemes, the total energy
of bulk transition and noble metals was mainly
determined by two parameters—the width and the
center of gravity of the d-band—while the role of
s/p–d hybridization on the energy of cohesion was
included only in a parametric way as an indirect
inﬂuence on the center of the d-band or on the
effective d–d interaction (despite an early suggestion by Mott [22] on the possible importance of
s/p–d interactions on the total energy of cohesion).
Along these lines, Wills and Harrison [11] combined the nearly-free-electron theory of simple metals with low-order perturbation theory in the valence band– conduction band coupling, ending up
with a separate description of the two bands, in
which the d-orbital interactions were described by a
tight-binding Hamiltonian, plus a coupling term
that amounted to a rigid shift of the d-band. In the
same spirit, Hausleitner and Hafner [12] derived
effective inter-atomic pair interactions from a combined nearly-free-electron treatment of the s/p-electrons and a tight-binding treatment of the d-electrons, where explicit d—s/p coupling was
neglected. Several investigators [13–17] constructed
one-electron effective core potentials for TMs,
which implicitly decouple the d- and s/p-bands,
sometimes augmented [15] by a diffuse attractive
projection operator to account for d-orbital relaxation. Recently, a tight-binding model for TM clusters was proposed [18] in which no cross-coupling
terms connect the d- and s/p-orbitals.
Originally, the analysis was mainly concerned
with bulk systems [3–12]. However, when consid-
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ering structural energy differences and moving to
ﬁnite systems, one ﬁnds that (a) structural differences are due to a subtle interplay of different effects, which are difﬁcult to account for through
simpliﬁed (although physically transparent and appealing) analyses; (b) many terms cancel in the bulk
for reasons of symmetry, but are important in ﬁnite
systems due to the presence of boundaries and
imperfections, so that, for example, tight-binding
parameters derived from a ﬁt of bulk systems cannot be simply transferred to clusters [23]. These
effects are at their maximum when considering
structural differences in small-to-medium-size clusters, quantities that are of great interest for their
importance in the ﬁeld of nanotechnology.
This motivated the present work, in which we
present a detailed analysis of DFT calculations on
selected TM clusters, aimed at numerically testing
and verifying the predictive capabilities of the
d–s/p separation for these systems. Platinum and
nickel, residing as they do at the end of the transition series, represent elements in which d–s/p mixing should be least important and where such separate-band models should be most applicable.
However, platinum is a third-row metal, in which
the strong relativistic stabilization of the atomic
s-shell produces a substantial hybridization with
the d-shell, whereas nickel is a ﬁrst-row metal, in
which the contraction of the d-orbitals along the
series should place the valence band– conduction
band coupling at its minimum. If a decoupled d–s/p
model does not work for nickel clusters, it will be
unlikely to work for any other TM cluster.
We take small 13-atom clusters as test cases, Pt13
and Ni13 (Pt2 is also treated as an introductory
example), and concentrate on structural properties,
i.e., on the reproduction of the energy differences
among various highly symmetrical structural
forms: icosahedral, cuboctahedral, and truncated
decahedral [24 –26]. This represents a stringent test
of the capability of the d–s/p separation model to
predict accurately the energetics of systems involving neutral TMs. Such energy differences are, in
fact, extremely sensitive to the quality of the theoretical method, as well as being crucial for the prediction of the structural properties of nanoclusters
(which, in turn, determine their properties, including optical, catalytic, and magnetic [27]). We defer
an analysis of the effects of d–s/p interactions on
more complex properties (e.g., elastic constants, dipole moments) and the development of speciﬁcally
tailored approaches for their accurate prediction to
further work.

This article is organized as follows. Section 2
provides calculational details; section 3 describes
the theoretical strategy; section 4 presents results
for Pt2, Pt13, and Ni13; and section 5 summarizes our
main conclusions.

2. Calculational Details
All calculations were carried out with the DFT
module of the NWChem computational chemistry
package (Release 4.1) [28], which uses Gaussiantype orbitals (GTO) for the solution of the Kohn–
Sham equations. This module was purposely modiﬁed as explained in detail in the next section. The
use of a GTO basis set allows us to distinguish
unequivocally among the various local atomic symmetries.
For platinum, an effective core potential (ECP)
[29] was used to represent the nucleus plus innershell (up to the 4f shell) core electrons interactions
with all valence electrons; thus, only the outer-core
(5s and 5p shells) plus valence electron wave function is solved for explicitly. This ECP incorporates
spin-orbit-averaged relativistic effects. The outercore plus valence electrons were described using a
(7s5p5d)/[6s3p2d] atomic orbital basis, derived from
a (7s6p5d)/[6s3p2d] basis set [30] by removing the
most diffuse p-function that causes numerical instabilities in these highly condensed systems, and
splitting the ﬁrst p-contraction of 4 GTO into 3 and
1 GTO. This basis set is of double- quality for the
d-set, but it accurately reproduces the results of a
triple--plus-polarization basis set [30], as shown in
Ref. [26]. For nickel, an all-electron (17s11p6d)/
[6s4p3d] atomic orbital basis was used, corresponding to the triple--plus-polarization basis set of Ref.
[30].
All the calculations were performed spin-unrestricted, using the Becke functional [31] for exchange and the Perdew–Wang functional [32] for
correlation, hereafter referred to as BPW91. We always found spin symmetry breaking for the systems considered in the present study; there was
always an uneven number of ␣- and ␤-electrons for
the ground-state wave functions.
A numerical integration is necessary for the evaluation of the exchange-correlation potential and
energy. The scheme used in this work adopts wellknown techniques that partition the density into
atomic contributions [33]. This “atomic density” is
then integrated using a radial quadrature [34] and a

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY

279

APRÀ, CARTER, AND FORTUNELLI
TABLE I ______________________________________________________________________________________________
Values (Å) of geometric parameters for Pt and Ni clusters optimized through the full DFT/BPW91 approach.*
Pt2

OhPt13

IhPt13

2.380

2.725

2.682

D5hPt13
2.914, 2.678 (0.462)

OhNi13

IhNi13

2.360

2.320

D5hNi13
2.417, 2.341 (0.479)

* For 13-atom clusters, the distances of the peripheral atoms from the central one are reported. The truncated decahedral structure
(D5h) has a further degree of freedom, i.e., the ratio between the absolute value of the z-coordinates of the off-C5 atoms and the apex
atom (z is the C5 axis); this ratio is shown in parentheses.

highly efﬁcient angular quadrature [35], as explained in detail in Ref. [26].
To overcome the degeneracy problems that arise
in systems such as these, containing many zerovalent TM atoms, a Gaussian smearing technique
for the fractional occupation of the energy levels
was applied [36, 37]. Smearing the one-electron levels is very beneﬁcial, if not strictly necessary, to
obtain smooth convergence for such quasi-metallic
systems that have many extremely closely spaced
energy levels [26]; smearing also prevents symmetry breaking in Jahn–Teller systems (i.e., with a
degenerate, incompletely occupied highest-occupied molecular orbital [HOMO]). However, we
checked that our results are not signiﬁcantly affected by the use of the smearing technique. All the
results reported below have been obtained using a
smearing width:  ⫽ 0.0003 Hartree.

3. Method
First, the geometries of the clusters were optimized using the full DFT/BPW91 method within
the proper symmetry group: D⬁h (Pt2), Oh (cuboctahedron), Ih (icosahedron), and D5h (truncated
decahedron). The optimized geometries are collected in Table I. Some of these results have been
taken from previous work: for Pt2, see Ref. [38]; for
Pt13, see Ref. [26]. The geometries of the clusters
were ﬁxed at their optimum (DFT/BPW91) values,
and the converged full Kohn–Sham operator and
overlap matrices (say, F and S) were extracted. Various procedures to disentangle d–s/p mixing have
then been implemented, using an approach analogous to that developed in Ref. [19].
The simplest form of d–s/p separation would be
to annihilate all the off-diagonal matrix elements of
the F- and S-operators between d- and s/p-basis
functions. However, this simplistic strategy is not
feasible because of the presence of core (Ni) or
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outer-core (Pt) functions, to which the d- and s/pfunctions must be orthogonal.
In the ﬁrst procedure we implemented (procedure A), we therefore deﬁned a d-basis set and an
s/p-basis set, separately Schmidt-orthogonalized
the two basis sets to the core (Ni) or outer-core (Pt)
functions, and diagonalized the Kohn–Sham operator (taking overlap into account) over the two
separate spaces. Finally, we determined a new density matrix by an aufbau-occupation of the total
(merged) spectrum, and evaluated the corresponding energy. This procedure corresponds to a sort of
independent-band approximation, in which the
bands interact via the -dependent components of
the Kohn–Sham operator, but they do not mix. In
principle, the Kohn–Sham operator might be determined self-consistently. However, in the examples
considered below, it usually proved impossible to
reach convergence: the iterative process ended up
either oscillating between two different states, or
even diverging, despite the use of various numerical techniques to improve the convergence of the
iterative process, so that the converged full Kohn–
Sham operator has always been used in our analysis. We believe, however, that the results so obtained are representative of the “best” possible
separate-band approximation.
A ﬁrst step going beyond complete d–s/p separation can be achieved by reintroducing a partial
coupling between the bands by allowing interaction
among the lowest-energy d- and s/p-levels. An
analysis of the separate d-, s-, and p-spectra obtained through procedure A showed us, in fact, that
the one-electron eigenvalues are typically distributed into well-separated groups of levels of appropriate number (corresponding to the number of
atoms multiplied by 1 for s-, 3 for p-, and 5 for
d-functions). One can thus reintroduce s/p–d coupling at a minimal level either by allowing 5 orbitals per atom per spin symmetry in the d-spectrum
and 1 orbital per atom per spin symmetry in the
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s/p-spectrum to interact among themselves (procedure B), or by further separating the conduction
space into an s- and a p-component, performing a
separate diagonalization within the d-, s-, and pbasis sets properly Schmidt-orthogonalized to the
core (Ni) or outer-core (Pt) functions, and ﬁnally
allowing 5 orbitals per atom per spin symmetry
from the d-spectrum, 1 orbital per atom per spin
symmetry from the s-spectrum, and 3 orbitals per
atom per spin symmetry from the p-spectrum to
interact among themselves (procedure C). Recall
that the residual function space not included in
procedure C with respect to the full DFT approach
amounts to (2s1p2d) basis functions per atom for
Ni13 and (4s1p1d) basis functions per atom for Pt13,
respectively.
These three approximate procedures have been
implemented within NWChem. The results on the
test systems are presented in the next section.
Before entering into the analysis of the results, a
technical remark is in order concerning the issue of
s/p–d orthogonalization versus interaction. Historically, the main difference between the analysis in
Refs. [4] and [5], in fact, consisted of the requirement imposed in the latter approach of explicit
orthogonalization of the conduction band functions
to the d-functions. We thus performed several calculations to check the separate importance of overlap and Kohn–Sham matrix elements. In detail, procedure A as outlined above consists in deriving
separate d- and s/p-bands, determining which orbitals should be occupied via the aufbau principle
in the merged spectrum, orthogonalizing the selected orbitals among themselves (e.g., through a
Lowdin or a Schmidt orthogonalization), and ﬁnally evaluating the density and the energy accordingly. Alternatively, one can think of introducing
orthogonalization before deriving separate d- and
s/p-bands through the diagonalization procedure
and ﬁnally determining which orbitals should be
occupied via the aufbau principle in the merged
spectrum. For example, as a preliminary step, one
can explicitly Schmidt-orthogonalize the s/p-orbitals to the d-orbitals, or perform a Lowdin symmetrical orthogonalization of the two sets [5], before
calculating the matrix elements of the Kohn–Sham
operator over the two separate spaces. Or one can
think of deriving the s/p-spectrum in a space orthogonal to the lowest-energy eigenvectors of the
d-band (a sort of OPW approach). We tried all such
possibilities, but found results very similar to those
obtained through procedure A; therefore, the corresponding results will not be reported in the next

section. Simple orthogonalization does not qualitatively modify the results; the reason is that the
diagonal elements are not changed up to second
order by the orthogonalization procedure [39].
Analogously, orthogonalization of the s/p- and
d-bands to the core was not found to be an issue.
We found in fact that (a) preliminary Schmidt orthogonalization to the core orbitals is essential to
avoid variational collapse of the atomic-like basis
set onto the core functions, but also that (b) this is
sufﬁcient to ensure that the mixed core-valence matrix elements of the Kohn–Sham operator after the
orthogonalization are negligible. In other words, an
“augmented conduction and valence functions” approach works for late TMs.
In passing, we note that spin-orbit (which is
important for very heavy metals) can easily be dealt
with within the present methodology.

4. Results and Discussion
PT2
The one-electron spectrum of Pt2 is schematically
depicted in Figure 1a. The d-band gives rise to 5
bonding (1g, u, ␦g) and 5 anti-bonding (␦u, g,
1u) lowest-energy orbitals. For the s/p-band, only
the lowest bonding (2g) and anti-bonding (2u)
orbitals are shown. Fixing the inter-nuclear distance
at the value optimized using the full DFT/BPW91
approach (R ⫽ 2.380 Å), we applied the procedure
prescribing a complete separation of the two bands
(procedure A with the converged full Kohn–Sham
operator), and compared the resulting energy and
one-electron spectrum with the full DFT results in
Table II. Note that ␣ and ␤ spin-orbital levels are
reported, as we performed unrestricted calculations.
Several points can be made from an analysis of
Table II. First, the electronic conﬁguration obtained
through the complete disentanglement of the two
bands differs from the one derived form full DFT.
At the most approximate level (procedure A)
2/ 2 2/ 2
1/1 2/ 2
one obtains a conﬁguration, 11/1
g u ␦g 2g ␦u
2/1
1/0
1/1 2/ 2 2/ 2
1/1 2/ 2
g 1u , instead of the 1g u ␦g 2g ␦u
1/1
2/0
full DFT conﬁguration (the superscripts
g 1u
deﬁne the number of ␣/␤ electrons for each molecular orbital). This is because the occupied 1u (d)
orbital is stabilized through the interaction with the
lowest virtual 2u (s/p) orbital, and drops below
the g (d) orbitals [38]. This is the simplest example
of a switch in the one-electron energy ordering,
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FIGURE 1. Schematic one-electron energy levels for
(a) Pt2 and (b) an extended Ptn condensed-phase system (the darker shade of gray represents regions with a
higher density of states).

which is to be expected when neglecting d–s/p
interactions.
Second, the binding energy (BE) is decreased by
a factor of ⬃2/3 in the most approximate approach.
A detailed analysis of the one-electron energy differences shows that there is no large discrepancy
between the approximate and full DFT results.
Rather, it is the sum of several small (ⱕ0.1 eV,
except for the 1u orbital) all-positive contributions
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that makes up such a large total energy difference
(no error cancellation). The values of one-electron
energies for 1g and 2g orbitals are those obtained
after allowing for their mutual interaction (the total
energy is invariant with respect to such linear combinations). The corresponding values before allowing for their interaction are: ⫺8.77/⫺8.40 eV and
⫺7.20/⫺6.95 eV for ␣/␤ spin-orbitals, respectively.
The inaccurate description of the bonding using
procedure A also reﬂects on other quantities. As an
example, when we relaxed the constraint of a ﬁxed
internuclear distance and we tried to optimize it,
the optimized value using procedure A came out to
be 2.51 § instead of 2.38 Å, with a gain in binding
energy of 0.11 eV.
Given this situation, trying to derive a self-consistent solution proved impossible: an attempt in
this direction produced a wildly diverging or a
bimodal oscillating iterative process (this also applies to Pt13 and Ni13).
One may try to enforce the correct electronic
conﬁguration by an ad hoc switch of the g and u
orbitals, but the binding energy deteriorates to 1.75
eV instead of 2.10 eV (see Table II). In other words,
the aufbau principle still holds for the approximate
procedures. This is true in general: we have applied
this procedure also to Pt13 and Ni13, always obtaining consistently worse results, so we do not report
them for the larger clusters.
It is also not a problem connected with orthogonality effects. We have tried, in fact, to derive the
s/p-spectrum in a space orthogonal to the occupied
d-band, or to orthogonalize the s/p- and d-bands
prior to their merging, as anticipated in section 3,
but we do not ﬁnd signiﬁcant differences. This is
reasonable, as the d–s/p overlaps in the absence of
constraints do not exceed 0.14 in absolute value,
which is a reasonable value for the localization
procedure to make sense [39].
In contrast, by readmitting some sort of d–s/p
interaction (procedures B and C), the results improve, as shown in Table II. Both procedures reduce
the error in the total energy (yielding BE ⫽ 2.24 –
2.48 eV), give reasonable values of one-electron
energy levels, and predict the correct electronic
conﬁguration. However, when we relaxed the constraint of a ﬁxed inter-atomic distance, we still
found an inaccurate results for the optimized value:
Ropt ⫽ 2.47 Å from procedure C.
One can conclude that d–s/p coupling is essential
for an accurate description of bonding in Pt2, and
that its complete neglect (procedure A) produces
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TABLE II ______________________________________________________________________________________________
Binding energy (BE), difference in the number of ␣ and ␤ electrons (N␣–N␤) and ␣/␤ one-electron occupied
energy levels for Pt2 calculated according to the methods described in the test.*

BE
N␣–N␤
1g
u
␦g
2g
␦u
g
1u

A

B

C

Full DFT

2.10
2
⫺9.52/⫺9.08
⫺8.36/⫺7.38
⫺6.34/⫺5.94
⫺6.21/⫺6.04
⫺5.81/⫺5.39
⫺6.14/⫺5.01
⫺5.33/⫺

2.24
2
⫺9.52/⫺9.08
⫺8.36/⫺7.38
⫺6.34/⫺5.94
⫺6.21/⫺6.04
⫺5.81/⫺5.39
⫺6.14/⫺
⫺5.42/⫺5.14

2.48
2
⫺9.52/⫺9.09
⫺8.37/⫺7.40
⫺6.34/⫺5.94
⫺6.23/⫺6.07
⫺5.81/⫺5.39
⫺6.16/⫺
⫺5.47/⫺5.18

3.27
2
⫺9.64/⫺9.22
⫺8.37/⫺7.40
⫺6.34/⫺5.94
⫺6.31/⫺6.14
⫺5.81/⫺5.39
⫺6.16/⫺
⫺5.66/⫺5.37

* Full DFT/BPW91 approach and procedures A, B, and C. The geometry is that optimized through the full DFT/BPW91 approach,
R ⫽ 2.380 Å. Energy levels are replaced by a hyphen (-) when the corresponding orbitals are not occupied (note that the electronic
conﬁguration according to procedure A is . . . g2/1, so that the g orbitals contain only one electron in the ␤ spin symmetry). Energies
are expressed in eV.

substantial errors, whereas procedures B and C
start accounting for such a coupling.
Let us now see whether this holds also for the
larger clusters.

candidates for lowest-energy conﬁgurations among
the highly symmetrical ones, and from the subtle
interplay of their energy ordering much can be said
about the preferred geometries of metal nanoclusters [24 –26]. For platinum, the truncated decahedral structure (D5h) turns out to be the lowestenergy one, while the icosahedral structure is the
least stable (even though by allowing symmetry
breaking one ﬁnds other, less symmetrical, conﬁgurations lying below the truncated decahedral one
[26]). The ﬁrst point to emphasize from an analysis
of Table III is that the complete decoupling of the
s/p- and d-bands (procedure A) gives extremely
poor values of binding energy per atom (BE/N)
and completely alters the ordering of the structural
arrangements by favoring the cuboctahedral (Oh)

PT13
The results of DFT calculations on the Pt13 cluster
in various structural arrangements according to the
procedures described in section 3 are reported in
Table III. The geometries are those optimized at the
full DFT/BPW91 level, and the various approximate procedures are implemented using the converged full Kohn–Sham operator. The icosahedral,
cuboctahedral, and truncated decahedral structures, displayed in Figure 2, are the most likely

TABLE III _____________________________________________________________________________________________
Results of DFT calculations on Pt13 and Ni13 clusters according to the procedures explained in the text.*
A

IhPt13
OhPt13
D5hPt13
OhNi13
D5hNi13
IhNi13

B

C

Full DFT

BE/N

N␣–N␤

BE/N

N␣–N␤

BE/N

N␣–N␤

BE/N

N␣–N␤

⫺0.158
0.766
0.168
0.585
⫺0.301
0.650

14
14
8
14
20
20

2.258
2.320
2.305
2.097
2.103
2.084

8
6
4
6
8
8

2.447
2.510
2.537
2.798
2.835
2.867

8
6
4
6
8
8

3.144
3.182
3.216
3.147
3.182
3.231

8
6
4
6
8
8

* The geometries of the clusters are those optimized through the full DFT/BPW91 approach, and the various approximate procedures
are implemented using the converged full Kohn–Sham operator. BE/N (eV) is the binding energy per atom, N␣–N␤ is the difference
in the number of ␣ and ␤ electrons.
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FIGURE 2. Schematic structures of the 13-atom clusters considered in the present work.

one by ⬃8 eV, which thus becomes the lowest in
energy. All the subtleties of the metallic bonding as
a function of the structural form are thus lost, spoiling the predictive capabilities of the approach. A
clear sign of this can be seen in the difference in the
number of majority (␣) and minority (␤) electrons:
one gets roughly doubled values of this quantity
through procedure A.
This can be explained in terms of the energy
diagram reported in Figure 1b. The center of gravity of the d-band lies below that of the s/p-band (the
corresponding energy difference is typically ⬇1 eV
for these clusters). However, the s/p intra-band
splittings are larger than the d-ones (due to the
more extended, delocalized character of the
former), so that some of the s/p-levels lie below

284

some of the d-levels. If one neglects their mutual
interaction, one misses their “repulsion” and therefore the destabilization of some of the d-levels close
to the Fermi energy (nonbonding), with disastrous
consequences on the total energy value. It should be
stressed that this interaction is very selective (involving speciﬁcally the orbitals of the most interacting symmetries, such as a1g and t2g for the cuboctahedral Oh structure, with 1–1.5 eV as a typical
range for the value of destabilization energy), and
cannot be approximated as a uniform rigid shift of
the d-band, as in earlier approximations [11, 12].
Moreover, small-to-medium-size TM clusters
typically exhibit spin symmetry breaking; this
holds for platinum, which is a nonmagnetic metal
in the bulk, and a fortiori for nickel. In such systems, the ␣-band is stabilized by the exchange interaction with respect to the ␤-band, so that the
center of gravity of the former is shifted downwards with respect to that of the latter. When the
s/p “repulsion” is neglected, some of the unoccupied d-levels will be incorrectly stabilized, and will
drop below the Fermi energy, thus becoming occupied. To accommodate these newly stabilized dlevels, other d-levels become depleted at the Fermi
level. For TMs at the end of the transition series, the
␤ density of states is larger than the ␣ one (the
darker area in Fig. 1b) and therefore ␤-spin electrons near the Fermi level are preferentially depleted. The excess of spin thus will be predicted to
be larger than when allowing the d- and s/p-bands
to interact. Enforcing the correct one-electron level
ordering and electronic conﬁguration, furthermore,
is not beneﬁcial (as in the Pt2 case) because one still
misses the stabilizing changes in the form of the
orbitals associated with inter-band mixing: to be
speciﬁc, the binding energy further deteriorates
and assumes negative values for all the structures
considered here.
The reintroduction to some extent of d–s/p coupling, instead, produces reasonable results. Procedure C in particular is capable of fairly predicting
the energy differences among the structural forms,
and the correct excess of spin, despite the fact that
there is still a substantial error on the BE/N value:
⬃0.68 eV. By contrast, while procedure B obtains
the correct spin states, it still does not quite recover
the correct ordering of structures. The difference
between procedures B and C lies in the number of
spin-orbitals (1 vs. 4, per atom, per spin symmetry)
in the s/p-band allowed to mix with the d-band
spin-orbitals. It appears that the extra variational
degrees of freedom associated with the p-orbitals
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are critical for structural predictions. This is consistent with the fact that the p-orbitals will describe
angular components to metal–metal bonding not
captured by the s-band alone. Such angular metal–
metal bonding appears to be important to predict
cluster structural energy differences accurately.
We also checked that the electronic conﬁguration
is approximately reproduced when using procedure C. However, we still found differences close to
the Fermi level; for example, in the spectrum of Oh
Pt13, the t2u and eg ␤ spin-orbitals [26, 40] become
fully occupied in procedure C, with a ﬂow of electrons from the highest occupied t1u to these and the
lowest unoccupied t1g spin-orbitals (analogous differences were found for D5h and Ih Pt13).
NI13
The results of DFT calculations on the various
structural forms of Ni13 according to the procedures
described in section 3 are reported in Table III. With
respect to Pt13, one ﬁnds a similar value of BE/N,
but a completely different energy ordering in which
the icosahedral structure is now the lowest-energy
one. This was expected on the basis of the reduced
contribution of the d-orbitals to the bonding [24,
25]. Despite this, the complete separation of the
valence and conduction bands again gives poor
results. The relative energy of the cuboctahedral
and icosahedral structures is in the correct range,
but the truncated decahedral structure is destabilized by ⬃12 eV, thus missing completely this structural form in the energy sequence. This shows how
error cancellation may occasionally produce reasonable results for relative energies, e.g., binding
energies, but this is not to be expected in the general
case. The grossly overestimated values of the excess
of spin from procedure A conﬁrm the poverty of
the description obtained through d–s/p separation
and are in agreement with the analysis given in the
previous subsection: the d–s/p interaction is essential in determining the correct energy order of the
one-electron levels.
Here again, accounting for inter-shell interactions (procedure C) dramatically improves the results, by consistently bringing the error in BE/N
values to ⬃0.35 eV for all three structures and by
predicting the correct value of the spin symmetry
breaking (see Table III). The residual error in the
BE/N value of ⬃0.35 eV is about one-half that
found for Pt13 (⬃0.68 eV), which conﬁrms the lesser
extent of d–s/p mixing for the ﬁrst-row TM. In
contrast, procedure B performs less well for Ni13

than for Pt13, conﬁrming the lesser inﬂuence of
p-functions for Pt, due to the relativistic stabilization of the atomic s-shell [19], as well as demonstrating again the sensitivity of structural energy
differences to angular metal–metal bonding contributions.
We have checked that in this case the electronic
conﬁgurations also stay the same as in the full DFT
calculation when using procedure C (small differences are found when using procedure B). On the
contrary, we found that procedure A predicts a
consistent artiﬁcial ﬂow of ⬃10 –12 electrons among
the various orbital symmetries from the s/p-band to
the d-band: the one-to-one correspondence between
symmetry spin-orbitals with the full DFT calculation is more recognizable than in the Pt case, but
still far from accurate.
Even though further work is required to check
the fair results of procedure C more thoroughly,
this procedure appears to be a good candidate for
developing an approximate yet physically accurate
description of TMs (see the developments in ref.
[19]).

5. Conclusions
We have investigated the possibility of a simpliﬁed treatment of TM clusters through uncoupling
of the valence (d)- and conduction (s/p)-bands.
The main conclusions drawn from the present
analysis can be summarized as follows:
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1. A complete decoupling of the two bands does
not produce an accurate description of the
electronic structure and energetics of TM clusters, in contrast to many simpliﬁed models
that have assumed this decoupling in the past.
This coupling is in fact responsible for a substantial fraction of the metal–metal bonding
and for the subtle differences among the various structural forms for the clusters considered here.
2. The effect of d–s/p hybridization on the total
energy cannot be approximated as a uniform
shift of the d-band: the structural energy differences in clusters are precisely dependent
on the detailed position of the d- and s/plevels (due to self-consistent effects, etc.) and
cannot be treated as a resonance between localized d-states immersed in a continuum of
conduction states.
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3. The orbitals belonging to the least-degenerate
representations are the most interacting and
selectively interacting, with levels strongly
pushed up, etc.
4. A connection exists between accurate reproduction of the one-electron energy level spectrum and the total energy, which precludes
cancellation of errors.
5. For spin-broken systems, as most small-tomedium-size clusters are (even of nonmagnetic metals), a further complication arises
connected with the preferential depletion of
spin states at the Fermi level.
6. The discrepancy between approximate and
full DFT treatments does not decrease going
from Pt2 to Pt13, i.e., with increasing size.
Therefore, one should not expect improved
results for extended systems (bulk, surfaces),
in agreement with evidence that d–s/p mixing
is relevant also for these systems [41].
7. Comparison between platinum and nickel
shows that the degree of inter-band mixing
varies from metal to metal. However, it is still
not negligible for nickel, i.e., the TM in which
this effect should be at its minimum.
8. Separate band diagonalization gives rise to
spectra in which the one-electron eigenvalues
are typically distributed into well-separated
groups of levels of appropriate number: modiﬁed procedures which reintroduce an interaction among the lowest-energy groups of dand s/p-levels account for a sizeable part of
the inter-band mixing and correctly predict
structural energy differences. This is similar in
spirit to what is done in tight-binding treatment of TMs [19, 20]. The use of a properly
parametrized tight-binding scheme is therefore supported by the present analysis, subject
to the condition that the issue of the transferability of the tight-binding parameters among
different molecular orbitals can be solved. In
any case, such treatment should be more accurate for nickel than for platinum.
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