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Abstract. The formalisms of many body perturbation theory and coupled cluster theory have been used
to study the electronic and geometric structures of neutral, cationic, and anionic small silver clusters. Hay-
Wadt relativistic effective core potentials replacing the twenty-eight core electrons and a Gaussian basis set
have been used. Topologically different clusters and clusters belonging to different symmetry groups have
been identified and studied in detail. Full geometry optimizations have been carried out at four different
correlated levels of theories. Ionization potentials, electron affinities, and fragmentation energies of the
optimized clusters have been compared with other experimental and theoretical results available in the
literature. No convergence problems are encountered at the various levels of correlated theories. This is
noteworthy since it has been claimed in the literature that for d elements the MP series does not converge
very well.

PACS. 71.15.Nc Total energy and cohesive energy calculations – 73.22.-f Electronic structure of nanoscale
materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

Clusters are distinctly different from their bulk-state, and
exhibit many specific properties, which distinguishes their
studies as a completely different branch of science named
“Cluster Science”. Ideas like “super-atoms”, “magic num-
bers” or “fission” in clusters [1–3] provokes a wider class of
scientists to study this “relatively” new area of the phys-
ical sciences. Growing interest in the stabilities of small
clusters and the evolution of bulk properties from cluster
properties is also due to the emergence of a new science
called nanoscience and its potential in industrial applica-
tions. Moreover, a complete understanding of the physics
of clusters, employing different theoretical models, is itself
a demanding topic in many body physics. In the study of
metal clusters, silver has received particular attention be-
cause of two reasons: one is theoretical in that the silver
has d-electrons at the outer orbitals, overlapped by the
partially filled s-orbitals, which makes the study of silver
clusters interesting and challenging; the second one is ap-
plied because of the importance of silver in photographic
and catalytic processes [4].

There is, in fact, a recent growth of experimental
work concerning different aspects of silver clusters [5–13].
Spasov et al. [14] used energy-resolved collision-induced
dissociation (CID) method to study fragmentation pat-
terns, cross-sections, and dissociation energies of anionic
silver clusters (Ag−n , n = 2–11). The main reaction chan-
nels were found to be the loss of an atom and also the loss
of a dimer, with the dimer less favored for odd n values.
The dissociation energies for the loss of an atom showed
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strong odd-even alternation. Photoelectron spectra of sil-
ver clusters were studied by Handschuh et al. [15] at dif-
ferent photon energies to explore the electronic structures
of individual clusters. They observed sharper spectral pat-
terns of Ag clusters than the corresponding alkali metal
clusters which, according to the authors, might be due to
the stronger bonding in silver clusters. This can be inter-
preted as the result of overlapping of the outer d and s
orbitals, which gives rise to van der Waals type attractive
force. Femtosecond NeNePo (negative to neutral to pos-
itive) spectroscopy was used to study the structural dy-
namics of Ag3 clusters [16], and the wave packet dynamics
along the coordinate of the linear-to-triangular rearrange-
ment on the ground state potential surface was reported
in details by Boo et al. [17]. The authors also commented
about breaking of the degeneracy of the neutral Ag3 state
due to strong Jahn-Teller effect.

Between the two possible valence electronic configu-
ration 2D(4d95s2) and 2S(4d105s1), we found the former
state to be at 4.22 eV higher than the latter one at the
fourth-order many-body perturbation theory level (MP4)
of calculation and the 2P(4d105p1) state at 3.28 eV higher.
Though the chemistry is primarily due to the valence s-
electrons, the electronic properties and the stability of the
clusters are strongly dominated by the filled d-electrons
screening the oscillator strength of valence electrons [18].
As pointed out by Luh et al. [19] in their studies of d-
band quantum well states, the d-electrons have more lo-
calized wave functions and experience a larger correlation
effect and have smaller energy dispersions and group ve-
locities, for silver 4d shell is almost like a shallow core-
level. Moreover, d and outer s valence electron correlation
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is responsible for the long-range attractive van der Waals
type interaction [20]. Some authors have commented that
s–d interaction might not be well handled by perturba-
tion methods [21,22] and one purpose of this work is to
test this hypothesis for small silver clusters. Methods have
been also developed to deal s–d hybridization based on
the second moment approximation of the electron den-
sity of states in a tight binding model, called the Gupta
model [23–25]. An extensive study for large silver clus-
ters using this model has been carried out by Michaelin
et al. [26].

Despite the obvious importance of d-shell in silver clus-
ter binding, some work has been done taking 4d orbitals
inside the core potential and treating s as the only ac-
tive valence electron as in the case of alkali metal clus-
ters [27,28]. This approach may be useful to study the
qualitative features of the silver clusters, but, as pointed
out by the authors, may not be suitable for exact deter-
mination of the properties of silver clusters. An experi-
mental study [29] did comment that majority of spectro-
scopic phenomena can be explained in terms of s electrons.
This statement is incomplete in the sense that, unlike al-
kali metal clusters, where resonance frequency decreases
with the cluster size, a phenomenon called “red-shift”,
cationic silver clusters show “blue-shift”, which means in
this case resonance frequency increases with decreasing
cluster size. This event can only be explained in terms
of d electrons. Density functional theory (DFT) has also
been employed in conjunction with pseudopotentials to
study silver clusters [30–32] and the dynamics of internal
motion in silver clusters [33]. Kaplan et al. [30] used an
all-electron spin density approach with nonlocal correc-
tions and a contracted [6s5p3d] basis set for the molecular
orbitals to study neutral and anionic silver clusters up
to the hexamer. To the contrary of the case of tetramers
and pentamers, they found that anionic and neutral hex-
amers have different stable geometries. Poteau et al. [31]
performed DFT calculations with the use of a 19e RECP
combined with the BP86 functional and a [3s3p4d] basis
set. Fournier [32] used Kohn-Sham density functional the-
ory with a 17 electron pseudopotential and a contracted
[3s3p1d] basis set for a detailed study of neutral silver
clusters. Local spin density (LSD) approximation imple-
mented via the Vosko-Wilk-Nusair (VWN) exchange cor-
relation functional was used and the two degenerate states
of Ag3, namely 2B2 and 2A1, were found to have an en-
ergy difference of more than 0.18 eV, contradicting some of
the earlier works (see e.g. Ref. [17] and references therein)
and also our work as detailed below. Liu et al. [33] studied
the stability and internal motion in Agn (n = 4–6) clus-
ters, with ab initio molecular dynamics methods, based
on density functional theory with plane waves and pseu-
dopotentials. Work has also been done, treating the 4d
electrons along with the 5s electrons as valence electrons,
with all the others treated as core electrons [34–36].

In reference [35], a new 11-electron relativistic effective
core potential (11e-RECP) was proposed, based on the
11e-RECP of Hay and Wadt [37]. The parameters were
optimized by root-mean-square minimization of various

properties of the silver atom and the dimer with respect
to experimental data and naturally, the results were in
very good agreement with experimental data. The basis
set used was a contracted [5s3p2d] set and the theoret-
ical methods used were the multi-reference doubles con-
figuration interaction (MRD-CI) and coupled cluster sin-
gles and doubles (CCSD) techniques. On the other hand,
Ramirez-Solis et al. [38], using CASSCF+CASPT2 and
CCSD (T) methods, showed that this 11e-RECP produces
transition energies very far from the experimental val-
ues. Jarvis et al. [39] used ab initio molecular dynamics
(AIMD) for the analysis of vertical excited states along
ground state trajectories of Ag3. They also performed a
relative comparison of the various RECPs. At sample low-
temperature neutral trajectories, the 11e-RECP of ref-
erence [35] showed more reluctance to produce bending,
bending only about ∼35◦ from the linear structure. In
contrast, Hay-Wadt’s 11e-RECP gave a much wider range
of bending angles at low-temperature consistent with ex-
pected physical behavior. Zhao et al. [40] developed a
tight-binding model to study the structural and electronic
properties of sliver clusters. The ground state structures
of Ag clusters containing up to 21 atoms were optimized
by molecular dynamics based genetic algorithm.

To date, the smallest core used for sliver clusters is
the 19e-RECP [4,19,41]. As the computational process
is very expensive at this level even for small clusters,
full geometry optimization results with different levels
of post-HF theory have not been reported in the litera-
ture so far. In this work, we present results on neutral,
cationic, and anionic silver clusters (Agn, n = 2, 3, 4) at
four different theory levels, namely second-order pertur-
bation theory (MP2) [42], fourth-order perturbation the-
ory (MP4) [43], coupled-cluster-singles-doubles (CCSD)
and coupled-cluster-singles-doubles-triples (CCSDT) lev-
els [44]. Complete geometry optimizations at different pos-
sible spin configurations have been performed at each
level, and the results at different levels have been com-
pared.

2 Computational methods and results

Both the many-body perturbation theory (MBPT) and
coupled-cluster (CC) theory, as used in this work, are
well documented in the literature [42–49]. Here we present
some basic equations to define some terms. In MBPT, the
energy is given by the linked diagram expansion

∆E = E − E0 = E1 + Ecorr

∆E =
∞∑

n=0

〈Φ0|V [(E0 − H0)−1V ]n|Φ0〉L (1)

where |Φ0〉 is taken to be the UHF wave functions, H0 is
the sum of one-electron Fock operators, E0 is the sum of
the UHF orbital energies, and V = H −H0, is the pertur-
bation with H the usual electrostatic Hamiltonian. The
subscript L indicates the limitation to linked diagrams.
Though one can include various categories of infinite-order
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Table 1. Ionization potentials, electron affinities and transi-
tion energies (in eV) of the Ag atom.

Method IP EA 2S → 2P 2S → 2D

MP2 6.603(5.794)a 0.268(0.144) 3.260 4.420

MP4 6.664(5.816) 0.579(0.494) 3.281 4.221

CCSD 6.626(5.814) 0.548(0.255) 3.239 4.091

CCSD (T) 6.654(5.825) 0.607(0.466) 3.251 4.128

Exp. [51] 7.576 1.302 3.740 3.970

aValues in bracket are all-electron values calculated with
3-21G∗∗ basis set.

summations from equation (1), the method is usually lim-
ited by termination at some order of the perturbation the-
ory. For the Ag clusters, we have carried out second or-
der (MP2) and complete fourth-order calculations (MP4),
which consist of all single-, double-, triple- and quadruple-
excitation terms.

In coupled cluster method, the exact wave function |Ψ〉
of an N -electron system is written as follows:

|Ψ〉 = eT |Φ0〉 (2)

where the cluster operator T is defined as a sum of its
many-body components

T =
N∑

i=1

Ti,

and |Φ0〉 is usually Hartree-Fock determinant. In approx-
imate CC theory, the sum is truncated at some point. For
CCSD we have T = T1 + T2 and for CCSDT we go up
to i = 3. CCSDT method has an eighth-order dependence
on the size of the system and as such is computationally
too expensive to apply. So a non-iterative treatment of
triple excitations was introduced, which is now generally
known as CCSD (T).

As indicated before, the general approach to study
silver clusters has been to use effective core potentials
(pseudopotentials). Though ECPs reduce computational
times and one can incorporate the relativistic effect on
the inner electrons, there is a tendency to overesti-
mate the bond-length and underestimate the dissocia-
tion energy. However, such errors could be minimized by
choosing small core pseudopotentials and this is partic-
ularly necessary for silver clusters since the d-electrons
play very important roles. We have used the Hay and
Wadt [50] 19e Relativistic Effective Core Potential (19e-
RECP). In this core potential the inner 28 electrons
(1s2 2s2 2p63s2 3p6 3d10) are replaced by RECP and the
outer 19 electrons (4s2 4p6 4d10 5s1) are taken as valence
electrons. The mass-velocity and Darwin relativistic ef-
fects have been incorporated in the potentials and a
[3s3p2d] Gaussian basis set has been used. To estimate
the accuracy of this RECP at different levels of theory,
we compare in Table 1 the atomic silver ionization poten-
tials (IP) and electron affinities (EA) obtained with this
19e-RECP, with the all electron 3-21G∗∗ basis set [49] re-
sults and with experimental results. The values obtained

with the RECP are certainly closer to the experimental
results than the all-electron results. However, in as much
as the IPs at the various levels of theory differ from the
experimental value by about twelve percent, the electron
affinity even at the CCSD (T) level is only about half of
the experimental value [51]. We also computed two tran-
sition energies, namely 2S(4d105s1) → 2P(4d105p1) and
2S(4d105s1) → 2D(4d95s2) for the Ag atom and com-
pared them with experimental values. The transition en-
ergies are found to be fairly close to the experimental val-
ues, varying between three percent and thirteen percent.
The Gaussian 98 suite of programs [52] was used to per-
form the above and all the subsequent computations on a
16-processor SGI/Cray Origin 2000 supercomputer at the
University of Texas at Arlington.

In the results to follow, the binding energies are com-
puted from

Eb/n = (nE1 − En)/n, (3a)

where E1 and En are the total energies of a silver atom
and of the cluster, respectively.

For ionic clusters we use

Eb/n = (E±
1 + (n − 1)E1 − E±

n )/n, (3b)

where E±
1 and E±

n are the total energies of the ionic silver
atom and of the cluster respectively.

We also computed the adiabatic and vertical ionization
potentials (AIP and VIP respectively) by the following
formula:

IP = E+
n − En, (4)

where E+
n is the total energy of the cationic clusters at

the different levels of theory either at the cation optimized
geometry (for AIP) or at the neutral geometry (for VIP).
The electron affinities are calculated from

EA = En − E−
n (5)

with E−
n as the total energy of the geometry optimized

anionic cluster.
Results for the neutral, cationic, and anionic silver

dimers are presented in Tables 2, 3, and 4, respectively.
The optimized clusters are also shown in Figure 1 and the
binding energies per atom are presented in Figures 2–4.
In as much as the literature on silver clusters is large,
for the sake of brevity, we have compared our results
with some representative DFT-based calculations [30–32],
molecular dynamics based results [33,40], post-HF re-
sults [34,35,41] and of course, experimental results where
available. Among the three DFT based calculations, we
consider the results of Santamaria et al. [30] to be bet-
ter because of the all-electron nature of the calculations
and the size of the basis set. Similarly, for the post-HF
based calculations, the results of Bauschlicher et al. [41] is
judged to be better because of the small core 19-electron
pseudopotential and a large contracted [5s4p4d1f ] basis
set. We hasten to point out that, given the different theo-
retical approaches used, this judgment is, to a large extent,
qualitative in nature.
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Fig. 1. Structures of silver clusters.

Table 2. 1Σ+
g ground state binding energies per atom, ioniza-

tion potentials, electron affinities (all in eV) and bond lengths
(in Å) for Ag2.

Method Eb/n r AIP VIP EA

MP2 0.561(0.700)a 2.681(2.631) 6.393 6.482 0.429

MP4 0.690(0.790) 2.681(2.629) 6.623 6.707 0.533

CCSD 0.645(0.770) 2.696(2.641) 6.512 6.587 0.613

CCSD (T) 0.671(0.800) 2.692(2.635) 6.581 6.658 0.657

Theory [30] 0.740 2.660 7.560 1.080

Theory [31] 0.860 2.570

Theory [32] 1.11 2.504 8.580

Theory [33] 0.892 2.574

Theory [35] 0.910 7.180 7.260 ...

Theory [41] 0.670 2.660 6.740 ... ...

Exp.b 0.830 2.480 7.560 1.028 ± 0.01

Exp. [56] ... 7.600

a Values in brackets are all-electron values calculated with 3-
21G∗∗ basis set.
b These experimental values are quoted in reference [41].

Table 3. 1Σ+
g ground state binding energies per atom (in eV)

and bond lengths (in Å) for Ag+
2 .

Method Eb/n r

MP2 0.690 2.910

MP4 0.710 2.900

CCSD 0.700 2.910

CCSD (T) 0.707 2.905

Theory [35] 0.870 2.690

Theory [41] 0.680 2.890

Fig. 2. Binding energies per atom for neutral Ag clusters vs.
number of atoms in the cluster.

Fig. 3. Binding energies per atom for Ag cation clusters vs.
number of atoms in the cluster.

Table 4. 1Σ+
u ground state binding energies per atom (in eV)

and bond lengths (in Å) Ag−
2 .

Method Eb/n r

MP2 0.670 2.820

MP4 0.660 2.900

CCSD 0.680 2.850

CCSD (T) 0.696 2.840

Theory [28] 0.760 2.754

Theory [30] 2.850

Theory [41] 0.560 2.810
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Fig. 4. Binding energies per atom for Ag anion clusters vs.
number of atoms in the cluster.

For the neutral dimer with an electronic struc-
ture ...π2

gσ2
g producing a ground state 1Σg, results are

also compared with all electron values computed with a
3-21G∗∗ basis set [49] in Table 2. At all levels of theory,
the bond lengths computed with the RECP are higher
than those computed with the all electron basis set and
the binding energies are lower compared to all-electron
values. On the other hand, the bond lengths are higher
and the binding energies are lower at all levels of theory
with both the RECP and the all electron basis set, com-
pared to experimental values. The calculations of Bonacic-
Koutecky et al. [35] and of Bauschlicher et al. [41] also
report larger bond lengths compared to the experimen-
tal value but surprisingly, for binding energy, Bonacic-
Koutecky et al. found a value higher than experimental
binding energy. We also note that MP2 and MP4 level
theories produced the same bond length. In the RECP cal-
culations, the bond length is 2.68 Å and in the all electron
calculation, the bond length is found to be 2.63 Å. How-
ever, the level of electron correlation, as expected, pro-
duced a significant difference in the values of the binding
energy. For the cation, all four methods produced about
the same bond length, significantly higher than the neu-
tral dimer length. Same conclusions prevail for the bind-
ing energy. For the anionic dimer, the bond lengths are
also larger compared to the neutral dimer, as expected
from electron-electron repulsion and the binding energies
are close to neutral binding energies. Our IP values differ
with the experimental values from about 12.4 percent to
about 15.9 percent at the various levels of theory.

For the neutral and charged (positive and negative)
silver trimers, all possible structures were spin-optimized
i.e. the geometries were optimized for different possible
spin configurations. Results are presented in Tables 5, 6,
and 7. Among the three possible geometrical structures
for the neutral trimer, the isosceles structure was the most
stable structure. Experimental evidence strongly suggests
that the trimer is a Jahn-Teller distorted isosceles trian-
gle. Based on our computations we find that there are two

Table 5. Binding energies per atom, ionization potentials,
electron affinities (all in eV) and bond lengths (in Å) for dif-
ferent structures of neutral Ag3.

Isosceles triangle 2B2 Eb/n r1 r2 AIP VIP EA

MP2 0.597 2.750 3.097 4.739 4.832 1.504

MP4 0.695 2.751 3.072 4.886 4.969 1.756

CCSD 0.648 2.778 3.149 4.858 4.958 1.673

CCSD (T) 0.685 2.774 3.124 4.920 5.011 1.742

Theory [30] 2.180

Theory [31] 0.840 2.627 3.028

Theory [32] 0.861 2.56 2.900 6.340

Theory [34] 0.900 2.720 2.871 5.900

Theory [35] 0.980 2.580 2.880 5.180 5.270 ...

Theory [40] 0.820 2.659 2.927 ... 5.650 ...

Theory [41] 0.800 2.709 3.076 5.590

Exp. [56] 6.200

Isosceles triangle 2B2 Eb/n r1 r2

MP2 0.598 2.939 2.706

MP4 0.695 2.932 2.711

CCSD 0.642 2.961 2.721

CCSD (T) 0.679 2.948 2.719

Theory [27] 0.850 2.891 2.629

Equilateral triangle 2A′
1 Eb/n r

MP2 0.579 2.836

MP4 0.678 2.837

CCSD 0.623 2.855

CCSD (T) 0.662 2.849

Linear structure 2Σ+
u Eb/n r

MP2 0.541 2.755

MP4 0.632 2.748

CCSD 0.609 2.781

CCSD (T) 0.642 2.773

Table 6. Binding energies per atom (in eV) and bond lengths
(in Å) for different structures of Ag+

3 .

Equilateral triangle 1A1 Eb/n r

MP2 1.219 2.831

MP4 1.288 2.835

CCSD 1.237 2.849

CCSD (T) 1.263 2.845

Theory [34] 1.670 2.650

Theory [41] 1.247 2.804

Linear Structure 1Σg Eb/n r

MP2 0.794 2.799

MP4 0.917 2.801

CCSD 0.885 2.823

CCSD (T) 0.939 2.825

almost degenerate states: 2B2 and 2A1. The Mexican hat
potential energy curves [17] demonstrate this feature. In
fact, at the many body perturbation theory level, the dif-
ference in binding energies is only 0.001 eV at the MP2
level, while the two states are exactly degenerate at the
MP4 level. The difference is 0.006 eV, both at the CCSD
and at the CCSD (T) levels. The MP theories remain al-
most insensitive to the Jahn-Teller effect for the 19e RECP
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Table 7. Binding energies per atom (in eV) and bond lengths
(in Å) for different structures of Ag−

3 .

Equilateral triangle 3A′
1 Eb/n r

MP2 0.847 2.889

MP4 0.877 2.888

CCSD 0.838 2.923

CCSD (T) 0.871 2.913

Linear structure 1Σ+
g Eb/n r

MP2 1.009 2.785

MP4 1.088 2.784

CCSD 1.023 2.806

CCSD (T) 1.063 2.798

Theory [28] 1.180 2.720

Theory [30] 2.760

Theory [41] 2.754

used. A possible reason for this insensitivity for MP theo-
ries, and to some extent for CC theories, might be the open
shell nature of the Ag3 cluster. The difference in binding
energies between the isosceles and the equilateral struc-
tures are found to be 0.017 eV, 0.025 eV and 0.023 eV at
the MP4, CCSD and CCSD (T) levels, respectively. For
the trimer cation we have an equilateral triangle and for
anion, a linear structure with the lowest possible multiplic-
ities as the most stable structures. The linear structure of
the anionic cluster is supported by experiments [16,17] as
also by other theoretical calculations [30,41]. The bind-
ing energies increase as the level of theory changes from
MP2 to MP4 and from CCSD to CCSD (T), with the
equilateral trimer cation having higher binding energies
than the linear trimer anion at every level of theory. For
the equilateral cation, the positive charge is evenly dis-
tributed between the three atoms, which make this cluster
more symmetrical electronically than the other two, hence
higher binding energy. On the other hand, Mulliken charge
analysis for the linear anion shows that excess negative
charge is concentrated around the central atom, with the
end atoms being relatively positively charged. The bond
lengths for these structures are nearly equal to the bulk
nearest-neighbor-distance of 2.89 Å [53].

For the silver tetramer, though it is generally accepted
in the literature [30,31,33,34,42] that the rhombic struc-
ture is the most stable neutral structure, we investigated
all five competing structures for determinations of relative
stabilities at all four correlated levels of theory. Specifi-
cally, we studied a rhombus with D2h symmetry, a square
with D4h symmetry, a linear geometry with D∞h sym-
metry, a tetrahedron with Td symmetry, and a T-shape
with C2v symmetry for the neutral, cationic and anionic
tetramers. The clusters, as before, were constrained to
have the geometries mentioned and bond lengths and an-
gles were varied to arrive at the minimum energy structure
and again all the clusters were spin-optimized. The opti-
mized clusters are, as mentioned before, shown in Figure 1
and results are tabulated in Tables 8, 9, and 10, along
with other published data in the literature. The rhombic

Table 8. Binding energies per atom, ionization potentials,
electron affinities (all in eV), bond lengths (in Å) and bond
angles (in degrees) for different structures of Ag4.

Rhombus 1Ag Eb/n r α AIP VIP EA

MP2 0.866 2.880 56.56 5.531 5.545 1.040

MP4 0.993 2.870 56.99 5.780 5.792 1.165

CCSD 0.907 2.890 56.88 5.615 5.636 1.084

CCSD (T) 1.079 2.886 57.00 5.722 5.735 1.164

Theory [30] 0.920 2.859 56.10 6.330 1.700

Theory [31] 1.100 2.740 57.20

Theory [32] 1.219 2.630∗ ... ... 7.160

Theory [33] ... 2.540 62.09 ...

Theory [34] 1.830 2.870 55.50 6.400

Theory [35] 1.330 2.680 57.54 6.160 6.170 ...

Theory [40] 1.210 2.731 56.60 ... 6.860 ...

Theory [41] 1.110 2.862 57.60 6.540

Exp. [56] 6.650
∗estimated

T-shape 1A1 Eb/n r1 r2 r3

MP2 0.797 2.700 2.920 2.710

MP4 0.913 2.700 2.920 2.710

CCSD 0.835 2.720 2.950 2.730

CCSD (T) 0.879 2.716 2.938 2.723

Theory [33] ... 2.600 2.800 2.610

Theory [35] 1.250 2.510 2.650 2.550

Square 3A1g Eb/n r

MP2 0.703 2.815

MP4 0.810 2.818

CCSD 0.739 2.834

CCSD (T) 0.835 2.822

Tetrahedron 3A2 Eb/n r

MP2 0.509 2.910

MP4 0.637 2.920

CCSD 0.550 2.940

CCSD (T) 0.623 2.944

Linear 1Σ+
g Eb/n r a

MP2 0.668 2.690 2.900

MP4 0.874 2.740 2.740

CCSD 0.761 2.760 2.760

CCSD (T) 0.762 2.758 2.758

structure was indeed found to be the most stable geome-
try for all the neutral, cationic and anionic cases studied.
T-shape is the next possible structure for neutral Ag4 at
all levels of theory. However, the trend is not so clear be-
tween the other structures, e.g., for neutral square and
linear structure, the square has higher binding energy at
MP2 and CCSD (T) level, whereas the linear structure is
higher at MP4 and CCSD level. The difference in bind-
ing energies per atom between the neutral rhombic struc-
ture and the T-shape is 0.080 eV at the MP4 level and
0.200 eV at the CCSD (T) level. The corresponding dif-
ferences are 0.026 eV and 0.027 eV for the cation. For
the anion, the differences are 0.070 eV and 0.031 eV. Liu
et al. [33] have indicated that as temperature increases
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Table 9. Binding energies per atom (in eV), bond lengths
(in Å), and bond angles (in degrees) for different structures of
Ag+

4 .

Rhombus 2B1u Eb/n r α

MP2 1.135 2.920 56.85

MP4 1.214 2.920 57.07

CCSD 1.159 2.940 56.92

CCSD (T) 1.193 2.930 57.05

Theory [35] 1.560 2.700 58.05

Theory [41] ... 2.909 57.40

T-shape 2A1 Eb/n r1 r2 r3

MP2 1.119 2.900 2.850 2.780

MP4 1.188 2.890 2.860 2.790

CCSD 1.139 2.910 2.880 2.800

CCSD (T) 1.166 2.896 2.875 2.798

Theory [35] 1.510 2.600 2.640 2.610

Square 2A1g Eb/n r

MP2 0.631 3.087 (4A1g)

MP4 1.031 2.830

CCSD 0.977 2.850

CCSD (T) 1.015 2.852

Tetrahedron 2A1 Eb/n r

MP2 1.036 2.919

MP4 1.119 2.920

CCSD 1.056 2.930

CCSD (T) 1.093 2.935

Linear 2Σ+
u Eb/n r a

MP2 0.871 2.840 2.840

MP4 0.924 2.830 2.830

CCSD 0.927 2.850 2.850

CCSD (T) 0.955 2.827 2.827

rhombic and T-shape may become isomers. One structure
may transform into another by thermal fluctuation.

We also considered the highly symmetrical tetrahe-
dral Td structure as a possibility of a three dimensional
structure for the silver tetramer. The valence electrons are
insufficient to fill the degenerate one-electron levels of the
tetrahedral structure and Jahn-Teller deformation causes
it not being the most stable structure [28]. In fact, the
triplet state was found to have higher binding energy than
the singlet for the neutral tetrahedron. Anions are also
at higher spin state with multiplicity four, while cations
are in doublet state. Except for the cationic tetramer, the
binding energies per atom are much less than the rhombic
structures. For the cation at the MP4 level, the tetrahe-
dron is 0.095 eV lower than the rhombic structure, and
at the CCSD (T) level the difference is 0.100 eV. For the
anion, a competing structure is the linear structure. At
the MP4 level, the binding energies per atom between the
rhombic and the linear structures differ by 0.111 eV, while
at the CCSD (T) level, the difference is 0.047 eV. The all-
electron spin density calculations of Kaplan et al. [30],

Table 10. Binding energies per atom (in eV), bond lengths
(in Å), and bond angles (in degrees) for different structures
of Ag−

4 .

Rhombus 2B2u Eb/n r α

MP2 1.059 2.860 61.05

MP4 1.139 2.860 59.26

CCSD 1.041 2.880 59.22

CCSD (T) 1.099 2.890 60.35

Theory [30] 2.849 61.20

Theory [41] 2.852 63.70

T-shape 2B2 Eb/n r1 r2 r3

MP2 0.981 2.730 2.880 2.860

MP4 1.069 2.710 2.870 2.850

CCSD 1.022 2.770 2.910 2.890

CCSD (T) 1.068 2.770 2.898 2.889

Theory [30] 2.730 2.850 2.872

Square 2Bu Eb/n r

MP2 1.059 2.861

MP4 1.022 2.830

CCSD 0.932 2.860

CCSD (T) 0.992 2.855

Tetrahedron 4A1 Eb/n r

MP2 0.773 2.911

MP4 0.855 2.920

CCSD 0.763 2.950

CCSD (T) 0.842 2.955

Linear 2Σ+
g Eb/n r a

MP2 0.961 2.770 2.840

MP4 1.028 2.770 2.770

CCSD 1.012 2.810 2.810

CCSD (T) 1.052 2.827 2.808

Theory [30] 2.840 2.780

on the other hand, found a large difference of 0.460 eV
between these two anionic structures. The charge distri-
bution on the neutral rhombic and square clusters is sym-
metric with diagonally opposite atoms having charges of
the same sign, but in the square the magnitude of charges
on each atom is almost twice than the rhombic structure
(Tab. 16). This makes the overall binding energy of square
structure much lower than the rhombic structure. Due to
Jahn-Teller deformation, the triplet state was found to be
more bounded than the singlet at all four levels of theo-
ries. For the cations, only the MP2 level of theory showed
that the state with multiplicity four was more bounded,
but the other three levels of theories found the doublet
state to be more favorable. For the anion, all four lev-
els of theory indicated the ground state structure to be a
doublet.

In general, our results indicate that the binding en-
ergies follow the trend Eb(MP4) > Eb(CCSD (T)) >
Eb(CCSD) > Eb(MP2) (Figs. 2–4). This pattern is not
obeyed for the silver dimer anion, where the coupled
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cluster theories produce higher binding energies compared
to the perturbation theory eigenvalues. For the neutral sil-
ver tetramer, CCSD (T) binding energy is higher than the
MP4 binding energy and the CCSD (T) AIP is closer to
the experimental value compared to the MP4 AIP value.
As a general feature for the clusters considered here, the
cationic bond lengths are slightly greater than the neutral
or anionic bond lengths, which may be due to the loss of
one bonding s-electron. Kresin [54] has observed that for
Ag cationic clusters the electron spill out is rather weak,
which implies higher electron densities, hence higher bind-
ing energies than the anions and neutrals. Our data sup-
port this fact. As it is well-known that for smaller clusters
d-orbitals are more localized than the s-orbitals, so the
bondings are mainly due to s-orbitals. A slight increase in
the molecular orbital coefficients for d-electrons was found
for Agn as n goes from 2 to 4.

The ionization potentials, adiabatic and vertical, as a
function of cluster size are shown in Figures 5 and 6, re-
spectively. The expected saw-tooth behavior is indicated
by the higher IPs at Ag2 and Ag4. To ionize these two
clusters, closed-shell has to be broken to form open-shells
2Σ+

g and 2B1u respectively. The lowest value of IP for
Ag3 is justified because, ionization leads to the forma-
tion of a closed-shell 1A1 electronic state, which makes
Ag+

3 as the most symmetrically stable cluster compared
to the other cations. However, our values are lower than
the experimental values and comparisons with other the-
oretical results are presented in Tables 2, 5, and 8. The
AIP values quoted by Bonacic-Koutecky et al. [35] are
systematically higher than our values but still less than
the experimental values. The difference in the molecular
orbital coefficients between neutral and cationic clusters
is not negligible which means that the relaxation error
is significant. This also means that the Koopman’s theo-
rem [47] does not predict good estimates of IPs in these
cases. Electron affinities (EA) were also calculated for the
all the clusters and are presented as a function of cluster
size in Figure 7. We observed the same alternating be-
havior as predicted by experiment [14] and clusters with
lower ionization potentials are found to have higher elec-
tron affinities. Again, the theoretical electron affinities are
lower compared to experimental values. It is quite possible
that the low theoretical values of the ionization potentials
and electron affinities are merely an artifact of the pseu-
dopotential and the size of the basis set, and are not due
to any fundamental effects. The EAs calculated by Kaplan
et al. [30] are closer to the experimental values (Fig. 7).
These affinities were calculated with neutral clusters hav-
ing identical structures as the anions.

We also computed the fragmentation energies of the
optimized clusters into different possible binary channels.
These energies were computed from

En→(n−m)+m = En−m + Em − En, n > m ≤ 1, (6)

for the channel Agn → Agn−m +Agm, where En is the to-
tal energy of the corresponding stable structure. The val-
ues are summarized in Tables 11–14. In general, the pre-
ferred channel of decay is the most symmetrical channel.

Fig. 5. Adiabatic ionization potentials of silver clusters vs.
number of atoms in the cluster.

Fig. 6. Vertical ionization potentials of silver clusters vs. num-
ber of atoms in the cluster.

Fig. 7. Electron affinities of silver clusters vs. number of atoms
in the cluster.
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Table 11. Fragmentation energies (in eV) at MP2 level of silver clusters.

Initial clusters
Final
Clusters Ag2 Ag3 Ag4 Ag+

2 Ag+
3 Ag+

4 Ag−
2 Ag−

3 Ag−
4

Ag 1.818 0.611 1.673 1.391 2.266 0.881 1.342 1.687 1.209
Ag2 0.611 1.104 2.476 1.966 1.848 1.715
Ag3 1.673 2.746 2.445

Table 12. Fragmentation energies (in eV) at MP4 level of silver clusters.

Initial clusters
Final
clusters Ag2 Ag3 Ag4 Ag+

2 Ag+
3 Ag+

4 Ag−
2 Ag−

3 Ag−
4

Ag 1.379 0.710 1.880 1.420 2.440 0.990 1.330 1.930 1.29
Ag2 0.710 1.210 2.480 2.050 1.88 1.845
Ag3 1.880 2.770 2.740

Table 13. Fragmentation energies (in eV) at CCSD level of silver clusters.

Initial clusters
Final
clusters Ag2 Ag3 Ag4 Ag+

2 Ag+
3 Ag+

4 Ag−
2 Ag−

3 Ag−
4

Ag 1.289 0.691 1.684 1.404 2.308 0.927 1.355 1.714 1.095
Ag2 0.691 1.045 2.423 1.946 1.779 1.556
Ag3 1.684 2.695 2.263

Table 14. Fragmentation energies (in eV) at CCSD (T) level of silver clusters.

Initial clusters
Final
clusters Ag2 Ag3 Ag4 Ag+

2 Ag+
3 Ag+

4 Ag−
2 Ag−

3 Ag−
4

Ag 1.342 0.713 1.783 1.415 2.374 0.982 1.392 1.797 1.206
Ag2 0.713 1.154 2.533 2.013 1.847 1.660
Ag3 1.783 2.716 2.339

Specifically, we comment on the decay channel of the silver
tetramer. Though the binding energy per atom for neu-
tral Ag2 and Ag3 are almost same, the most probable end
product of decaying Ag4 is (Ag2 + Ag2) cluster, not (Ag3

+ Ag). This has been observed also before by us for the V4

cluster [55]. For ionic clusters, charge is usually carried out
by the larger clusters, for example, for tetramer cation, the
dominant decay channel is (Ag+

3 + Ag). However, for the
anionic trimer, the most favorable decay channel is (Ag2

+ Ag−) at the MP4 level, in agreement with experimen-
tal data [14]. The other levels of theories however predict
the channel Ag−3 → Ag + Ag+

2 . For Ag+
4 , (Ag−3 + Ag) is

the favorable decay mode at all levels of theories, again in
agreement with experimental results [14]. The bond dis-
sociation energies, defined by the energy needed to break
a cluster Agn into Agn−1 and Ag, have also alternating
behavior with higher values at Ag2 and Ag4.

To ensure that the optimized structures obtained do
indeed represent global minima, and are not local min-
ima, we also computed the harmonic frequencies at each
optimized geometric configuration. As has been pointed
out by Poteau et al. [31], experimental determinations of
the frequencies could help identify cluster structures pro-
duced in beams. The MP2 results are shown in Table 15.
For the dimer, we computed the frequencies at the MP4
and the CCSD levels also and note that the values are
fairly close together at the different levels of theory. How-

ever, all the theoretically calculated frequencies are lower
than the experimental frequency. The MP2 value is clos-
est to the experimental value, the percent difference being
fifteen percent. Also, all the frequencies are positive and
in general, the ionic clusters have lower vibrational fre-
quencies compared to those for the neutral clusters. The
cationic dimer MP2 frequency is also lower than the ex-
perimental value, the percent difference being seventeen
percent. In Table 15, the neutral cluster frequencies are
also compared with the results of Poteau et al. [31], in
which, except for Ag2, the frequencies were calculated us-
ing a tight-binding model fitted on the DFT results. Ex-
cept for two values, the frequencies of Poteau et al. are
consistently higher than the frequencies obtained by us,
the percent difference ranging from thirteen percent to
forty percent.

In summary, the formalisms of many body perturba-
tion theory and coupled cluster theory have been used
to study the electronic and geometric structures of neu-
tral, cationic, and anionic small silver clusters. Topolog-
ically different clusters and clusters belonging to differ-
ent symmetry groups have been identified and studied
in detail. Full geometry optimizations have been carried
out at four different correlated levels of theories. Ioniza-
tion potentials, electron affinities, and fragmentation en-
ergies of the optimized clusters have been compared with
other experimental and theoretical results available in the
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Table 15. Harmonic frequencies (in cm−1) of the most stable silver clusters computed at MP2 level.

Ag4 Ag+
4 Ag−

4 Ag3 Ag+
3 Ag−

3 Ag2 Ag+
2 Ag−

2

32.50 13.8 29.48 58.84 106.74 37.48 163.63 112.44 125.22

(23.30) (70.9) (185.1) [135.8]

75.36 69.25 81.97 64.16 106.74 37.48 161.87(MP4)

(90.0) (90.4)

81.48 85.24 93.36 167.47 156.85 98.73 157.50(CCSD)

(106.6) (170.0)

97.65 85.58 103.75 165.24 [192.4]

(110.2)

147.55 112.78 139.53

(140.1)

166.13 154.03 144.76

(181.3)

Table 16. Mulliken charge distributions for ground state Ag
clusters at optimized geometries.

Clusters Atom Charge

MP2 MP4 CCSD CCSD (T)

Ag2 1 0.000 0.000 0.000 0.000

2 0.000 0.000 0.000 0.000

Ag+
2 1 0.500 0.500 0.500 0.500

2 0.500 0.500 0.500 0.500

Ag+
2 1 −0.500 −0.500 −0.500 −0.500

2 −0.500 −0.500 −0.500 −0.500

Ag3 1 0.126 0.282 0.282 0.142

2 −0.063 −0.141 −0.141 −0.071

3 −0.063 −0.141 −0.141 −0.071

Ag+
3 1 0.333 0.333 0.333 0.333

2 0.333 0.333 0.333 0.333

3 0.333 0.333 0.333 0.333

Ag−3 1 −1.099 −1.159 −1.163 −1.194

2 0.049 0.079 0.081 0.097

3 0.049 0.079 0.081 0.097

Ag4 1 −0.004 −0.099 −0.096 −0.098

2 0.004 0.099 0.096 0.098

3 −0.004 −0.099 −0.096 −0.098

4 0.004 −0.099 0.096 0.098

Ag+
4 1 0.214 0.342 0.341 0.341

2 0.286 0.158 0.159 0.159

3 0.214 0.342 0.340 0.341

4 0.286 0.158 0.160 0.159

Ag+
4 1 −0.278 −0.167 −0.216 −0.343

2 −0.221 −0.333 −0.284 −0.157

3 −0.278 −0.167 −0.216 −0.343

4 −0.221 −0.333 −0.284 −0.157

literature. All levels of correlated theories appear to per-
form well for small silver clusters in that no convergence
problems are encountered at the various levels of theories.
This is noteworthy since it has been claimed [21,22] that
for d elements the MP series does not converge very well.

The authors gratefully acknowledge partial support from the
Welch Foundation, Houston, Texas (Grant No. Y-1525).
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