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The spatial dependence of the interaction potentials in doubly charged dimers of transition-metal
atoms has been calculated by use of both the tight-binding and the self-consistent-field linear combina-
tion of atomic orbitals—molecular orbitals methods. The study reveals an interesting correlation between
the stability of the doubly charged dimers and their electronic structure. Situations have been identified
where the charged dimers can exist in metastable states so long that their metastability may be impossi-

ble to observe.

PACS numbers: 36.40.+d

It is well known that the interaction between two like
point charges is repulsive at all distances. However,
when charged particles have a finite size, as they almost
always do, it is not clear what the interaction between
them should be at distances comparable to their size. In
this Letter we report results of such investigations by
considering the interaction between two positively
charged transition-metal atoms. The total energies of
doubly charged dimers belonging to the 3d (Ti, V, Cr,
Fe, Co, and Ni), 4d (Nb, Mo, Rh, and Pd), and 5d (Ta,
W, Ir, and Pt) series have been calculated as functions of
their interatomic distance by a simple tight-binding
method. The results are augmented by fully self-con-
sistent linear combination of atomic orbitals—molecular
orbitals (LCAO-MO) calculations based upon the local
density-functional theory.

The results display a unique relationship between the
electronic structure and stability of the doubly charged
dimers. For example, while the Ni,*+ potential is a
monotonically decreasing function of distance (repulsive
at all distances), the interaction between two Cr ¥ ions is
strongly attractive at small distances, thus causing for-
mation of a long-lived metastable state. The strength of
the metastable states increases as one goes from Ni to Cr
and then decreases as the d-level occupancy is further re-
duced. Similar trends have been noticed for 4d and 5d
elements. The existence of metastable states indicates
that not all doubly charged transition metal dimers
would spontaneously dissociate into separate ions. The
process may be a delayed one and the corresponding life-
time in some systems may be so large that the metasta-
bility of the states may not be observable. In none of the
dimers studied do the interionic potentials decrease as
1/r for distances less than about 12 a.u.

The physics of charged clusters has been a problem of
great current interest! ever since it was discovered? that
the electrostatic repulsion in isolated multiply charged
clusters leads them to fragment into smaller sizes. This
phenomenon, called “Coulomb explosion,” results from a
delicate balance between the electrostatic interaction
which pulls the charges apart, and the cohesive energy
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that binds them together. Many experiments®* and
model calculations'> have been carried out to study the
minimal number of atoms for which a multiply charged
cluster is stable. While some of the early experiments?
suggested a critical size of about 30 atoms for Coulomb
explosion, recent experiments6 have indicated that some
of the doubly charged noble-metal trimers may even be
stable. Tsong* has reported that a doubly charged
molybdenum dimer is stable with a binding energy of at
least 1.2 eV. Our systematic study of transition-metal
dimers reveals that while Co,* ", Ni,* %, Pd,**, and
Pt,** are unstable, others belonging to group VA and
VIA are metastable. In particular, the activation barrier
for Mo, * 1 exceeds 2 eV and the probability of its disso-
ciating into two isolated ions is virtually negligible. In
the following, we outline our theoretical methods and
discuss the results in detail.

One of our studies is based on a semiempirical tight-
binding approach’ where the total energy is expressed as
a sum of the electronic term E,, a semiempirical repul-
sive term Eg, and the Coulomb energy E¢:

E=E,+Egr+Ec (1)

The electronic term represents energy gained as a result
of formation of molecular levels from the atomic levels.
Since the main source of binding in transition elements is
due to d bands, the electronic energy included contribu-
tion only from d states and was calculated in a tight-
binding framework. The repulsive term Eg representing
core-core repulsion is taken in a Born-Mayer form,

ER= é—AZexp(—pR,—j)/Ro, (2)
ij

where 4 and p are constants determined by the use of
the bulk equilibrium distance, cohesive energy, and bulk
modulus. R;; is the distance between the ions and Ry is
the interparticle distance in the bulk phase. Finally, the
Coulomb energy is taken as the energy of point charges
located on two ions. Other details of the calculations

will be published in a forthcoming paper.
In Fig. 1, we plot the total energies (relative to two
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FIG. 1. Interaction energies of Tix**, Vo**, Cr**,

Fe,**, Co,**, and Ni,** as functions of interparticle spac-
ing. The energies are measured with respect to isolated ions.

isolated ions) of doubly charged 3d transition-metal di-
mers (Ti, Cr, Fe, Co, and Ni) as functions of interparti-
cle spacing. It is seen that, in all cases, the total energies
of the charged dimers are greater than the sum of ener-
gies of separate fragments (separate metal ions) for all
separations, indicating that they do not form stable
states. However, as one moves from Ni towards the mid-
dle of the series, the energy curve shows the building of a
barrier to the fragmentation. Similar trends are ob-
served for elements in the 44 and 5d series.

In Fig. 2, we plot the activation barriers and the ener-
gies of dissociation (defined as the difference in the ener-
gies between separated ions and that at the metastable
minimum where applicable) for 3d elements. Note that
there is no activation barrier against spontaneous frag-
mentation for elements with 4° (Ni) and d® (Co) atomic
configurations. The barriers increase as one approaches
the middle of the series, peaking at elements with d°
configuration (Cr, Mo, and W). The barriers then begin
to decrease for elements to the left of Cr (Mo, W) as the
d occupancy decreases. The dissociation energy shows
the opposite trend. The above systematic trend can be
understood in a simply bonding-antibonding picture. For
example, in Ni; ¥ there are sixteen d electrons out of
which ten occupy the bonding and six the antibonding
orbitals. Since antibonding character leads to the desta-
bilization of a system, this effect combined with the
Coulomb repulsion between two positive ions make
N>** unstable. In Co,*™, there are two fewer elec-
trons in the antibonding state; consequently, the appear-
ance of a hump in the interaction potential in Fig. 1.
This signals the onset of a barrier against fragmentation
which becomes a reality in Fe; ™+ as two more electrons
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FIG. 2. (a) Activation barrier and (b) the dissociation ener-
gy D. for various 3d elements. The dashed lines indicate that
no data were obtained for the Mn system.

are removed from the antibonding orbit. In Cr,™ T,
which exhibits the maximum metastability, all the eight
d electrons are in the bonding state. Two additional
electrons from the bonding state are missing as one
proceeds successively from Cr "t to V71 to Ti T Y.
Since removal of bonding electrons favors an unstable
behavior, the barrier for Ti, ™+ (V,% 1) is less than that
in V,7* (Cr,*%). This provides convincing evidence
that the electronic structure plays a dominant role in the
stability of charged dimers.

In the tight-binding calculations, the effects of spin
have been ignored. In neutral clusters of Cr,, for exam-
ple, the role of spins was found to be important in bind-
ing.® However, for doubly charged clusters the role of
spins is expected to be a subtle effect in view of the large
Coulomb repulsion energy. This view is further substan-
tiated later in this paper by explicit comparison between
tight-binding and ab initio LCAO-MO calculations in
Ni,** and Mo,**. In Mn, the magnetic interaction
also plays a dominant role. Since we were unable to ob-
tain accurate tight-binding parameters for Mn, no calcu-
lations of Mn, ™" are presented. The dashed lines in
Fig. 2, therefore, reflect the absence of any information
for Mn.

In Fig. 3, we compare the total energies as functions of
distance for Cr, ™%, Mo, ™™, and W> " * which belong to
3d, 4d, and 5d series, respectively. It is interesting to
note that the deepest potential well exists for Mo, .
Furthermore, the total energy of Mo,** does not be-
come less than its metastable minimum until the Mo ions
are at least 20 a.u. apart.
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FIG. 3. Interaction energies of Cr,**, Mo, ™%, and W,*+
as functions of interparticle separation.

This unusual feature leads to a very small probability
for fragmentation of Mo, T *. We have calculated this
probability using the WKB approximation. In this ap-
proximation, the transmission coefficient is given by the
expression’®

T=exp[_Tzf{Zm[V(r)—E]}'/zdr . 3)

Here m is the effective mass, V' (r) is the interaction po-
tential, r is the distance between the atoms, and E is the
energy of the molecule. Each molecule was taken in its
lowest vibrational state (having zero-point energy). The
lifetime is then given by

=1/fT, 4

where f is the vibrational frequency of the molecule. For
Vot Crtt, Feytt, Nby ™+, Moy ™ *, TaytH, Wyt +,
Rh,**, and Ir,**t our calculations predict lifetimes
greater than 10°° s, suggesting that these molecules, once
formed in their lowest vibrational states, have exceeding-
ly long lifetimes and, for all practical purposes, can be
considered as “stable” molecules.

The validity of our conclusion, of course, solely rests
on the reliability of the tight-binding approach especially
since the parameters in Eq. (2) are obtained from the
bulk data. To clarify this ambiguity, we have carried out
ab initio calculations based upon LCAO-MO theory
within the density-functional framework. We have
chosen Ni;** and Mo, ™™ as examples since the former
is unstable while the latter is stable.

The ab initio studies are based on the self-consistent
multipolar discrete-variational method. '° Basically, the
method involves a solution of single-particle equations
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FIG. 4. Binding energy of Mo;** and Ni>** as functions
of interparticle spacing based on tight-binding (continuous
curve) and ab initio (dotted curve) techniques.

within the local-density framework with numerical free-
ion functions. We have used the Von Barth-Hedin form
of the spin-dependent exchange-correlation potential and
the free-ion functions 3s, 3p, 3d, 4s, and 4p for Ni and
4s, 4p, 4d, 5s, and Sp for Mo as basic sets. The deep-
level core functions are frozen. We found that such a
freezing does not affect either the one-electron eigenval-
ues or the binding energy. Further, the above ionic basis
sets are augmented with overlapping multipolar func-
tions with / <2 for a more accurate representation of
the charge distribution.

In Fig. 4, we compare the total energies of Ni,t* and
Mo,** obtained in the LCAO-MO and tight-binding
methods. Note that the ab initio calculations produce
the same behavior as seen in Fig. 1. This comparison
gives confidence in the predictions of the tight-binding
calculations. By treating the molecules in the reduced
Cop symmetry, we obtain an antiferromagnetic ground
state with M, =0 for Mo, ". As the interatomic dis-
tance shrinks from 7 a.u. (the location of the potential
barrier peak) to 4.7 a.u. (the location of the metastable
minimum), the spin moment on each site decreases con-
tinuously from its free-ion-like value to 3.5up. The dis-
sociation barrier, A=2.15 eV, and metastable equilibri-
um bond length, R, =4.7 a.u., are in good agreement
with the tight-binding (TB) results (A=2.0 eV,
R, =4.65 a.u.). This large activation barrier indicates
that the Mo, ™% has to be raised to an energy of about
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2.0 eV before it can dissociate into two separate Mot
ions. This is consistent with Tsong’s* low-temperature
field-evaporation experiment where he observed that
Mo, ** has a minimum binding energy of 1.20 eV. The
discrepancy in the two curves in the 4.5-9.0-a.u. region
may be attributed to the fact that (a) the tight-binding
approach neglects spin polarization and (b) the self-
consistent configuration of the Mo™ ions in the local
spin-density approach is closer to 4d°5s°, while in the
TB calculations, two d electrons (not s electrons) are re-
moved to form Mo,**. The presence of the more
diffuse s electrons allows for greater overlap and shifts
the TB energy curve below the local spin-density curve.
In Ni,** both these effects are greatly diminished and
the local spin-density and TB potential surfaces are
closer at all interionic distances.

A further check on the reliability of the tight-binding
results can also be made by comparison of the calculated
binding energies and bond lengths of neutral dimers with
experiment. For Ni; and Mo, the calculated binding en-
ergies and bond lengths in the tight-binding scheme are
1.2 eV, 2.4 A, and 5.2 eV, 2.5 A, respectively. These
compare well with experimental values'' of 1.2 eV, 2.2 A
(for Ni,) and 4.2 eV, 1.94 A (for Mo,). The theoretical
value® using the self-consistent-field~-LCAO method in
Mo, is in much better agreement with experiment. It is
worth pointing out that Tomanek e? al. 12 have calculated
binding energies of neural dimers of Ni, Cu, Pt, Ag, Au,
and Rh using the tight-binding approximation. Their re-
sults are in very good agreement with experiment. Thus,
we believe that the trends exhibited in Fig. 1 are in-
dependent of the approximations made in our calcula-
tion.

In conclusion, we have carried out a systematic study
of the stability of doubly charged transition-metal di-
mers. The occupancy of the d-electron levels is found to
play a dominant role in the fragmentation process.
While most of the doubly charged dimers are metasta-
ble, there are clusters with nearly filled d-shell that un-
dergo spontaneous fragmentation. In some dimers, the
activation barrier against spontaneous fragmentation is
so large that the cluster could stay in the metastable

state for, essentially, an infinitely long time. In such sit-
uations, experiments where time scales are short com-
pared to the lifetime could misinterpret these states to be
stable. Experimental verification of our predictions that
clusters such as Co,tt and Ni,** are unstable while
doubly charged dimers of group III, IV, and V are meta-
stable are eagerly awaited.

This work was supported in part by grants from the
U.S. Army Research Office (Grant No. DAAG-29-85-
K-0244.

IC. W. Bauschlicher, Jr., J. Chem. Phys. 83, 5735 (1985);
Y. Ishii, Solid State Commun. 61, 227 (1987); B. K. Rao,
P. Jena, M. Manninen, and R. M. Nieminen, Phys. Rev. Lett.
58, 1188 (1987).

2K. Sattler, J. Muhlbach, O. Echt, P. Pfau, and E. Reck-
nagel, Phys. Rev. Lett. 47, 160 (1981).

3p. Pfau, K. Sattler, R. Pflaum, and E. Recknagel, Phys.
Lett. 104A, 262 (1984); P. Joyes and P. Sudraud, Surf. Sci.
156, 451 (1985).

AT.T. Tsong, Surf. Sci. 177, 593 (1986).

5D. Tomanek, S. Mukherjee, and K. H. Bennemann, Phys.
Rev. B 28, 665 (1983).

6Th. Jentsch, W. Drachsel, and J. Block, Chem. Phys. Lett.
93, 144 (1983).

7F. Cyrot-Lackmann and S. N. Khanna, in Excitations in
Disordered Systems, edited by M. F. Thorp (Plenum, New
York, 1982); S. N. Khanna, J. P. Bucher, J. Buttet, and
F. Cyrot-Lackmann, Surf. Sci. 127, 165 (1983).

8B. Delley, A. J. Freeman, and D. E. Ellis, Phys. Rev. Lett.
50, 488 (1983); M. M. Goodgame, and W. A. Goddard, III,
Phys. Rev. Lett. 54, 661 (1985).

9E. Merzbacher, in Quantum Mechanics (Wiley, New York,
1967), pp. 112-123.

10B. Delley and D. E. Ellis, J. Chem. Phys. 76, 1949 (1982).

K. A. Gingerich, Faraday Symp. Chem. Soc. 14, 109
(1980); S. K. Gupta, R. M. Atkins, and K. A. Gingerich,
Inorg. Chem. 17, 3211 (1978).

12D, Tomanek, S. Mukherjee, S. Reindl, and K. H. Ben-
nemann, paper presented in Fifth European Conference of Sur-
face Science, Ghent, Belgium, 24-27 August 1982 (unpub-
lished); D. Tomanek, S. Mukherjee, and K. W. Bennemann,
Phys. Rev. B 28, 665 (1983).

2565



