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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 th a t the in teraction  between two like 
po in t charges is repulsive a t a ll d istances. However, 
when charged  particles have a finite size, as they alm ost 
always do, it is not c lear w hat the in teraction  between 
them  should be a t distances com parab le to  the ir size. In 
th is L ette r we report results o f such investigations by 
considering the in teraction  between two positively 
charged transition-m etal atom s. T he to ta l energies of 
doubly charged  dim ers belonging to  the 3d  (Ti, V, Cr, 
Fe, Co, and N i), 4d  (N b , M o, R h, and P d), and 5d  (Ta, 
W, Ir, and P t)  series have been calcu lated  as functions of 
the ir in teratom ic d istance by a  sim ple tight-b inding 
m ethod. T he results a re  augm ented by fully self-con­
sistent linear com bination o f atom ic o rb ita ls-m o lecu la r 
orb ita ls (L C A O -M O ) calculations based upon the local 
density-functional theory.

T he results display a unique relationship  between the 
electronic s truc tu re  and stability  of the doubly charged 
dim ers. For exam ple, while the N i2 + + potential is a 
m onotonically decreasing function of d istance (repulsive 
a t a ll  d istances), the in teraction  betw een two C r + ions is 
strongly a ttractive  a t sm all distances, thus causing for­
m ation of a long-lived m etastab le state. The streng th  of 
the m etastab le sta tes increases as one goes from  N i to  C r 
and then decreases as the tMevel occupancy is fu rth e r re­
duced. S im ilar trends have been noticed for 4 d  and 5d  
elem ents. T he existence of m etastab le  states indicates 
th a t not all doubly charged  transition  m etal dim ers 
would spontaneously dissociate into separate  ions. The 
process m ay be a delayed one and the corresponding life­
tim e in some system s m ay be so large th a t the m e tas ta ­
bility of the sta tes m ay not be observable. In none of the 
dim ers studied do the  in terionic potentials decrease as 
1 Ir  for distances less than  about 12 a.u.

The physics o f charged clusters has been a problem  of 
g rea t cu rren t in te re s t1 ever since it was discovered2 th a t 
the electrostatic  repulsion in isolated m ultiply charged 
clusters leads them  to fragm ent into sm aller sizes. This 
phenom enon, called “ C oulom b explosion,” results from  a 
delicate balance betw een the electrostatic  in teraction  
which pulls the  charges ap art, and the cohesive energy

th a t binds them  together. M any experim en ts3'4 and 
model ca lcu la tio n s1,5 have been carried  out to study the 
m inim al num ber of atom s for which a m ultiply charged 
cluster is stable. W hile some of th e  early  experim en ts2 
suggested a critica l size of abou t 30 atom s for Coulom b 
explosion, recent experim en ts6 have indicated th a t some 
of the  doubly charged  noble-m etal trim ers m ay even be 
stable. T song4 has reported  th a t a doubly charged 
m olybdenum  dim er is stable w ith a binding energy of at 
least 1.2 eV. O ur system atic study of transition-m etal 
dim ers reveals th a t while C o2 + + , N i2 + + , P d2 + + , and 
P t2 + + are unstable, o thers belonging to group \ A  and 
V IA  a re  m etastab le . In particu lar, the activation barrier 
for M o 2 + + exceeds 2 eV and the probability  of its disso­
ciating  into two isolated ions is v irtually  negligible. In 
the following, we outline our theoretical m ethods and 
discuss the results in detail.

O ne of our studies is based on a sem iem pirical tight- 
binding ap p ro a ch 7 w here the to ta l energy is expressed as 
a sum  of the electronic term  E e, a sem iem pirical repul­
sive te rm  E r ,  and the  C oulom b energy E q '.

E = E e + E R + E C- ( 0

T he electronic term  represents energy gained as a result 
of form ation of m olecular levels from  the atom ic levels. 
Since the m ain source of binding in transition  elem ents is 
due to  d  bands, the electronic energy included con tribu­
tion only from  d  sta tes and was calculated  in a tight- 
binding fram ew ork. T he repulsive term  E r  representing 
core-core repulsion is taken in a B orn-M ayer form,

E r  =  y ^ 4 X exP ( — p R ij) /R o ,  (2)
‘,j

w here A  and p  a re  constants determ ined by the use of 
the bulk equilibrium  distance, cohesive energy, and bulk 
m odulus. R ij is the d istance between the ions and Ro  is 
the in te rpartic le  d istance in the bulk  phase. Finally, the 
Coulom b energy is taken as the energy of point charges 
located on two ions. O th er details of the calculations 
will be published in a forthcom ing paper.

In Fig. 1, we plot the to ta l energies (relative to two
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FIG. 1. Interaction energies of Ti2 + + , V2 + +, Cr2 + + , 
Fe2 + + , Co2 + + , and Ni2 + + 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 4d  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 d 9 (Ni) and d 8 (Co) atomic 
configurations. The barriers increase as one approaches 
the middle of the series, peaking at elements with d 5 
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 Ni2 + + 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 2 + + unstable. In Co2 + +, 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 Fe2 + + as two more electrons

FIG. 2. (a) Activation barrier and (b) the dissociation ener­
gy De for various 3d  elements. The dashed lines indicate that 
no data were obtained for the Mn system.

are rem oved from  the antibonding  orbit. In C r2 + + , 
which exhibits the m axim um  m etastab ility , all the eight 
d  electrons are  in the bonding state . Two additional 
electrons from  the bonding sta te  are m issing as one 
proceeds successively from  C r2 + + to  V 2 + + to T i2 + + . 
Since rem oval of bonding electrons favors an unstab le 
behavior, the  ba rrie r for T i2 + + (V 2 + + ) is less th an  th a t 
in V 2 + + (C r2 + + ). This provides convincing evidence 
th a t the electronic stru c tu re  plays a dom inant role in the 
stability  o f charged  dim ers.

In the tigh t-b ind ing  calculations, the  effects o f spin 
have been ignored. In neu tra l clusters o f C r2, for exam ­
ple, the role o f spins was found to be im portan t in b ind­
ing . 8 However, for doubly charged  clusters the role of 
spins is expected to  be a subtle effect in view of th e  large 
C oulom b repulsion energy. This view is fu rth e r substan ­
tia ted  la te r in this paper by explicit com parison between 
tigh t-b ind ing  and ab initio L C A O -M O  calcu lations in 
N i2 + + and M o2 + + . In M n, the m agnetic  in teraction  
also plays a dom inant role. Since we w ere unab le to  ob­
ta in  accu ra te  tigh t-b inding  param eters for M n, no calcu­
lations of M n 2 + + are presented. T he dashed lines in 
Fig. 2, therefore, reflect the  absence of any inform ation 
for M n.

In Fig. 3, we com pare the  to ta l energies as functions of 
d istance for C r2 + + , M o2 + + , and W 2 + + which belong to 
3d, Ad, and 5d  series, respectively. It is in teresting to 
note th a t the deepest po ten tia l well exists for M o2 + + . 
F u rtherm ore , the to ta l energy o f M o2 + + does not be­
com e less than  its m etastab le  m inim um  un til the M o ions 
are a t least 20  a.u. apart.
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FIG. 3. Interaction energies of Cr2 + + , Mo2 + + , and W 2 + + 
as functions of interparticle separation.

This unusual fea tu re  leads to a very small probability  
for fragm entation  of M o2 + + . W e have calculated  this 
probability  using the W K B approxim ation. In this ap ­
proxim ation, the transm ission coefficient is given by the 
expression9

T  = e x p - 2
h

f { 2  m l V ( r ) - E ] } ' n dr (3)

H ere m  is the effective mass, V ( r )  is the in teraction  po­
ten tia l, r is the distance between the atom s, and E  is the 
energy of the molecule. Each m olecule was taken in its 
lowest v ibrational sta te  (having zero-point energy). The 
lifetim e is then given by

r = \ / f T , (4)

w here /  is the v ibrational frequency of the molecule. For
V 2 + + , C r2- F e2
R h 2 + + , and I r2 + +

, N b 2 , M o2 , T a 2 , W 2 + + , 
our calculations predict lifetim es 

g rea te r than  IO50 s, suggesting th a t these molecules, once 
form ed in the ir lowest v ibrational states, have exceeding­
ly long lifetim es and, for all p rac tica l purposes, can be 
considered as “ stab le” molecules.

The validity of our conclusion, of course, solely rests 
on the reliability  of the tigh t-b inding  approach especially 
since the param eters in Eq. (2) are obtained from  the 
bulk da ta . To clarify  this am biguity , we have carried  out 
ab in itio  calculations based upon L C A O -M O  theory 
w ithin the density-functional fram ew ork. W e have 
chosen N i2 + + and M o2 + + as exam ples since the form er 
is unstab le while the la tte r  is stable.

The ab in itio  studies are based on the self-consistent 
m ultipo lar d iscre te-variational m ethod . 10 Basically, the 
m ethod involves a solution of single-particle equations

>
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FIG. 4. Binding energy of Mo2 + + and Ni: + + as functions 
of interparticle spacing based on tight-binding (continuous 
curve) and ab initio  (dotted curve) techniques.

w ithin the local-density fram ew ork with num erical free- 
ion functions. W e have used the Von B a rth -H e d in  form 
of the spin-dependent exchange-correlation potential and 
the free-ion functions 3s, 3p, 3d, 4s, and 4p  for Ni and 
4s, 4p, Ad, 5s, and 5p  for M o as basic sets. The deep- 
level core functions are frozen. W e found th a t such a 
freezing does not affect e ither the one-electron eigenval­
ues or the binding energy. F u rthe r, the above ionic basis 
sets are augm ented with overlapping m ultipolar func­
tions with / <  2 for a m ore accurate  representation of 
the charge distribution .

In Fig. 4, we com pare the to ta l energies of N i2 + + and 
M o2 + + obtained in the L C A O -M O  and tight-binding 
m ethods. N o te  th a t the ab initio  calculations produce 
the sam e behavior as seen in Fig. 1. This com parison 
gives confidence in the predictions of the tight-b inding 
calculations. By trea ting  the m olecules in the reduced 
Cooy sym m etry, we obtain  an an tiferrom agnetic  ground 
sta te  with M s = 0  for M o2 + + . As the in teratom ic d is­
tance shrinks from  7 a.u. (the location of the potential 
ba rrie r  peak) to 4.7 a.u. (the location of the m etastable 
m inim um ), the spin m om ent on each site decreases con­
tinuously from  its free-ion -like  value to 3.5^b- The d is­
sociation barrier, A = 2 .1 5  eV, and m etastab le equilibri­
um bond length, R e = 4 .7  a.u., are  in good agreem ent 
w ith the tigh t-b ind ing  (TB ) results (A = 2 .0  eV, 
R e = 4 .6 5  a.u .). This large activation barrie r indicates 
th a t the M o2 + + has to be raised to an energy of about
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2.0 eV before it can dissociate into two separate  M o + 
ions. This is consistent w ith Tsong’s 4 low -tem perature 
field-evaporation experim ent w here he observed th a t 
M o2 + + has a m inim um  binding energy of 1.20 eV. The 
d iscrepancy in the two curves in the 4 .5 -9 .0 -a .u . region 
m ay be a ttr ib u ted  to the fact th a t (a) the tigh t-b inding 
approach  neglects spin polarization  and (b) the self- 
consistent configuration of the M o + ions in the local 
spin-density approach is closer to  4</55.?0, while in the 
TB calculations, two d  electrons (not ^ electrons) are re ­
moved to form  M o2 + + . The presence of the m ore 
diffuse .s electrons allows for g rea ter overlap and shifts 
the TB  energy curve below the local spin-density curve. 
In N i2 + + both these effects are greatly  dim inished and 
the local spin-density and TB poten tia l surfaces are 
closer a t all in terionic distances.

A fu rth e r check on the reliability  of the tight-b inding 
results can also be m ade by com parison of the calculated 
binding energies and bond lengths of neu tra l dim ers with 
experim ent. For N i2 and M o2 the calcu lated  binding en ­
ergies and bond lengths in the tigh t-b inding  schem e are
1.2 eV, 2.4 A, and 5.2 eV, 2.5 A, respectively. These 
com pare well with experim ental v a lu es"  of 1.2 eV, 2.2 A 
(for N i2) and 4.2 eV, 1.94 A (for M 02). T he theoretical 
value8 using the se lf-consisten t-fie ld -L C A O  m ethod in 
M 02 is in m uch b e tte r agreem ent with experim ent. It is 
worth pointing out th a t T om anek et a l . 12 have calculated 
binding energies o f neural dim ers of N i, C u, P t, Ag, Au, 
and R h using the tigh t-b ind ing  approxim ation. T heir re ­
sults are in very good agreem ent with experim ent. Thus, 
we believe th a t the trends exhibited in Fig. 1 are in­
dependent of the approxim ations m ade in our ca lcu la­
tion.

In conclusion, we have carried  out a system atic study 
of the stability  of doubly charged transition-m etal d i­
mers. T he occupancy of the {/-electron levels is found to 
play a dom inant role in the fragm entation  process. 
W hile most of the doubly charged dim ers are m e tas ta ­
ble, there are clusters w ith nearly  filled cf-shell th a t un ­
dergo spontaneous fragm entation . In some dim ers, the 
activation barrie r against spontaneous fragm entation  is 
so large th a t the cluster could stay in the m etastab le

sta te  for, essentially, an infinitely long tim e. In such s it­
uations, experim ents w here tim e scales are short com ­
pared to  the lifetim e could m isin terp ret these states to be 
stable. E xperim ental verification of our predictions th a t 
clusters such as C o2 + + and N i2 + + are unstab le while 
doubly charged dim ers of group III, IV, and V are m e ta ­
stable are eagerly aw aited.
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