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The Fe2 molecule is a typical transition metal dimer which has a rather large dissociation energy 
and a small bond distance compared with the inter-nuclear distance in the crystalline metal. We 
have investigated the Fe2 molecule with multireference self-consistent-field (MCSCF) and mul
tireference configuration interaction (CI) calculations. The dissociation energy (De), the equi
librium nuclear distance (Re)' and the zero-point frequency (we) were calculated (with ob
served in parentheses) as 1.57 (1.30±0.22) eV,2.06 (1.87 to 2.02) A, and 260.9 (299.6) cm- I

, 

respectively. Thus the agreement between experiment and calculation is very satisfactory, and is 
a marked improvement on previous theoretical studies. The contribution of the d electrons to the 
bonding is important and a proper description of correlation effects among the d electrons is 
indispensable. 

I. INTRODUCTION 

In general, the equilibrium nuclear distances of the 
transition metal dimers are much shorter than the bond 
distance of nearest neighbors in the corresponding metals. 
For Fe2' which is studied in the present paper, the inter
nuclear distance (Re) in an EXAFS study is 1.87 AI in an 
argon matrix and 2.02 A 2 in a neon matrix. This contrasts 
with the internuclear distance in solid Fe of 2.48 A, a 
difference of 25%. The resonance Raman spectrum shows 
a fundamental frequency for the ground state of 299.6 
cm -I. 3,4 The electronic ground state of Fe2 has been stud
ied by several spectroscopic methods as well as theoretical 
studies; it is appropriate to consider the main possibilities 
first. First principles and the theoretical calculations de
scribed below suggest that three configurations for the 
ground state of Fe2 can be considered, these have (4sag ) 2 
in all cases, together with (a) 3d14; 3ds are totally bonding, 
(b) 3dl

\ 3ds are totally nonbinding, and (c) 3d l3 

+ (4sau) \ respectively. 
The earliest experiments used to address the electronic 

structure problem were the Mossbauer spectrum;4-6 this 
shows an isomer shift consistent with a smaller 4s popula
tion (~1.5e) which is very near to that of solid Fe. The 
smaller 4s population of Fe2 was also found by Shim and 
Gingerich7 in the first ab initio study, who also showed that 
50 excited states lay in the energy range 0-0.1 eV above 
their 71::.u ground state. The molecule was thought to have 
a single bond utilizing the 4sag MO [category (b)]. 

The two photoelectron spectral bands of Fei under 
electron detachment spectroscopic conditions,8 show vi
brational structure with a common frequency and enve
lope. The first band is assigned to a transition between the 
ground states of both Fei and Fe2, while the second is 
assigned as a transition to an excited state of neutral Fe2. 
The absence of more bands is significant, since the free Fe 
atom has a number of low-lying states. This suggests that 
the atomic character is absent, and that the d electrons 

strongly contribute to the bonding. The authors8 suggested 
that the anion to Fe2 ground state was represented by 
the process: (4sag )2( 4sau ) I (3d) 14 ..... (4sag )2( 4sau )O(3d) 14. 

The vibrational frequencies of the anion (250 cm - I) and 
the ground state (300 cm - I) (from the hot bands) were 
indicative of strong bonding in both cases. 

The visible absorption spectrum of Fez shows three 
bands, the lowest two of which show long progressions 
(195 and 200 cm- I ), which indicate that both the upper 
states are harmonic9 in common with other related dimers. 

Density functional lO and Xa (Refs. 11,12) calculations 
indicate that the first configuration (dI4

; totally bonding) 
is a good representation of the ground state; this is in con
trast to post-Hartree-Fock calculations7

,13,14 which suggest 
that all three candidates given above are significant con
tributors. However, the density functional and Xa calcula
tions used a single configuration state function (CSF), 
whereas the post-Hartree-Fock (HF) calculations were 
full valence CI, full valence MCSCF, or multireference CI. 
Thus the most elaborate post-HF calculations l3 used mul
tireference configuration interaction calculations with a 
large basis set. The ground state of Fe2 was found to be 
dominated by the 3d l4 (totally; bonding) CSF; the correct 
bond distance of 2.02 A was obtained, and the 4sa g MO 
was found to be nonbonding, in contrast to the results of 
Shim and Gingerich. Further, the calculations gave a pos
itive binding energy of 0.94 eV relative to the Fe atom 
3d74s1 state, but failed to give the positive binding energies 
relative to the 3cr4; atomic ground state. This unsatisfac
tory situation is the focus of the present work, where more 
extensive calculations of the Fe2 ground state are per
formed. 

II. BASIS SET AND ATOMIC ENERGIES 

A. Basis set 

The basis set for the atom is a new (lOs,6p,4d) basis of 
Slater type functions (STFs) constructed for this investi-
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Noro et a/.: Ground states of Fe2 453 

TABLE I. Basis set for Fe2 10s6p4d Slater type functions for Fe (3d)6(4s)2 SF. 

s type 
Is 33.264 951 Is 24.726647 2s 16.077 289 3s 16.086963 
3s 11.221 863 3s 5.460 1477 3s 3.6659944 38 1.5328528 
38 0.99279696 3s 0.74504950 
p type 
2p 18.584132 2p 11.502048 2p 9.2942148 2p 5.1780037 
2p 4.5319588 2p 2.6251436 
dtype 
3d 10.091785 3d 5.2250541 3d 2.711 8986 3d 1.3766670 

Correlating functions 

pI 2p 1.487 for 3d electrons 
p2 2p 1.009 for 4s electrons 
p3 2p 0.504 for 4s electrons 
dl 3d 0.0706 for 3d electrons 
/1 4/ 3.785 for 3d electrons 
f2 4/ 1.284 for 3d electrons 

Comparison of Hartree-Fock and present basis 
Basis set Total energy (a.u.) €3d €4s 

10s6p4d -1262.4424 -0.64750 -0.25878 
10s( 6p+ 3p) (4d + Id)' -1262.4429 -0.64699 -0.25830 
12s8p&P -1262.4436 -0.64689 -0.25818 

Energy separation between Fe (3d)6(4s)2 S D and (3d)7(4s) 1 SF 

IOs(6p+3p) (4d+ Id)' 1.80 eV 
12s8p6d' 1.80 

aAdditional three 2p and one 3d are STF's for the correlating functions. In order to determine the 2p STF's 
for 48 correlations, we first calculate (481 rl4s) and exponent of a single 2p is determined by the foJlowing 
equation: (4sl rl4s) = (2n+ l)/2~, where n=2 and (4sl rl4s) =3.504. The b" is found to be 0.7135. Divid
ing or multiplying b" of 0.7135 with v'1 we get 0.504 and 1.009 listed in the table. By the same way we get 
two p-type correlating orbitals for the 3d electrons whose exponents are 2.974 and 1.487 and larger one is 
disregarded since it is close one (~=2.6251) of the 2ps which construct atomic SCF. Tabulated 4/ and 3d 
correlating orbitals are those for 3d electrons where one of 3d is disregarded since the calculated exponent 
1.413 is close to one of 3d (b"= 1.3767) of atomic SCF. 

"see Ref. 15. 

gation. The total energy for the Fe(3d)6(4s)2 5 D atomic 
state is -1262.4424 a.u., which is 0.0012 a.u. higher than 
the HF limit l5 (Table I). In addition to these STFs we add 
three 2p, one 3d, and two 4/ STFs, as shown in Table I 
( footnote), in order to further allow for correlation effects 
among the 4s and 3d electrons. The SCF calculations on 
the (lOs,6p+3p,4d+ Id) atom now gave a calculated total 
energy only 0.0007 a.u. above the true HF ground state. 
We have also calculated the 5 F (3d7 4sl) state with the lat
ter basis set; the energy separation between 5 D and 5 F is 
the same as in HF calculations where the exponents were 
optimized for the respective states; this shows the present 
set is flexible (see Table I). 

B. Atomic energies 

In the present paper we study the ground state of Fe2 
in the symmetry subgroup C oov , using the ALCHEMYIl 
code,I6-18 where this symmetry is fully utilized. However, 
in practice, the orbitals can be readily mapped onto D ooh 

symmetry, and since it is conceptually more simple to use 
these symbols, hereafter we will use the full representation 
to discuss the electronic structure of Fe2' We note that the 
SCF energy in Coov is slightly lower than that of the full 
atomic symmetry. Also, under these circumstances, the Fe2 

molecule dissociates into two C ooV atoms if full CI calcula
tions are not performed. The results of atomic CI calcula
tions in Ceov are listed in Table II. 

III. THE MCSCF RESULTS 

Following our previous work,13 we have performed 
multireference-configuration self-consistent-field (MC
SCF) calculations where all the 3d and 4s valence electrons 
are active and the full valence configurational space is ac
tive in the CI. The states selected were 7L;, 7 au, and 7 ag , 

and the MCSCF wave functions are spanned with 344,512, 
and 509 CSFs, respectively. The lowest two or three solu
tions were solved by using the state averaging procedure 
for each state. Results of the MCSCF calculations are 
shown in Table III and also in Fig. 1. We have obtained 
two groups of the solutions [(a) and (b)]. In group (a), we 
began the sequence of calculations at the large nuclear 
distance of 10 a.u. The lowest and second lowest states of 
the respective symmetries of 7L ;, 7 au, and 7 ag are corre
lated to (4s)2(3d)6 5 D. They have the electronic configu
rations of (3d) 12( 4sug )2( 4suu) 2 and they give repulsive po
tential curves. Although we do not show the coefficients of 
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454 Noro et al.: Ground states of Fe2 

TABLE II. Results of CI calculation on energy separation between Fe(3d)6(4s)2 S D and (3d)7(4s) I sF 
in CooY ." 

Basis function 1Os9p5d2J 
Basis 

sF_sD 

Method U 1T /j Energy (a.u.) (eV) 

SCF 26 13 7 -1262.4454 1.85 
Internal External Dimension 

SD-CIb 
U 1T /j U 1T /j 

Full-extI.e 2 9 10 6 46859 - 1262.583 73 0.81 
332(NO)d 2 3 3 2 2392 -1262.55409 1.03 
332(ANo)e 2 3 3 2 2392 -1262.491 37 0.80 
Expt. 0.88f 

"Assumed configurations for sD and SF are U 2U1T2/j3 and UU1T 3/j3. Total energies of SF for SCF, full
external SD-CI, 332(NO) SD-CI, and 332(ANO) SD-CI are -1262.37755, -1262.55406, 
-1262.51661, and -1262.461 84 a.u., respectively. 

hrhe electrons in 1-5u, 11T, and 21T orbitals are treated as frozen orbitals in all CI calculations. 
eIn this SD-CI all the virtual orbitals are treated as external orbitals where one and two electron excitations 
are permitted. 

dUsing three u, three 1T, and three /j natural orbitals in external space obtained from the CI with full-ext!. 
given in (c) and exciting one and two electrons from the reference configuration, we have performed CI 
calculations on the respective states. 

eWe first performed a CI calculation where two electron excitations are allowed for three u, three 1T, and 
three /j external orbitals and one electron excitations are allowed for the remaining orbitals. Using three u, 
three 1T, and three /j natural orbitals in external space, we performed SD-CI which is designated as 332 
(ANO; approximate NO). 

fSee Ref. 19. 

TABLE III. Potential curve calculated by MCSF.a 

The states correlated to (3d) 6 ( 4s) 2 S D 
R (a.u.) Ist-7l:; Ist-7 

Au 18t_7 
Ag 2nd-71:; 2nd-7Au 

3.5 -0.64877 -0.65199 -0.65464 -0.64365 -0.64121 
4.0 -0.77703 -0.76951 -0.76649 -0.76707 -0.76143 
4.5 -0.82887 -0.82688 -0.82447 -0.82523 -0.82126 
5.0 -0.85545 -0.85539 -0.85401 -0.85042 -0.851 39 

10.0 -0.89124 -0.88687 -0.88742 -0.88594 -0.88503 
00 -0.89088 -0.89088 -0.89088 -0.89088 -0.89088 

The states correlated to (3d) 7 (4s) I SF 
R (a.u.) Ist-71:; Ist-7 

Au 1st-7 
Ag 2nd-7l:; 2nd-7Au 

3.5 -0.67089 -0.70527 -0.67852 -0.64228 -0.63081 
4.0 -0.72920 -0.74461 -0.73406 -0.72381 -0.71885 
4.5 -0.75506 -0.75867 -0.75508 -0.75188 -0.75021 
5.0 -0.76347 -0.76252 -0.76112 -0.76009 -0.75965 
5.5 -0.76400 -0.76142 -0.760 69 -0.760 43 -0.760 37 
6.0 -0.761 32 -0.75879 -0.75824 -0.75850 -0.75823 
00 -0.75509 -0.75509 -0.75509 -0.75509 -0.75509 

Calculated spectroscopic constant for the states correlating to S D De relative to 
State R.(A) TE (a.u.)b We (cm- I ) 

Ist-7l:; 2.791 -2524.764 51 149.2 
Ist-7 au 2.696 -2524.76261 133.0 
1st-7 ag 2.744 -2524.76154 143.7 
2nd-71:; 2.780 -2524.76099 148.4 
2nd-7Au 2.794 -2524.760 86 153.6 

aFor the first and second parts of the table -2524.0 a.u. is subtracted from the total energy. 
bInterpolated value. 

J. Chern. Phys., Vol. 100, No.1, 1 January 1994 

SF (eV) 

0.26 
0.20 
0.18 
0.16 
0.16 
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Total energy 
·0.55 ,---------------~ 

(a.u.) 

·0.65 

·0.75 

·0.85 

Potential curves ofFe2 with MCSCF 

Converged to sF + sF 
#'" 1st 'a,. 

~ ...... -==-======-~ 1st 71:.: 

I S s=--='-==a=~C~on~v:::erged to sD + sD 
Con~erged to F + F -:- 1st 7 a. 

1st a,. -O.071a.u. " 1st '1:.+ 
.0.95 I--~--r-~_,_~-r_~__r-:.::-~___l 

3.0 4.0 5.0 6.0 7.0 8.0 

Nuclear distance (a.u.) 

FIG. 1. The potential curves for Fe2 calculated with MCSCF. 

the important configurations, the atomic character holds 
for group (a) even at short bond distances, which makes 
the potential curves repulsive. 

In group (b), we began the calculations at a bond 
distance of 5 a.u. and the solutions converged to the 
( 4s) 1 (3d) 7 5 F atomic states at infinite separation. The so
lutions found were completely different from those of 
group (a). They have a minimum around 2.7 A, and the 
electronic configuration for these states is represented by 
(3d) 14(4SO"g) 2. The lowest state is 7l:;; followed by a sec
ond 71:l.u state. The results are the same as those of the 
full-valence like CI calculation of Tomonari and 
Tatewaki. 13 In Table IV, we select 71:l.u and show the im
portant configurations at 3.5(1.85), 5.0(2.65), and 10.0 
a.u. (5.29 A). The potential curve rises slowly at small 
internuclear distances (Fig. I) where the correlation ef
fects are expected to be important. Near the minimum the 
CSFs which describe the wave function at the separation 

TABLE IV. Important configurations for first 7 d. in MCSCF. 

Configurations Distances (a. u. ) 

su, dUg su. du. d1T. d1Tg dOg do. 3.5 5.0 10.0 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Important CSFs (coef. > 0.1) 

2 
2 
2 
2 
2 
2 

0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2 
1 
0 

1 
2 
2 
2 
2 
2 

1 

3 
4 
4 
3 
3 

3 
2 
2 
3 
3 

2 2 
4 2 
3 3 
3 3 
2 4 
2 2 
3 3 
3 3 
3 3 

2 
3 
3 
2 
2 
3 
2 
3 
3 
2 
4 
3 
3 
3 

2 
2 
2 
3 
3 
4 
3 
2 
2 
3 
3 
3 
3 
3 

coefficient> 0.1 

0.13 
-0.80 

0.11 

-0.30 

-0.11 

0.25 
0.25 

-0.15 

0.26 
-0.51 

-0.11 
-0.32 

0.19 

-0.11 
0.29 
0.39 

-0.17 
-0.33 
-0.13 
-0.15 

-0.13 

-0.13 

0.15 
-0.16 

0.22 
o 2 4 2 2 1 3 2 0.10 
1 2 3 3 -0.14 0 3 3 

2 3 3 0.19 0 3 3 
3 3 4 2 -0.27 
3 3 2 4 0.27 

Other 25 CSFs for 10.0 a.u. are not shown to save the space. 

limit, lose their importance, and others become dominant 
(Table IV). The (4sO"g)2(3dO"g)2(3dO") 1 (d1T )4(d1T )2 

(dfjg)3(dfju)2 is the most important CSF at th~ shoJer 
bond distances, where the number of the d electrons in the 
bonding orbitals is greater than that in the antibonding d 
orbitals. This is a contrast to the wave functions of group 
(a). Here, we add an important fact; before calculating the 
molecule with the Coov symmetry, we have performed full
valence CI calculations, using D2h symmetry with a large 
GTF set. When we solved only the first solution we found 
that the most important electron configuration for the state 
was (3d) 1\ 4sO"g)2( 4sO"u) 1 which was parallel to that of 
Leopold and co-workers l4 and when we solved a couple of 
roots we found that these solutions had configurations near 
to (3d) 14( 4SO"g) 2; resulting eigenvalues were very close 
with each other. This suggests that when many states are 
energetically close, the iteration process of solving the 
Hamiltonian matrix, which requires several times larger 
trial vectors than those of the solutions, brings consider
able remixings of the solutions. We feel that if such a small 
change (change in the number of solutions) affects the 
characteristics of the solutions, we need to take steps to 
make the contamination of the configurations as small 
as possible; we therefore use the Coo v symmetry. 
Instead of converging to (3d) 12( 4SO"g)2( 4sO"u) 2 or 
(3d) 13 (4SO"g) 2 (4sO"u) I, which dissociates into (3d)6(4s)2 
+ (3d)6(4s)2, or (3d)6(4s)2+(3d)7(4s)1 at the infinite 
nuclear separation, the first solution converged to 
(3d) 14(4SO"g) 2. We feel that the solution with 
(3d)14(4sO"g)2 is a strong extremum in the present full
valence configurational space; in order to obtain the group 
(a) of (3d) 12( 4sO"g)2( 4sO"u) 2 we had to begin the calcula
tion at a very large internuclear separation and had to use 
the initial guesses of the molecular orbitals strongly related 
to the atomic (3d)6(4s)2 5 D state. The configuration 
(3d) 14 (4sO"g) 2 at the shorter bond distances is reasonable 
since 3d electrons shield the nuclear repulsion more effec
tively than 4s electrons. 

The two groups of the potential curves in Fig. 1 cross 
between 3.5 and 4 a.u. At infinite nuclear separation, the 
MCSCF approximation shows that the respective groups 
converge to two respective atomic Hartree--Fock states of 
5 D and 5 F. Table II shows that the calculated separation of 
(3d)6( 4s)2 5 D and (3d) 7 (4s) 1 5 F by SCF is 1.85 eV while 
that from experiment is 0.88 eV,19 a step which indicates 
that the orbital set and CI calculations which properly 
describe the separation of 5 D and 5 F are desirable. 

IV. LARGER-SCALE CI CALCULATIONS 

First, we discuss the atomic states in the CI calcula
tions where the molecule is dissociated. Since we will use 0", 

1T, and fj orbitals in the molecular CI calculations, we cal
culate the atoms with these orbitals. The STF atomic basis 
was 1Os9p5d2 I; the number of active atomic orbitals were 
26, 13, and 7 for 0", 1T, and l5, respectively, and the 1-50" 
(ls,2s,3s,2pO",3pO") , 11T(2p1T), and 21T(3p1T) were treated as 
a frozen core. The 6-70"( 4s,3dO") , 31T(3d1T), and 1l5(3dl5) 
were treated as internal occupied orbitals and the remain-
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456 Nora et al.: Ground states of Fe2 

TABLE V. Electronic structure by larger CI for 7 Au. 

Reference configurations 

Conf. sag dag sau dau 

a 2 2 0 2 
b 2 2 0 
c 2 2 0 I 
d 2 I 0 2 
e 2 0 2 

f 2 0 I 

Infonnation on the orbitals 
Number of internal orbital 
ag au 'lTu 'IT, 15g 
2 2 1 1 1 
Number of external orbital 
4 2 4 2 3 

Total energies 

R(a.u.) CI(a.u.) 

3.5 -2524.98072 
4.0 -2524.99554 
4.5 -2524.99454 
5.0 -2524.985 61 
co -2524.98274 

d'IT. d'ITg 

3 3 
4 2 
3 3 
3 3 
2 4 
3 3 

15. 
1 

CI+Qa(a.u.) 

-2525.03398 
-2525.03992 
-2525.03040 
-2525.01688 
-2524.98981 

d15g d15. 

2 2 
3 2 
2 3 
3 2 
2 3 
3 3 

No. of 
CSF's 

2 
2 
I 
3 

Weight of 
RCSFs (%) 

83.74 
84.73 
86.46 
87.40 

Calculated spectroscopic constant for the states correlating to 5 D 

Re (A) TEa Ct/.(cm- 1) 

D. relative to 5 D 
(eV) 

CI 2.220 - 2524.996 60 219.5 0.38 
CI+Q 2.058 -2525.040 34 260.9 1.57 (1.37)b 

1.30±0.20 Expt. 2.02 or 1.87 299.6 

aInterpolated value. 
bI.57=TE(Fe2,CI+Q)-2TE(Fe,CI);1.37=TE(Fe2,CI+Q)-2TE(Fe,CI+Q). 

ing orbitals (8-26a, 4-13'IT, and 2-70) were treated as the 
external orbitals where one and two electron excitations 
were allowed. We call this full-external CI. 

The reference was (3d) 6 ( 4s) 1 and the dimension of CI 
was 46 859 for the 5 D atom and the total energy was 
-1262.5837 a.u. A similar calculation performed for the 
5 F state gave an energy separation between 5 D and 5 F of 
0.81 eV, which is very close to experiment (0.88 eV). Since 
the dimension of the Fe2 molecular CI calculation was 
expected to be very large, some truncation of the size was 
sought, but one which did not lead to poor agreement with 
experiment. Using the resulting natural orbitals, we first 
truncated the external orbitals from (19a, lO'IT, and 60) to 
(3a, 3'IT, and 20) and performed a CI called 332(NO); the 
calculated 5 DI5 F energy separation remained satisfactory, 
with a value [Table II, 332(NO)] of 1.01 eV. This is to be 
expected, in view of the full-external CI and the use of the 
resulting natural orbitals. In the molecule, the above pro
cedure is hardly performed since the dimension of CI be
comes much larger because of larger number of the refer
ence functions and available molecular orbitals. Next we 
performed a CI calculation which used three a, three 'IT, 
and two 0 external orbitals and used the remaining orbitals 
(16a, 7'IT, and 48) as higher orbitals where only one elec
tron was able to be excited. Using the resulting three s, 
three p, and two d external natural orbitals, we performed 

CI calculations which are designated as 332(ANO) in Ta
ble II. The energy separation between 5 D and 5F was 0.80 
eV, again close to experiment and to the full external CI. 
This provided a good starting position for the molecular 
calculations. 

An Fe2 molecular calculation similar to the atomic 
332(ANO) CI was sought, but it was also desirable to 
perform CI calculations which include the important con
figurations around the minimum, as well as the configura
tions responsible for describing the dissociation limits. 
However, this was expected to exceed our available com
puter facilities and a compromise had to be sought. The 
final selection was the six configurations (ten CSFs) given 
in Table V. The method of determining the correlating 
orbitals merits a brief discussion. In the first CI phase, the 
occupied orbitals mainly composed of Is, 2s, 3s, 2p, and 3p 
were treated as a frozen core. The orbitals spanned mainly 
by 4s and 3d functions were internal orbitals; the four ag, 

two au, four 'lTu, two 'lTg, three Og' and one Ou (six a, 
six 'IT, and four 0 in C""v) were external orbitals; all 
other higher orbitals were included, but only single 
excitation was allowed. We first chose the 
(sag)2(dag)2(dau) 1 (d'IT u)4(d'ITg)2(dog) 3(dou )2 configura
tion as a reference, which is the most important for 7 au in 
the MCSCF calculation at short distances. The starting 
MOs are the MCSCF orbital of group (b) and the dimen-
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Total energy 

·4.95 ~---------------, 
(a.u.) 

Ground state of Fe2 ; 7/). u 
·4.97 

·4.99 

·5.01 

·5.03 
~-CI+Q 

·5.05 +---r---..----,----,r-----.--~ 
3.0 3.5 4.0 4.5 5.0 5.5 6.0 

nuclear distance (a.u.) 

FIG. 2. The potential curve for the ground state of F~ with large CI. 

sion of this CI was 433 563. On the basis of the occupation 
numbers, we choose four O'g' two O'u' four 1T'u, two 1T'g' 
three Og' and one 011 external natural orbitals, as the exter
nal orbitals for a larger CI. Finally, we performed CI with 
ten reference CSFs given in Table V. This CI has a dimen
sion of 424877, and is similar to the 332(ANO) CI for the 
Fe atom. The potential curves for the ground state with 
and without Langoff correction,2o which are denoted as 
CI + Q and CI, are given in the same table and also in Fig. 
2. The calculated dissociation energies relative to the 
ground state (3d)6(4s)Z 5 D atoms by CI and CI+Q are 
0.38 and 1.57 eV, respectively. The latter is close to the 
experimental value of 1.30±0.20 eV,2! One may wonder 
the larger effect of the quadruple excitations (Q). As 
shown in the table, the weight of RCSFs is small especially 
for the shorter bond distances, a step which suggests that 
the RCSFs are insufficient especially for the shorter bond 
distances and that the increase of the RCSFs would re
duce the effect of Q; for example, the inclusion 
of (3d) 13 (4sO'g) 2( 4sO'II) I[ (sag) Z (sO' II) I (dag) 2(da II) ° (d1T' 11)4 

(d1T'g)2(dog)3(doll )2 given in Table III] may decrease the 
effects of Q. The equilibrium nuclear distance and we are 
2.06 A and 260.9 em-I, respectively, to be compared with 
the observed values of 1.871-2.02 A2 and 299.6 cm-I,3 
respectively. The theoretical calculation of Re lies closer to 
that in the Ne2 than the Ar matrix. 

All these calculated results are in good agreement with 
experiment, and we feel that the present calculations give 
satisfactory theoretical explanations of the binding of Fe2 ; 

the binding mainly arises from the correlation effects 
among the 3d electrons, confirming the conclusions given 
by Leopold and Lineberger8 and Tomonari and 
Tatewaki. 13 The occupation numbers of the natural orbit
als give the following electronic configuration for the 
ground state 

The sum of the occupation numbers for the d bonding 
orbitals (8.04e) exceeds that for the d antibonding orbitals 

(5.80e). In the external correlating orbitals lOag, 6, 71T'u, 
and 3, 41T'g' we found that the contribution of the f-STFs 
was rather large. 

Finally we compare the present results with those of 
Tomonari and Tatewaki. The previous ab initio multiref
erence CI calculation predicted that De= -1.29 eV rela
tive to 5 D, Re=2.02 A, and Ctle=448.5 cm- I

• The differ
ence in the spectroscopic constants comes from (1) a 
difference in the reference configurations-important con
figurations a and f in Table V were not included in the 
previous calculations and (2) a difference in the orbitals
no f-STFs in the previous calculations. 

We have concentrated on the ground state properties 
around the minimum. As is apparent from Fig. I,the 
ground state should be correlated with Fe (3d)6(4s)2 5 D, 
and we disregarded configurations which lead 5 D. We 
recall that in the MCSCF approximation the ground state 
smoothly dissociates to Fe (3d)7(4s)1 sF. The reference 
functions which are required to describe 5 F at infinite 
separation and some important configurations at 
the shorter bond distances such as 
(sag)z(sau) I (dag)z(da

ll
)o(d1T' u)4(d1T'g)2(dog)3(dSu)2 and 

(sag)z(sa u)o(dag) I (da u) I (d1T' 11)3 (d1T' g) 3 (dSg) 3 (dSu) 3 are 
also disregarded. Further investigations are necessary to 
describe adequately the whole of the Fe2 potential curves. 

V. CONCLUDING REMARKS 

We have investigated the ground state of Fez with MC
SCF and multireference CI calculations. The calculated 
dissociation energy (De), the eqUilibrium nuclear distance 
(Re), and the zero-point frequency (Ctle) are 1.57 eV, 2.06 
A, and 260.9 em-I, respectively, while the observed De' 
Re, and We are 1.30±0.20 eV,21 1.87,12.02}"",2 and 299.6 
cm- I ,3 respectively. The agreement is very satisfactory. It 
is important to describe the correlation effects among the d 
electrons effectively; the reference functions as well as the 
correlating orbitals need to be selected with care. We per
formed MCSCF calculations to obtain these reference 
functions and performed a fairly large CI calculation with 
a single reference function to define the necessary correlat
ing orbitals. It was also found that the inclusion of f func
tions in all 0', 1T', and S correlating orbitals is indispensable. 
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