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An MRD-CI study of low .. Iying electronic states in CaF 
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Dipole moments and various spectroscopic constants of some low-lying electronic states of the CaF molecule have been calcu­
lated using the multireference single· and double-excitation configuration-interaction (MRD-CI) method. The electronic struc­
ture of the highly ionic molecule in various excited states can be explained in tenns of different polarisations of the mainly Ca­
centered valence electron in the field of the F- anion. Plots of natural orbitals occupied by the valence electron in the different 
states give a qualitative picture of the charge distribution and provide a visualisation of the different polarisations of the valence 
electron in the various states. Comparisons with the electrostatic polarisation model ofTörring, Ernstand Kändler (TEK model) 
are made. The unknown A' 2.1 state is predicted to lie about 21200 cm- 1 above the ground state. 

1. Introducdon 

In recent years, the application of high-resolution 
Iaser spectroscopy and molecular-beam techniques 
in the investigation of alkaline earth monohalides has 
provided a large amount of precise and detailed 
spectroscopic information [ 1 ] . The experimental 
data now available stimulated not only the appli­
cation ofvarious quantum-chemical methods in this 
field of research but also provided the basis for the 
development of simple semiclassic.al ionic-bond 
models which have been used successfully to de­
scribe and to predict ma-ny of the special features of 
group Ila monohalides. In a semiclassical approach, 
the electronic structure of the highly ionic alkaline 
earth monohalides is usually seen as a result of the 
mutual electrostatic interaction of a closed shell X­
halogenide anion, a closed shell Me2+ alkaline earth 
metal cation and an unpaired valence electron which 
is assurned to be mainly metal centered but strongly 
polarised in the field of the halogenide anion. 

One of the ionic-bond models using this approach 
is the electrostatic polarisation model of Törring, 
Ernst and coworkers [ 2 ] ( TK model ) . This model 
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has recently been extended and has been used even 
for treating low-lying excited states of the alkaline 
earth monohalides I I ] . The model predicts energies 
and electric dipole moments for all Ca, Sr, and Ba 
monohalides in good agreement with experimental 
data. lt is the goaloftbis Letter to give a comparison 
of results and their explanations provided by the TEK 
model and by large scale ab ini tio calculations using 
the MRD-CI package [ 3], while focusing on the 
charge distribution and the electronic dipole mo­
ments of some low-lying electronic states ofthe CaF 
molecule. 

The CaF molecule was chosen as a test system 
since, for this molecule, precise experimental data 
are available even for the excited states. Dipole mo­
ments of the X 21::+ (3.07 D) [ 4 ], A 2ll (2.45 D) 
[5], C 2ll (9.24 D) (5] and recently oftheB 21:+ 
( 2.07 D) [ 6] electronic states have been experi­
mentally observed by Stark spectroscopy. The elec­
trostatic polarisation model and a more sophisti­
cated ligand-field approach [ 71 have been used to 
give predictions of dipole moments and other prop­
erlies of various low-Jying electronic states of the Caf 
system. Ab initio calculations [ 8,9] for the X 21:+ 
ground state have been published but, to the best of 
our knowledge, no ab initio studies involving excited 
states have been reported so far. 

The present study presents ab initio calculations 
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fortheX 2l:+, A 2ll, B 2l:+, A' 2.1, C 2TI and D 2l:+ 
electronic states. For the A' 2.1, which has not been 
observed experimentally ( to date ), predictions for 
the ex.citation energy and the dipole moment are 
made. 

2. Technical details 

The AO basis set employed in the present calcu­
lations consists of 80 contracted Cartesian Gaussian 
orbitals. A ( 14s, 9p} Ca basis given by Wachtcrs [ 10 J 
contracted to [ 8s, 5p] was augmented with two ad­
ditional p (0.059, 0.01) and three contracted (5d)/ 
[3d] d functions [11] [ (4.4180, 1.3088, 0.3877), 
0.1148,.0.0340] as weil as with one f (0.2) function 
(exponents are given in parentheses). For fluorine, 
the Huzinaga [ 12] ( I Os, 6p) I [ Ss, 3p J contracted 
basis set [ 13 ] was enlarged by one additional p 
(0.0749) negative-ion function and one contracted 
(2d)/[ldJ d function (3.559, 0.682). Hence, the 
calci um atom is represented in a [ 8s, 7p, 3d, I f] ba­
sis set, while a [ 5s, 4p, l d J basis is used for the de­
scription of fluorine. To improve the convergence of 
CI wavefunctions, each state was calculated within 
a one-particle basis which was optimized for the given 
state. Canonical SCF orbitals from an SCF ca1cula­
tion of the given state were used for the X 2l: +, A 2II 
and A' 2.1 while higher electronic states were cal­
culated within a natural orbital (NO) basis. The ef­
fects of the various treatments are given elsewhere 
[ 14]. In order to account for correlation effects, 
multireference configuration-interaction wavefunc-

TabJe I 

tions were employed using the MRD-CI package [ 3]. 
In the Cl calculations, the seven valence electrons on 
fluorine and the electrons of the M and N shell of 
calcium are included in the correlation treatment. 
Hence, a total of 17 electrons are correlated in our 
calculations. For the X 2l:+ state, table l shows a 
comparison of our calculated spectroscopic param­
eters with those obtained in previous calculations by 
Langhoff, Bauschlicher, Partridge and Abtriebs 
(LBPA) [9]. In their calculations, calciurn is de­
scribed by a I arge ( l Os8p4d2f ) STO basis set. For 
fluorine, a ( 6s5p4d2f) STO basis was used. I t is seen 
that the basis set used in the present work seems to 
be sufficient. Taking higher than double excitations 
into account seems to be more important than using 
a larger basis set. 

3. Resalts and discussion 

Table 2 compares the calculated and observed 
spectroscopic parameters of the 1owest-Iying elec­
tronic states of the CaF molecule including the re­
sults for A' 2.1 which has not yet been observed. All 
Te values calculated for the excited states shown in 
table 2 are higher than the experimental ones. The 
deviation from experiment is smalJest for A 2ll ( 0.1 5 
eV/1186 cm- 1

) and highest for C 2ll (0.37/2549 
cm- 1 

). It increases with the amount of d orbital par­
ticipation in the different states ( the Mulliken pop­
ulation analysis ofthe different states can be seen in 
figs. I and 2). The problems in calculating excitation 
energies in molecules containing earth alkaline at-

Comparison of the calculated spearoscopic parameters of the X 2};-+- ground state with values from Langhoff, Bauschlicher, Partridge 
and Ahlrichs (LBPA) [9). 

Xl.I+ SCF sna MRD-Cl 

Re (au) LBPA 3.740 3.713 
thiswork 3.843 3.733 

Wc(cm- 1) LBPA 591 587 
this work 559 581 

p(D) LBPA 2.659 I) 2.590 b) 

thiswork 2.13 3.01 b) 

•) Evaluated for R=l 711 bohr. bl Evaluated for experimental.Re=3.689, see ref. ( 15]. 
cJ Re( [15]. dl Ref. [16]. e) Ref. [ 17]. 
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CPF Exp. 

3.716 3.689c) 

583 588.6 d) 

3.060 II 3.08 •l 
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Table 2 
Spectroscopic parameters of lowest-lying electronic states of CaF in comparison with experimental values 

State Tc (cm-1) Re (au) Wc (cm-1) Be (cm- 1) 

calc. exp. calc. exp. calc. exp. calc. exp. 

X zr,+ 0 0 3.733 3.689 ., 581.2 588.6 •> 0.335 0.344 •) 
A2n 17712 16526b) 3.699 3.689 b) 579.9 586.8 b) 0.342 0.343 b) 

ß2I+ 20069 18841 I) 3.736 3.695 a} 551.5 572.4 ., (0.335) 0.343 1 ) 

A' 2~ 24851 3.776 558.9 0.328 
c2n 32765 30216 C) 3.804 3.8oc> 518.5 481.7 b) 0.323 0.324 c) 

D zr,+ 32741 30772 b) 3.652 595.6 650.7 b) 0.350 

•> Ref. [15]. bl Ref. [16]. c> Ref. [17]. 
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Fig. I. Charge-density plots for the I states. Shown are the singly occupied natural orbitals of each state obtained from its own CI 
wavefunction. The molecule is oriented with fluorine at the origin and Ca at an intemuclear distance of + 3.69 bohr. The first contour 
line indicates I /3 of the maximum density, consecutive lines are obtained by a factor of I I .jlö. The Mullileenpopulation analyses of 
X 'I+ and B 2I+ are given. Since the D 2I+ possesses marked diffuse character, no populationanalysiswas perforrned. 
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Fig. 2. Charge-density plots for the A ~n (a) and C 2TI (b). For 
further explanation, see fig. 1. 

oms are weil known [ 18, 19] and can mostly be re­
duced to deficiencies in the description of the earth 
alkaline atom. When the Ca basis set is applied to 
the Ca atom, the first 3D atomic state is calculated 
tobe about 0.46 eV /3710 cm- 1 too high, while the 
first 3P state was obtained within an error of only 
0.07 eV. The reason for this behaviour is twofold: 
First, the basis set used in the present work is not 
flexible enough for describing the D states but even 
a large I 10s9p5d2fJ STO basis set only reduces the 
error to about 0.1-0.2 e V [ 18]. Partridge et al. [ 18 1 
found that the situation improves further if the in­
ner-shell correlation is not taken into account, but 
such a treatment would Iead to bond distances which 
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are much too lang [ 8,19]. Since the dipole moments 
in this particular treatrnent of CaF strongly depend 
on bond distance, a study of the charge distribution 
would be impossible in this approach. Taking into 
account the error made in the excitation energies of 
the atomic system, we expect the position of the A' 2 8 
to lie about 2000-3000 cm- 1 lower than calculated. 
The A' 2d state is unknown but it is expected to lie 
higher than 19500 crn -I r 20] according to ex.isting 
experimental evidence. The TEK model predicts a 
Te value of about 20000 cm- 1 but it is known to un­
derestimate the excitation energies of the higher states 
[ 17]. Hence, the best estimate for the position of the 
2.1 state is around 22000 cm- 1 on the basis of our 
present error evaluation. 

For the X 2I + ground state, our band length error 
is about 0.04 au. Tbe calculated Re values ofthe ex­
cited states are in better agreement. The calculated 
values for We and Be also agree weil ( see table 2) with 
experimental data. 

It is well known that calculated bond distances for 
molecular systems containing alkaline earth atoms 
are much too long wben the meta) ( n- l ) shell is not 
correlated [ 8,19) (in the Cl treatment). Valence 
electron singJe- and double-excitation CI (SDCI) 
calculations performed for the X 2I .. ground state of 
CaCI produced Re values which are 0.19 au Ionger 
than the corresponding experimental values [ 11 ] . 
Therefore, the 3s and 3p electrons of calciurn were 
included in our correlation treatment. However, 
similar to CaCI results, even the inclusion of the 
(n- J) shell of the meta1 (at the SDCI leve1) is 
shown lo yield bond lengths for the CaF rnolecule 
which arestill somewhat larger than the experimen­
tal ones. For CaCl, a bond Iength error of 0.049 au 
was obtained at this Ievel of theoretical treatment 
[ J l]. Similar results were also reported for CaH 
(X 2I+) [19]. 

The bond-contraction effect, when including cor­
relation ofthe M shell ofthe caJcium atom, is mainJy 
due to double excitations where one electron is pro­
moted from the M shell of calcium and one from the 
outermost shell of fluorine, since the contributions 
of these excitations vanish in the asymptotic Iimit 
[ 9]. Since these double excitations ( which are called 
pair-pair terms) account for a relatively small 
amount of energy, their importance may be under­
estimated in the presence of the large atomic cor-
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relation present in the M shell of calcium which is 
expected tobe nearly constant and not very sensitive 
to bond-distance changes [9,19]. These pair-pair 
terms seem tobe less important in the excited states. 

Table 3 shows a comparison of our theoretical di­
pole moments evaluated at experimental~ with ex­
perimental values as weil as the results provided by 
the TEK ionic-polarisation model [ 1 ] and those cal­
culated with a ligand-field approach [ 7}. The overall 
agreement of our calculated dipole moments is seen 
to be good for the I state. For the II states, some­
what larger deviations are found ( see table 3). In the 
ionic-polarisation model [ 1 ,2] of TEK the dipole 
moments are calculated according to 

p=qRe- (p.+ + Jl.-}' 

as a Superposition of a pure ion value produced by 
two point charges q representing the constituent 
building bloclcs Ca+ and F- of the CaF molecule at 
a distance equal to the intemuclear separation Re and 
the mutual-induced moments p+ and p-. p+ is the 
induced dipole moment at the metal produced by the 
action of the polarising field of the halogenide anion, 
p.- is the induced moment at fluorine produced by 
the field provided by the Ca+ cation. Since the in­
duced dipole moments are dependent on the ion po­
larisabilities and the ion polarisability ofea+ is rnuch 
larger than that of F- [ 1 ], the contribution of the 
induced dipole moment at the fluoride anion, Jl-, to 
the overall dipole moment is small in comparison to 
p+ and will be neglected in the following discussion. 

In all states except C 2il, /l+ accounts for a reduc· 
tion of the dipole moment from its pure ionic value 
of9.38 D. The unpaired electron at the metal is po-

Table 3 

larised away from the fluorine ion. The extent of this 
polarisation of the metal valence electron is different 
from state to state. Fig. 1 shows plots of natural or­
bitals occupied by the valence electron in the X 2! +. 

B 2!+ and D 2!+ electronic states. The molecule is 
oriented with fluorine at the origin and Ca at an in­
ternuclear distance of + 3.69 bohr. The plots nicely 
demonstrate the predominantly metal-centered 
character of the valence electron as weil as the large 
degree of polarisation which is highest in the D ·li + 
state. Here the large radical extent of the meta) va­
lence electron gives rise to a very large induced mo­
ment p.+ overcoming the pure ionic moment and 
yielding an overall negative moment which is cal­
culated to be -1.85 D. Table 3 also contains the 
contributions ( ( <IJirl t'P)) that the valence orbitals 
( see figs. 1 and 2 ) make to the overall dipole mo­
ment. It is interesting to compare these contribu­
tions with the values of ll+ provided by the ionic-po­
larisation model [ 1]. It is seen that botb are 
comparable in magnitude and show similar trends. 
This, and the fact that for the calculations of dipole 
moments CI effects are very srnall if an appropriate 
one-particle basis set is used [ 14], explain the sur­
prisingly good agreement ofthe dipole moments pro­
vided by this simple electrostatic model and 
experiment. 

The large difference between the dipole moments 
of the two 2II states has already been explained by 
assuming an opposite polarisation of the valence 
electron in both states [ 5] . Fig. 2 shows the natural 
orbital occupied by the valence electron in the A 2II 
and the C 2II state, respectively. It can be seen that 
in C 2II, the valence electron is polarised towards the 

Comparison of the talculated dipole moments (in D) with experimental values and results provided by the ionic-polarisation model of 
Törring, Ernst and K.ändler [ 2,5, 17) ( TEK) and a ligand-field approach [ 7) 

State Experimental Calculated •1 (fl>lrll/)) bl TEK p.-+ Ligand field fJ+ 

X 21:+ 3.07 e) 3.01 4.41 3.34 4.68 3.00 5.03 
A2JJ 2.45 d) 2.83 4.09 2.57 5.42 4.09 
8 21:+ 2.07 e) 2.21 4.93 1.59 6.58 5.71 
A' lt;. 7.37 0.0 7.73 0.0 1.51 
C2JJ 9.24d) 10.15 -2.97 9.21 -0.89 8.23 
021:+ -1.8S 8.73 

• , Ca1culated at the experimental intemuclear distance. bl Contribution ofthe meta) valenee electron . 
c) Ref. [4]. 41 Ref. [5). "'JRef. [6]. 
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Table4 
Calculated dipole moments (in D) as a function ofthe intemu-
cleardistanceR (bohr) 

R 

3.5 3.69 3.8 4.0 4.2 

X zp 2.35 2.93 3.26 3.89 4.51 
A 2n 2.49 3.00 3.33 3.87 4.45 
ß2I:+ 1.32 2.21 2.70 3.54 4.35 
A' 2.1 6.43 7.10 7.47 8.11 8.74 
C 2n 9.51 9.89 10.15 10.58 11.08 
D li:+ -2.04 -1.81 -1.67 -1.37 -1.05 

F- anion. The induced moment .u+ and ( cPI rl4>) 
are negative and small in this state. The resulting 
overall dipole moment is nearly equal to the pure 
ionic value of 9.38 D. 

The dipole moment of A 2.1 is calculated to be 7.37 
D. In this state, the valence orbital has purely dö 
character. The main part of the charge distribution 
is perpendicular to the band axis resulting in a small 
induced moment p.+ which diminishes the pure ionic 
value only to a small extent. 

Table 4 gives our calculated dipole moments as a 
function ofthe intemuclear separation R. Near equi­
librium geometry the dipole moments of all states 
increase monotonically as a steep and nearly linear 
function of R. The slope of the functions is about 3 
D /bohr for all states and similar to results obtained 
for the X 2I + ground state in previous calculations 
at the SCF ( 3.15 ) , SDCI ( 3.16 ) and cou pled pair 
functional ( 2. 91 ) Ievel [ 9]. Vibrational averaging of 
the dipole moment function was not perfonned since 
it was already shown tobe ofminor influence (0.1-
0.2 D) [9] and its effects are expected tobe negli­
gible compared to the errors resulting from the com­
putational treatment. 

4. Summary 

In the present work, Te values and dipole mo­
ments of the low-lying states of the CaF molecule 
have been studied. The calculated values agree weU 
with experimental results. For the A' 2.1 state which 
has not yet been observed, the Tc value is predicted 
tobe about 22000 cm- 1 and its dipole moment to 
be about 7.37 D. The reasons for the charge distri-
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bution found in the present calculations are similar 
to those given by the ionic-polarisation model of 
Törring, Ernst and coworkers [ 1,21. More detailed 
analysis of the TEK model, including the hyperfine 
coupfing constants of several states, will be pre­
sented elsewhere [ 21 1. 
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