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Abstract. The electronic spectrum of VCr has been
studied using the complete-active-space self-consistent
field complete-active-space second-order perturbation
theory approach. Potential-energy curves for 12 elec-
tronic states have been computed. Transition energies,
with respect to the X?A ground state, for some of the
calculated electronic states are (with possible experi-
mental values within parentheses) 0.53 eV (0.56) for
A’ZT, 1.03 eV (1.14) for A*A, 1.20 eV (1.14) for B2A,
1.45 eV (1.51) for B*A, 1.60 eV (1.51, 1.78) for C?A, and
1.61 eV (1.63) for A%,

Keywords: Complete-active-space self-consistent field/
complete-active-space second-order perturbation
theory — Potential-energy curves — Spectroscopic
constants

1 Introduction

Some years ago the electronic spectrum of Cr, was
studied using the complete-active-space self-consistent
field (CAS-SCF)/CAS second-order perturbation theory
(PT2) approach [l, 2]. Altogether 18 states were
calculated. Despite the complicated electronic structure
involving multiple metal-metal bonding the chromium
dimer was successfully described using this approach.
Through the calculations it was possible to give expla-
nations for or to verify some of the experimental results
that had appeared in the literature, for example, the
shape of the ground-state potential-energy curve.
When working on the electronic spectrum of Cr; the
experimental work by Casey and Leopold (using negative
ion photoelectron spectroscopy) [3] constituted a great
source of inspiration and information. Later on Alex and
Leopold did experiments on the VCr molecule using
similar techniques. The results of this work constituted a
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part of the thesis of Alex [4] and they have also been
published elsewhere [5]. Encouraged by the successful
calculations on Cr, and inspired by the experimental
results on VCr it was decided to also perform calculations
on VCr using the CASSCF/CASPT?2 approach.

One difference between Cr, and VCr, which will be
of importance in the calculations, is demonstrated in
Tables 1 and 2. Here the lowest atomic energy levels of
the chromium and vanadium atoms are collected. For the
vanadium atom the energy difference between the two
lowest states is only 0.245 eV. More important is that
they differ in the electronic configuration. The *F ground
state has two 4s electrons, while the °D first excited state
has only one 4s electron. The differing electronic con-
figuration is important in CASSCF calculations using
a small active space (3d and 4s). By using orbitals
optimized for one state the energy for the other state will
increase by about 2 eV from its optimized value.!

The discussion in the previous paragraph is of
importance when forming the molecular orbitals for
VCr. From the experimental atomic excitation energies
in Tables 1 and 2 the excitation energies for the lowest-
lying states of VCr at infinite separation can be calcu-
lated. These data are assembled in Table 3 together with
the molecular states. From a simple molecular orbital
picture the 3do orbitals form the least-bonding orbitals,
resulting in a 2A ground state for VCr. From Table 3
some interesting observations can be made. First, the 2A
ground state correlates with the (°D,’S) separated-atom
limit (therefore the energy of the °D atomic state of
vanadium was set to zero in Table 2). Thus, upon dis-
sociation the ground state of VCr will not separate into
the ground state of the vanadium atom. Second, from the
previous discussion it is clear that it is not possible to
describe the molecular states correlating with the (*F,’S)
and the (°D,’S) separated-atom limits using the same set
of orbitals. This might be problematic since some of the
molecular states are mixtures of (*F,’S) and (°D,’S). The
4A states give a good illustration. The state lowest
in energy is dominated by (*F,’S) at long internuclear

11.82 eV for *F and 2.26 eV for °D



Table 1. The lowest atomic energy levels of Cr

Configuration Designation Energy (eV)?
3d%4s 5G 2.544
3d*as? °D 1.003
3d4s ’S 0.941
3d34s S 0.000

4 Averaged over J and M; components. The energy values
(experimental) taken from Ref. [15]

Table 2. The lowest atomic energy levels of V

Configuration Designation Energy (eV)*
3d34s? ’D 1.517
3d34s? ’p 1.427
3d34s? G 1.080
3d34s? ip 0.920
3d*4s ‘D 0.781
3d*4s °D 0.000
3d34s? 4F —0.245

4 Averaged over J and M; components. The energy values
(experimental) taken from Ref. [15]

distances and (°D,’S) at short internuclear distances,
which can be explained by the fact that the state corre-
lating with (*F,’S) has one more electron in the 4s atomic
orbital (which is more diffuse than 3d). When the mole-
cule is formed there will be less screening of the nuclei
and the potential curve should become more repulsive at
longer distances than the potential curve for the state
correlating with (°D,’S). To describe the *A states
properly with a small active space is difficult especially at
intermediate distances where the molecular orbitals are
changing considerably. The two *A states correlating
with (*F,’S) and (°D,’S) thus can be considered as two
local minima with a high barrier in between on the
CASSCF  surface (as a function of configuration
interaction coefficients and molecular orbitals).

From the previous discussion one can conclude that
the calculation of the lowest-lying electronic states of
VCr might be more problematic than that for Crp, at
least at intermediate bond distances. However, at equi-
librium bond distances it should be possible to perform
accurate calculations and to obtain accurate spectro-
scopic data for a number of electronic states.
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2 Methodology

The computational model used for calculating the
electronic spectrum of VCr is similar to the one used
for Cr, [2]. CASSCF wave functions were formed by
distributing 11 electrons in the 3d and 4s derived active
orbitals (keeping the inactive ls,2s,2p,3s, and 3p
derived orbitals doubly occupied) either in single-state
calculations or in state-average calculations (see later).
The remaining dynamical electron correlation energy
was obtained through second-order perturbation theory
(CASPT2) [6, 7]. To the Fock matrix, defining the
zeroth-order Hamiltonian, a correction (denoted g; in
Ref. [8]) was added for an enlargement of the energy gap
between active and secondary orbitals. Further, the
correlation of 1s,2s, and 2p electrons was ignored and
relativistic corrections were added at the CASSCF level
of theory using first-order perturbation theory. The
main differences between the calculation on Cr; [2] and
the present calculation on VCr are

1. g-type functions were included for VCr.

2. The 3s and 3p electrons were not correlated for VCr.

3. Intruder states in the CASPT?2 calculation on VCr
were removed by introducing a level shift operator
(0.30 H) in the zeroth-order Hamiltonian [9].

Although the computational model used for Cr, gives
results in agreement with many experimental data (one
exception is the bond length of the ground state, which
is in error by 0.035 A) it was shown in a later study on
the ground state and the second excited 3T state that
the results suffer from a large basis set superposition
error (BSSE) [9]. This affects mainly the binding energy,
which is decreased by about 0.3 eV when the BSSE is
taken into account (see the basis A results in Table 4).
In the same study the effect of including two g-type
basis functions on properties of Cr, was demonstrated
(see the basis B results in Table 4). With g-type
functions included a better agreement with experiment
of the bond length and binding energy of the ground
state is obtained and these are now in error by 0.007 A
and about 0.1 eV, respectively. The transition energy to
the second excited 32:[ state is also improved; however,
the vibrational frequencies deteriorate and deviate from
experimental values by about 100 cm~! owing to too
large an increase in energy in the region between the

Table 3. Separated-atom limits

and molecular states for VCr Separated-atom limit

Energy (eV)*

Molecular states®

4 The energy values taken from

Tables 1 and 2 4F, 5S
® Molecular states derived using D, 7S
the Wigner—Witmer rules, as 4R, 7S

1.517
1.427
1.080
1.003

0.941
0.920
0.781
0.758

0.696
0.000
—0.245

682+ 68H G,RA

6827 68H

682+ 68H 68A 68(1) 681—‘
2468102+(3) 2468102 2) 2468101—[(4)

246810A(3) 246810(1)(2) 2468101"
2468102+ 2468101—[ 246810A

4681027 46810H
468102+ 468101-[ 46810A
2468z+(2) 24682 (3) 24681-[(5) 2.4.6.8A(4)

2468(1)(3) 24681"( ) 2468H
246827 24681‘[ 2468A 2468(1)

2,4,68,10, 122+ 2,4,6,8,10, 12H 2,4,6,8,10, 12A
468102— 468101‘[ 46810A 46810(1)

described in Ref. [16]
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Table 4. Properties of two states of Cr;. The effects of including the basis set superposition error (BSSE), g-type functions, and 3s and 3p

electron correlation are demonstrated

Method? Shift® (H) Basis® re (A) AG; (em™) Dy (eV) T, (eV)
The X'E; ground state:
CASPT2+RC +3s3p¢ 0.20 A 1.714 467 1.422 0
CASPT2+ RC+3s53p+BSSE¢ 0.20 A 1.724 450 1.144 0
CASPT2+ RC +3s3p +BSSE¢ 0.20 B 1.686 535 1.538 0
CASPT2+RC 0.30 C 1.669 589 1.577 0
Exp. - - 1.679° 452¢ 1.443 £0.056" 0
The second 3=} excited state:
CASPT2+ RC + 3s3p¢ 0.20 A 1.656 591 0.923 1.80
CASPT2+ RC+3s3p + BSSE! 0.20 A 1.663 564 0.602 1.84
CASPT2+ RC+3s3p+BSSE¢ 0.20 B 1.643 667 1.003 1.79
CASPT2+RC 0.30 C 1.659 687 0.822 1.85
Exp. - - 1.65+£0.02¢8 5748 - 1.76#

4 4+ RC: relativistic corrections are included (see text); +3s3p: 3s and 3p electron correlation effects are included, + BSSE: basis set

superposition error is included
® The size of the level-shift operator for removing intruder states [9]

¢ A: atomic natural orbital (8s7p6d4f) [1]; B: atomic natural orbital (8s7p6d4f2g) [9]; C: atomic natural orbital (6s5p4d3f2g) [10]

d Ref. [9]
¢ Ref. [17]
f Ref. [18]
¢ Ref. [3]

3d-3d and 4s—4s binding [9]. Except for the vibrational
frequencies the inclusion of g-type basis functions
improves the spectroscopic properties of Cr, and they
seem to be important for obtaining accurate bond
lengths.

The disadvantage of the computational model de-
scribed earlier and in Ref. [9] is that the BSSE has to be
calculated, which leads to quite cumbersome calcula-
tions. However, as was shown in Ref. [9] a major part of
the BSSE stems from correlating the 3s and 3p electrons.
By excluding the 3s and 3p electron correlation the BSSE
is rather small (around 0.05 eV at equilibrium) and there
is no need to calculate it. Therefore an atomic natural
orbital basis set of the size 6s5p4d3f2g from Ref. [10] was
selected and calculations of the ground state and the
second excited 3= state of Cr, were repeated without
the inclusion of 3s and 3p electron correlation. The re-
sults are shown in Table 4 (see the basis C results) and
they are in comparable agreement with the previously
discussed basis B results which included 3s and 3p elec-
tron correlation. The errors compared with experimental
data are 0.01 A in bond lengths, 150 cm~! in vibrational
frequencies, and 0.1 eV in transition energies. This last
procedure seems to be a good compromise between
accuracy and computational cost and it is the one which
is going to be adopted for the calculation of the elec-
tronic spectrum of VCr. As was demonstrated in the Cr,
calculations good accuracy can be expected for bond
lengths and transition energies. For vibrational fre-
quencies, the errors can be as large as 150 cm ™.

About 30 points on each potential curve were com-
puted with a spacing of 0.05 au around the minimum.
The vibrational Schrédinger equation was solved by
numerical integration and spectroscopic constants were
computed by a least-squares fit to the calculated vibra-
tional energy levels. Since the intruder states have been
removed the accuracy for calculating spectroscopic
constants should be good using this procedure. For

some states there are two minima on the potential curve
and for those cases the calculated spectroscopic prop-
erties refer to the inner minimum.

The calculations were performed using the MOLCAS
version 4.0 quantum chemistry software [11].> However,
due to curve crossings a multistate version of CASPT2
[12], not included in MOLCAS version 4.0, was used for
two electronic states.

3 Details of the calculation

Following the discussion in the introduction VCr ought
to have a 2A ground state. From Table 3 it is clear that
the separated-atom limit for the lowest 2A state is
(°D,’S). One A component spans the same irreducible
representation as X7 in C,, and an energy-average
CASSCEF calculation, using the same set of orbitals, for
X2A and A’X" was performed followed by CASPT2
calculations for each of the two states.

The same procedure as previously was initially used
for the corresponding quartet states (A*A and A*T™);
however, since there are altogether three A states and
three ™ states in Table 3 with one electron in 4s for
each of the two atoms in the separated atom limit
[(°D.)’S), (*D.,’S), and (°D,’S)] an energy-average
CASSCEF calculation for A*A, B*A, C*A, A*X™, B4,
and C*T"™ was performed followed by CASPT2 calcu-
lations for each of the six states. By starting at infinite
distance (using orbitals from the doublet calculation, for
instance) it was straightforward to generate the entire

2 Owing to problems in calculating natural orbitals in the CASSCF
program (part of the restricted-active-space (RAS) SCF program)
this part of the code was omitted. This is possible since the whole
inactive space is frozen in the CASPT2 calculations, giving a well-
defined second-order energy no matter which orbitals are used as
long as the CASSCF energy is converged



potential curves (from long to short bond distances)
even though the six states were not lowest in energy at all
distances. The CASPT2 potential curves for the A*A and
A*TT states from this six-state energy-average calcula-
tion are almost parallel to the corresponding curves
obtained in the two-state energy-average calculation
and in the following only the results from the six-state
calculation will be discussed.

For obtaining more low-lying doublet states the same
procedure as that described previously for the quartet
states was attempted. An energy-average CASSCF cal-
culation for the two 2A and the two 2X* states with
separated-atom limits (°D,’S) and (°D,>S) was per-
formed. However, at short internuclear distances the 2A
and 2Z7" states highest in energy interfere strongly with
one state and two other states, respectively. Instead an
energy-average CASSCF calculation for X2A, A%XZ™,
B’A, and C’A was performed for short internuclear
distances. The other X" states are higher in energy. This
calculation presented some difficulties. Firstly, for the
strongly interfering B>A and C?A states a multistate
version of CASPT2 [12] had to be used for avoiding
crossings. Secondly, the C?A state correlates with high-
lying atomic states at the separated-atom limit, pre-
sumably (°D,’G), and therefore it was hard to continue
the calculations at intermediate and long bond distances.
Thirdly, the energy difference at the CASPT2 level of
theory between the X?A and A’X" states is larger
(0.15 eV at equilibrium distances) than in the two-state
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calculation discussed at the beginning of this section. In
the following X?>A and A?X" refer to those resulting
from the two-state calculation.

In order to calculate all the lowest-lying electronic
states the IT states also have to be considered. The A’IT
and A*IT states correlating with the (°D,’S) separated-
atom limit were obtained in single-state CASSCF
calculations (followed by CASPT2). However, to not
break the axial rotational symmetry the point group
was reduced to C, and the IT states were obtained by
making an energy-average CASSCF calculation for the
two IT components (IL, and II,) in the actual calcula-
tions.

From the procedure described previously hopefully all
the lowest-lying states of VCr should be obtained.
However, for a complete picture states correlating with
the separated- atom limit (*F,’S) should also be studied.
An attempt was made to calculate the A*X™ state in a
single-state calculation. However, owing to large molec-
ular rotations (the CASSCF did not converge) it was only
possible to calculate the potential-energy curve for bond
distances smaller than 3.75 au, a distance somewhat
larger than the optimal bond length for that state.

4 Results and discussion

The results from the calculations discussed in the
previous section are summarized in Fig. 1 and Tables
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Table 5. Spectroscopic con-

stants of electronic states of State Te D e AGy) I I No.v*
SIV32Cr. Obtained with the (A) (eV) (cm™1) (em™) (eV) (em™)
complete-active-space self-
consistent-field (CASSCF) CAS cizt 1.870 — 357 334 3.42 27554 3
second-order perturbation B4Z+ 1.756 0.276 511 496 2.73 22040 5
theory method using an atomic C*A 1.819 0.415 446 446 2.70 21747 5
natural orbital (6s5p4d3f2g) A*TT - - - - - - -
basis set. 35 and 3p correlation ~ A*EZ" 1.870 0.572 395 371 1.69 13639 3
effects are not included. A4T” 1.934 - 564 - 1.61 12962 1
Relativistic corrections are C2A 1.727 — 858 803 1.60 12943 10
included A’TT 1.796 0.754 503 449 1.51 12150 3
B*A 1.733 1.557 822 776 1.45 11703 10
B2A 1.832 - 607 559 1.20 9687 10
% The number of vibrational A%A 1.893 1.230 475 445 1.03 8325 5
levels used to determine spec- ATt 1.605 1.730 803 765 0.53 4299 10
. pec X2A 1.720 2.262 568 557 0.00 0 10
troscopic constants
Table 6. Dominant configura- T -
tions in the CASSCF wave- State Configuration® Weight
function for electronic states of
VCr. At the internuclear dis- cixr (3da 3d”):(3d5)2( do’), (450*? 0.29
tance of 3.3 au. To calculate the (3do 3”1“)3(3”1‘5) 1( &*)2 (4s0) (4517 ) 0.15
natural orbitals the keyword (3dm 3d0)4(3d‘) Z ( SO’? (450'*2 0.06
SDAV in the restricted-active- B*T* (3da 3d7f)4(3d5)2(450' 24 )1 0.41
space SCF program was set to (3do)_(3dm)’(3d0) (3d6™) (4so) (4so* ) 0.10
between 2000 and 4000. The C*A (3do 3d7z)4(3d5)2(3d5*)1( s0)! (456" ) 0.52
energies of the states were (3da 3d7z)4(3d(5) (3d5*)1( 50)" (4sc* ) 0.13
obtained with between two and ~ A*TI (3da)* (3dn)* (3dd)* (3d5")" (4s0)* 0.50
eight accurate decimals A*T* (3da 3dn)4(3d(>) (3d5*)! (4s0)! 0.29
(3do 3d7z)4(3d5) (3d5* l)1(4so—)2 0.16
(3do 3d7z)4(3d(5) (4s0)" (4s0™)! 0.07
AT (3do 3dn)4(3d(>) (4s0) 2g4sa*)' 0.71
C2A (3do 3dn)4(3da) (3d0°) (4sa)2 0.32
(3de)?(3dn)* (3d0)’ (4s0)! (456%)" 0.10
(3do 3dn)4(3d(>) (450)* (4sc™)" 0.15
AT (3do 3dn)*(3da) (4s0)* 0.51
BA (3de)*(3dn)*(3d6)> (3d5*21(4s o)’ 0.37
(3do 3dn)4(3d(>) (450)" (450" )" 0.20
B2A (3de)*(3dn)* (3d5)> 1(3d0°) (450 )? 0.25
(3do)’ 2 3d7z)4(3d(3) (4s0)" (4s0™)" 0.14
(3d0 3dn)*(3do)’ (4sa)2g4sa*)' 0.17
A*A (3do)? 3dn)4(3da) (3d5")! (4sq)* 0.24
(3do)? 3d7z)4(3d(3) (4s0)" (4s0™)" 0.25
(3do 3dn)4(3d5) (45‘0’)2(456*)1 0.08
* For the A and X" states the A2S+ (3de 3dn)4(3d()) (4s0)? 0.49
3do and 4s¢ natural orbitals are (3do 3d7z)4(3d(3) (3do 2 45(r 0.11
almost equal mixtures of atomic ~ x2A (3do 2 3d7r)4(3d5) (4s0) 0.57

3d and 4s orbitals

Table 7. Experimental data of electronic states of ! V32Cr. From
Ref. [4]

we (cm™1) AG) > (em™") T, (eV) No. +*
571 £8 565 +20 1.63 6
758 + 38 708 + 20 1.51 4
460 + 10 440 + 20 1.14 5
715+ 11 688 + 15 0.56 7
520+ 8 505+ 10 0.00 10

4 The number of vibrational levels used to determine spectroscopic
constants

5 and 6. The potential-energy curves in Fig. 1 and the
corresponding spectroscopic constants (Table 5) are
based on results obtained at the CASPT?2 level of theory
including relativistic corrections (see Sect. 2), while an

analysis of the electronic wave functions at the internu-
clear distance of 3.3 au (summarized in Table 6) is based
on results at the CASSCEF level of theory. For Fig. 1 it
should be mentioned that the energy plotted is the
electronic energy difference to the separated-atom limit
(°D,’S); however, for the B?A and C?A states the
position of the curves is related to the minimum of the
X2A curve. Further, for the A*X~ state the calculated
small fragment of the potential-energy curve is not
included in Fig. 1; however, it was possible to calculate
some spectroscopic constants from it and they have been
included in Table 5.

In Fig. 1 the position of the measured states (relative
to the ground state) from the work by Alex and Leopold
[4, 5] is indicated by dotted lines. The basis of only
transition energies (with errors of the order 0.1 eV)
possible candidates for the measured states are A>X" for



the first state, A*A and B2A for the second state, and
B*A, A1, C?A, A*Y", and A*T" for the third and
fourth states.

Now a more detailed analysis of the measured and
calculated states will follow. The experimental data for
the five measured states (including the ground state) are
collected in Table 7. These data are useful for further
identification of the measured states. Starting with the
vibrational frequencies the ground state is in error by
about 50 cm™!; the first excited state (A’X") is in error
by about 90 cm~!. These errors can be expected from the
calculations. The vibrational frequencies for the second
measured excited state fit with both A*A and B?A and
are in error by about 5 and 120 cm™!, respectively, for
AG) ;. From these data it is hard to exclude any of the
two states and from Table 6 it is clear that their wave
functions are similar. Maybe this measured second ex-
cited state consists of two states. With similar arguments
the third measured excited state should consist of the
two states B*A, and C?A, whose wave functions are
similar and whose fundamental vibrational frequencies
are in error by about 70 and 100 cm™!, respectively,
from the measured value. For the states discussed so far
the calculated vibrational frequencies are larger than the
measured values. If the same holds for the measured
fourth excited state none of the remaining states in Ta-
ble 5 would do. A presumptive candidate would be the
A*Y™ state, whose calculated vibrational frequency is
within the error bars of the experimental value.

The remaining issue to discuss is the bond lengths.
The experiments by Alex and Leopold do not provide
absolute values of the bond lengths but only values rel-
ative to the bond length of the ground state of the VCr
anion. However, the calculated bond lengths of the XA
and A%X" states (1.72 and 1.60 A) agree well with the
values (1.70 and 1.61 A) obtained in the local density
study by Mattar and Doleman [13].

Further support for some of the calculated values is
the rotationally resolved spectrum of VCr by Sickafoose
et al. [14]. They obtained ry = 1.7260 = 0.0011 A for
the ground state, which fits nicely with the calculated
value r. = 1.720 A for the same state. Further, they
identified an excited state at 14371 cm™! (1.78 eV) with
ro = 1.7201 £0.0011 A. This state fits well with the
calculated C?A state with . =1727 A and T, =
12943 cm™~! (1.60 eV).

5 Conclusions

The electronic spectrum of VCr, altogether 12 states, has
been calculated using the CASSCF/CASPT?2 approach.
The calculated spectrum has been useful in identifying
electronic states that appear in the experimental work by
Alex and Leopold using negative ion photoelectron
spectroscopy [4,5]. However, if the identification is
correct there still remain issues that need clarification.
For example, from the experimental data of two of the
excited states it should be possible to identify two more
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electronic states with similar energies. The calculations
have shown that at the position of the second and third
measured excited states there are *A and A states close
in energy and with similar wave functions.

The purpose of the present paper has been not only to
generate a number of electronic states for aiding the
explanation of experimental data, but equally well to
present a methodology for calculating potential-energy
curves for first-row transition-metal dimers. The
CASSCF/CASPT2 method is in this respect successful
but as has been illustrated in the present paper the
possibility to include more orbitals in the active space is
desirable and perhaps would make it possible to describe
electronic states correlating with (*F,’S) and (°D,’S)
using the same set of orbitals. For example, for the V
atom the inclusion of the 4d orbitals in the active space
reduces the numbers 1.82 and 2.26 eV discussed in the
introduction to 0.42 and 0.83 eV, respectively. For mole-
cules, in order to use such large active spaces, a more
restricted wave function than the CASSCF, for example
the RASSCF, would have to be used. A corresponding
RASPT?2 program would then have to be constructed.
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