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Abstract
The ﬁrst absorption band in the photofragmentation spectroscopy of Srþ CO, is recorded in the energy region between 15 600 and 16 200 cm1 . The spectrum is characterized by a sharp peak between two zones with broad peaks. In
contrast to this, the second absorption band observed in the energy interval of 19 000–23 000 cm1 shows a regular
vibrational structure accompanied by a low intensity shoulder which covers the energy up to the dissociation. Electronic
multi-reference conﬁguration interaction calculations in the 2-D nuclear conﬁguration space with the CO bond frozen
provide a qualitative explanation of the spectra.
Ó 2003 Elsevier B.V. All rights reserved.

1. Introduction
The optical absorption spectra of Srþ CO have
been measured by photofragmentation spectroscopy of mass selected ions. The Srþ (CO)n clusters
were formed in a molecular beam apparatus via
the injection of a plasma plume produced by a
laser ablation of a Sr target into a supersonic expansion of CO gas into vacuum. After the separation of Srþ CO cation with a mass gate, using a
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tunable OPO laser system absorptions were recorded in the energy range of 15 600–16 200 cm1
and in the region of 19 000–23 000 cm1 . The ﬁrst
band is attributed to transitions from the ground
electronic state to the states associated with 42 D
manifold of strontium cation, and the second one
is due to transitions to the 52 P states of strontium.
Srþ in its ground electronic state has one electron in the 5s orbital, hence a 2 R state in the C1v
symmetry group of Srþ CO. The ﬁrst excited
atomic states are the 42 D which are split into one
2
R; 2 P and 2 D, and the 52 P which are split into
one 2 R and 2 P. The experimentally recorded
spectra are presented in Fig. 1. These two spectra
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Fig. 1. The optical absorption spectra of Srþ CO for transitions
from the ground electronic states to the manifold of states
originated from the Srþ (42 D) (a) and Srþ (52 P) (b) (see text).

are remarkably diﬀerent, although both show
bands with some vibrational structure. The low
energy spectrum, Fig. 1a, consists of two zones
with broad peaks and a sharp peak between, and it
spans an energy interval of about 500 cm1 . The
high energy spectrum, Fig. 1b, shows sharp regular
progressions separated by approximately 200
cm1 , in an energy interval of 4000 cm1 . The most
characteristic feature of Fig. 1b is the decrease of
the intensity from 21 000 to 23 000 cm1 .
For a system such as Srþ CO several phenomena
contribute to the complexity of the spectrum. These
are the spin–orbit and the non-adiabatic, Renner–
Teller, splitting of the 2 P states. For the latter, the
twofold electronic degeneracy for linear conﬁgurations of the nuclei is lifted in triangular geometries
and two separate adiabatic potential energy surfaces dictate the dynamics of the complex. In the Cs
symmetry group the two states give A0 and A00 irreducible representations, respectively. To ﬁnd out
the morphologies of the potential energy surfaces
(PES), electronic structure calculations are required. Finally, although we cannot determine the
temperature of the initially formed clusters some hot
bands are expected and these could explain the small
peaks that appear among the main ones in Fig. 1b.
In a recent article [1] (herein referred to as letter
I) we dealt with the high energy spectrum of
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Srþ CO, 12 R ! 22 P. We carried out electronic
conﬁguration interaction calculations to produce
potential energy surfaces as functions of the Srþ –
CO stretch and bend coordinates with the CO
bond length frozen. These calculations revealed
the existence of a bistable species with strontium
either bonded to the carbon-end or to the oxygenend of CO in collinear geometries. Furthermore,
by solving the time dependent Schr€
odinger equation and employing single adiabatic PES, we simulated the vibrational spectrum. We showed that
the progressions observed are mainly due to Sr–C
and Sr–O stretch overtones. However, in order to
explain the broadness of the low intensity shoulder
it was necessary to accept excitations of the Srþ –
OC bend mode as well.
In the present Letter we mainly concentrate in
the study of the low energy spectrum of Srþ CO,
12 R ! 12 P. In spite of its short range (500 cm1 )
which makes a quantitative agreement with the ab
initio calculations diﬃcult, the theoretical results
can elucidate the main spectral features.

2. Results and discussion
The time of ﬂight apparatus as well as experimental details were presented in previous publications [2]. Also, in letter I we described in detail
the ab initio electronic structure calculations.
Here, for completeness, we give a brief description
of the methods and basis sets employed.
The computations of the electronically excited
states were performed with the multi-reference
single- and double-excitation conﬁguration interaction method, MR-CI, implemented in the
Molpro 2000 package of programs [3]. The contribution of higher excitations is estimated by
applying a generalized Langhoﬀ–Davidson correction formula.
The MR-CI calculations are performed in the
Abelian subgroup C2v for collinear geometries and
Cs for triangular geometries. As (multi-)reference
space we have chosen all possible conﬁgurations
which can be created in each irreducible representation within an active space of nine r orbitals
and three p orbitals. The number of reference
conﬁgurations per irreducible representation was
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in the range of nine A0 and ﬁve A00 . An analysis of
the molecular orbitals (MO) involved in these
reference conﬁgurations justiﬁed the prior choice
of the active space.
Moreover, the geometry of Srþ CO in the
ground electronic state has been fully optimized
using spin-restricted singles and doubles coupled
cluster calculations with a perturbative inclusion
of the connected triple excitations RCCSD(T).
For carbon and oxygen we used the correlationconsistent triple zeta basis set of Dunning [4–7]
augmented by two d- and one f-polarization
functions. For strontium atom we used the 10valence-electron quasi-relativistic eﬀective core
potential (ECP) from the Stuttgart group [8] in
conjunction with the correlation-consistent triple
zeta basis set of Dunning [4–7]. The chosen basis
set is ﬂexible with respect to polarization and
electronic correlation and is considered to be fairly
balanced for all states treated.
Using Jacobi coordinates, the vector ~
R from the
center-of-mass of CO to Srþ , the vector~
r joining the
nuclei C and O the length of which is kept ﬁxed at
, and the angle c between them, we com1.201 A
puted the PES in the ðR; cÞ plane in the range of
 and c ¼ 0–180° for all states pertinent to
R ¼ 2–5 A
the spectra. The total grid comprised 31 distances
and 19 angles. Furthermore, we have ﬁtted the ab
initio points by analytical potential energy surfaces
as series in a bicubic B-spline expansion. Routines
from the NAG library [9] are used which combine
the spline representation with a least square ﬁt for
ﬁnding the coeﬃcients in the expansion. The root
mean square deviations are from 0.01 to 0.1 eV.
Instead of showing contour plots of the adiabatic PES, for the purpose of this Letter it is more
useful to plot potential curves as functions of the
Jacobi angle c, minimizing the energy with respect
to R, (Fig. 2b), and the bond length of Srþ –C, for
c ¼ 0, Fig. 2a. In Table 1 we tabulate the equilibrium bond lengths, binding energies, vertical
transitions and dissociation limits for the carbonbonded isomer. All energies are measured with
respect to the dissociation limit of the ground
electronic state, Srþ (52 S) + CO(1 Rþ ), for which the
zero energy is deﬁned. Similar data for Srþ collinearly approaching the O end of CO were presented in letter I.

Fig. 2. (a) Potential energy curves for Srþ coaxially approaching the carbon atom. (b) The minimum energy paths in
the potential energy surfaces of Srþ moving around CO. c ¼ 0
corresponds to the carbon side, and c ¼ 180° to the oxygen side.
The zero of energy is deﬁned for the dissociation limit,
Srþ (52 S) + CO(X1 Rþ ). The arrow denotes the vertical transition
from the equilibrium geometry of the ground electronic state to
the 2 D manifold of states.

In the last column of Table 1 we compare the
calculated dissociation limits with the experimental excited states of Srþ [10]. We see that the 42 D
states are overestimated by 0.3 eV whereas the 52 P
states are underestimated by 0.1 eV. The calculations reveal linear absolute and relative minima for
all states except the repulsive 32 R. In the ground
electronic state the binding energies are 0.15 and
0.21 eV for the carbon-bonded and oxygen-bonded isomer, correspondingly. Thus, the binding of
strontium to the oxygen side results in a slightly
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Table 1
Strontium–carbon equilibrium bond lengths (re ), binding energies (Eb ), vertical transitions (Te ) and dissociation energies (Ed ) for Srþ –
CO
State

re

Eb

Te

Ed

12 Rþ
12 P

3.31
2.42

0.149
1.510

–
1.781 (1.937)a

12 D
22 Rþ
22 P

3.10
3.12
2.96

0.198
0.226
0.666

1.992
2.094 (1.971)a
2.423 (2.380)c

32 Rþ

–

–

3.704

0
2.146 (1.805 42 D3=2 )b
(1.839 42 D5=2 )b
2.132
2.154
2.830 (2.940 52 P1=2 )b
(3.040 52 P3=2 )b
2.815

The zero energy corresponds to Sr (5 S) + CO( R ) with calculated energy )143.239223 Hartree. Energies are in eV and distances
. The distance of CO was kept ﬁxed at 1.201 A
. The numbers in parentheses are experimental results.
in A
a
The ﬁrst high intense peak in the spectrum of Fig. 1a.
b
Excitation energies of Srþ from [10].
c
The ﬁrst high intense peak in the spectrum of Fig. 1b.
þ

2

1

þ

more stable complex. On the other hand, in the
12 P state originated from the 42 D manifold of Srþ ,
the binding energies are 1.51 eV for the C-bonded
and 0.62 eV for the O-bonded isomer. The vertical
transitions from the equilibrium geometries of
both isomers in the ground electronic state to 12 P
state are 1.781 and 1.928 eV for the relative and
the absolute minima, respectively. The numbers in
parentheses (Table 1) are the energies of the ﬁrst
intense peak in Fig. 1. The bond length of CO in
the ground electronic state of Srþ CO complex was
, which is larger than the bond
found to be 1.201 A
). Energetic
length of the free molecule (1.128 A
and geometrical characteristics for all PES are given in Tables 1 and 2 of letter I.
Table 2
Energies and symmetries of the vibronic levels in the 12 P state
of Srþ CO
vb

KSz

E (cm1 )

1
1
2
2
2
0
1
1
0

R1=2
D5=2
P3=2
P1=2
U5=2
P3=2
R1=2
D3=2
P1=2

570
537
530
529
490
352
289
280
67

vb denotes the bending vibrational quantum number and KSz
the projection of the total angular momentum on the z-axis.

We immediately notice from Fig. 2a the large
contraction of the equilibrium bond length of Srþ –
C in the 12 P state. Absorptions are dipole moment
allowed to 12 P and to the 22 R state but not to the
12 D state. From Table 1 we estimate the energy
diﬀerence between dissociation and the vertical
transition in the 12 P state to be 0.37 eV, i.e.,
comparable to the diﬀerence between the calculated dissociation energy and experimentally observed energies of strontium cation. This deprives
us of a quantitative comparison with the experimental spectrum. Nevertheless, the potential
curves do predict excitations close to the dissociation limit which justiﬁes the short absorption
bands observed in spite of the deep minimum of
the 12 P state. We also notice the crossing of this
state with the electronic ground state near the
equilibrium geometry. Excitations from the isomer
Srþ OC are predicted to be even closer to the dissociation limit (1.928 eV) according to our calculations.
The decreasing intensities in the ﬁrst zone of the
recorded spectrum is in accord with a dissociating
species. In order to explain the other features of
the spectrum, a sharp peak and the second broad
zone which indeed shows a similar pattern as the
ﬁrst one, we must study the spin–orbit and Renner–Teller interactions. These require us to investigate the role of the bending motion in the
complex. In Fig. 2b the minimum energy paths are
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depicted for the isomerization Srþ CO ! Srþ OC
computed for the electronic states in question. We
have assigned the potential curves according to the
Cs symmetry group. For linear geometries we expect the 2A0 and 1A00 states to become degenerate,
12 P. The same with the PES associated with the
12 D and 22 P states. In good approximation the
degeneracy is satisﬁed for the Srþ CO (c ¼ 0°), but
to a lesser extent for its isomer Srþ OC (c ¼ 180°).
The energy diﬀerence between the 2A0 and 1A00
states dictates a moderate non-adiabatic interaction for the 12 P state, whereas for the 12 D state the
splitting is negligible. These features enable simple
computations for the vibronic structure accompanied with the spin–orbit coupling in the framework of the perturbation theory. Such a theory has
been recently presented for the 2 P and 2 D states
[11,12].
The harmonic bending vibrational frequency x
for the mean potential 12ðV þ þ V  Þ, where V þ and
V  are the adiabatic potentials for the 2A0 and 1A00
states, is estimated to be 220 cm1 . Thus, it is
comparable in magnitude with the spin–orbit
coupling constant of Sr, which is about A ¼ 300
cm1 (see [10]). In the frame of perturbation theory
the vibronic energy levels are distinguished into
two classes according to the quantum number K,
the projection of the total angular momentum
excluding spin on the z-axis. The ﬁrst class corresponds to K ¼ vb þ 1 and are given by [11]:
1
KðK þ 1Þ
;
E ¼ ðvb þ 1Þx þ Sz A  2 x2
8
ðx  Sz AÞ

ð1Þ

where vb is the bending quantum number and Sz is
the quantum number for the projection of the
spatial and spin electronic angular momentum on
the z-axis.  is the Renner dimensionless parameter
computed to be 0.321. All other vibronic levels are
given by the formula:
E1=2 ¼ ðvb þ 1Þx  Sz A
"
1 2 2 ðvb  K þ 1Þðvb  K þ 3Þ
 x
8
4ðx  Sz AÞ
#
ðvb  KÞ2  1 ðvb þ 1Þ2  K 2


:
4ðx  Sz AÞ
Sz A

ð2Þ

Employing these formulae we obtain the vibronic levels up to 600 cm1 tabulated in Table 2.
Assuming that only the lowest vibrational level of
the ground electronic state, 12 R, is populated, the
vibronic transitions to K ¼ 0 (parallel bands) and
K ¼ 1 (perpendicular bands) of the 12 P electronic
state are allowed. The latter are expected to be
generally at higher intensity, which are non-vanishing at linear geometry. The most intense bands
should correspond to the unique PðK ¼ 1Þ levels,
computed at 67 and 352 cm1 . These two bands
should be separated by approximately 300 cm1 ,
being the assumed value of spin–orbit constant.
Among the parallel transitions only that involving
the R1=2 levels at 289 cm1 lies in the energy range
where the spectrum was observed.
According to these calculated energies we may
conclude that the ﬁrst zone is due to transitions
from the ground state to the vb ¼ 0 vibronic state,
and the second zone may be attributed either to
the second bending vibronic level vb ¼ 1 (R1=2 )
or to the second spin–obit component in its
ground vibronic level (P3=2 ). The structure observed in each zone is most likely vibrational
levels of the Srþ –C stretch mode close to the
dissociation limit.
The bending frequency for the 22 R state is
computed to be 120 cm1 , i.e., very similar to that
of the ground electronic state. From Fig. 2b we
can see that the potential curves of the ground
electronic state, 12 R, and the 22 R are almost parallel. Thus, mainly one transition between the
lowest vibrational levels is expected and that explains the sharp peak in the spectrum.
Finally, the splitting of the 12 D state (32 A0 ;
2 00
2 A ) is negligible (Fig. 2b), and therefore, the
spin–orbit splitting dominates in these states. It is
not expected, however, that the 2 D state contributes appreciably to the spectrum, because the
electronic transition from the ground state is forbidden at linear geometries. On the other hand, the
2
D state may play an indirect role through its interaction with the other members of the 42 D
manifold at non-linear nuclear arrangements, as is
seen in the region around c ¼ 180°, Fig. 2b.
However, it is more likely that excitations from the
oxygen bonding isomer lead to dissociation, and
thus, they are not recorded in the spectrum.
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3. Conclusions
In this paper we investigate the spectral features
of the ﬁrst absorption band in the electronic excitations of Srþ CO by carrying out ab initio quantum chemical calculations with the multi-reference
conﬁguration interaction method. Transitions are
recorded in the energy interval of 15 600–16 200
cm1 . The small energy absorption window requires very accurate calculations. With the existing
eﬀective core potential for strontium it turns out
that it is not possible to reach this level of accuracy. However, our theoretical results give a
qualitative answer which seems to be in accord
with the spectral features observed. Potential energy surfaces for the ground as well as the 42 D
states of strontium involved in the transitions
12 R ! 12 P and 12 R ! 22 R have been computed as
functions of the stretch and bend coordinates of
Srþ –CO. Their topographical characteristics in
association to a perturbative estimate of the vibronic levels in the 12 P state helped us to draw the
following conclusions:
(i) The narrow absorption window is explained
because of the large displacement of the equilibrium geometries between the ground and
the ﬁrst excited state, 12 P, which brings the
complex close to the dissociation limit. Excitations from the oxygen bonded isomer although predicted by our calculations are not
observed, most likely because they excite the
complex above dissociation.
(ii) The two broad zones correspond to the two
spin–orbit interaction surfaces which are expected to run parallel with the angle coordinate. However, the ﬁrst bending excitation
could be hidden in the second zone. The structure observed in each zone is attributed to
stretching vibrations of Srþ –C.
(iii) The sharp peak between the two zones results
from the 12 R to 22 R transition since no substantial displacement in the equilibrium geometries is found for these states.
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(iv) Finally, since a transition to 12 D state is not
allowed for collinear geometries, the direct
participation of this state to the recorded
spectrum is limited.
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