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Two-photon ionization spectroscopy and all-electron ab initio study of LiCa
L. M. Russon, G. K. Rothschopf, M. D. Morse,a) A. I. Boldyrev, and Jack Simons
Department of Chemistry, University of Utah, Salt Lake City, Utah 84112

~Received 24 April 1998; accepted 20 July 1998!

Resonant two-photon ionization spectra of LiCa have been obtained from a laser vaporization,
supersonic expansion source. The ground state of the molecule is confirmed to beX 2S1. Three
band systems have been observed near 15 282, 19 310, and 22 250 cm21 and the upper states have
been assigned as2S1, 2P r , and, tentatively,2P. Bond lengths and vibrational frequencies are
reported for7Li40Ca for the various states asX 2S1: r 053.3796(11) Å,DG1/25195.2 cm21; 2S1:
r 053.4275(47) Å,DG1/25283.5 cm21; 2P r : r e53.5451(36) Å,ve5144.5 cm21; and 2P: ve

5178.53(5) cm21. The ionization energy was also measured to be 4.471~1! eV by observing the
onset of one-photon ionization. Results ofab initio all-electron calculations on twelve low-lying
states@2S1(1), 2S1(2), 2S1(3), 2S1(4), 4S1(1), 4S2(1), 2P(1), 2P(2), 2P(3), 2P(4),
4P(1), and4P(2)# are also reported, along with results on theX 1S1 ground electronic state of
LiCa1. The dissociation energies of LiCa(X 2S1) into Li( 2S)1Ca(1S) and of LiCa1 (X 1S1)
into Li1(1S)1Ca(1S) are calculated to be 0.24 and 1.20 eV respectively, and the vertical and
adiabatic ionization energies of LiCa have been determined to be almost the same, 4.43 eV, at the
quadratic configuration interaction, including singles and doubles with approximate triples and all
correlated electrons@QCISD~T,FULL!# level of theory. © 1998 American Institute of Physics.
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I. INTRODUCTION

For the past several years work in the Morse laborat
has concentrated on the spectroscopy of diatomic trans
metal molecules.1 From this work we have gained a signifi
cant understanding of the bonding interactions between t
sition metals with opend subshells. More recently, a study o
the bonding between transition metals and the main gr
metal aluminum was completed.2 The object of that study
was to probe the chemical bonding betweenp-block andd-
block metals and to understand the role of thed orbitals in
such interactions. Here we further extend those studie
alkali metals bonding to transition metals by investigati
the spectroscopy of LiCa. While calcium is not a transiti
metal, it does have a stable 3d04s2 ground configuration tha
is not readily promoted. It therefore serves as a useful mo
for the interactions of lithium with transition metals such
Mn and Zn which also have stable, not easily promot
ground configurations of 3dn4s2. A related paper investigat
ing the spectra of LiCu, a molecule that provides a use
model for the interaction of lithium with transition meta
having accessible 3dn114s1 configurations, has already bee
published in this journal.3

Previous work on LiCa began in 1980 when a dens
functional calculation employing the local spin density a
proximation was published. That work resulted in estima
of ve95190 cm21, r e953.52 Å, and De50.27 eV for the
2S1 ground state.4 A short time later Neumannet al. re-
ported emission spectra from LiCa that were assigned
A 2P→X 2S1 andB 2S1→X 2S1 transitions based on va
lence configuration interaction calculations.5 These calcula-

a!Electronic mail: morse@chemistry.chem.utah.edu
6650021-9606/98/109(16)/6655/11/$15.00
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tions, however, were in substantial disagreement with
density functional results, givingve9593.36 cm21, ve9xe9
57.32 cm21, r e953.883 Å, andDe50.072 eV for the2S1

ground state.5 In 1983 Wuet al., reported a bond energy o
0.84~9! eV based on a third law analysis of the vapors em
nating from a Knudsen effusion cell, as studied by ma
spectrometry.6

Most recently, a high-levelab initio study of LiCa has
been reported by Allouche and Aubert-Frecon.7 In that study
nonempirical effective core potentials were employed with
large Gaussian basis set and extensive valence electron
figuration interaction to estimate the potential curves of
2S1 states, five2P states, two2D states, two4S1 states,
two 4P states, and one4D state. The groundX 2S1 state
was calculated to haver e53.296 Å, ve5196.13 cm21, and
a bond energy ofDe50.292 eV. Spectroscopic constants f
eight excited electronic states were also reported.

It is clear that the closed shell nature of calcium, co
bined with the diffuse character of the Li 2s and Ca 4s
orbitals, leads to a weak bond in this molecule. Neverthele
the disparity of the reported results and the lack of deta
spectroscopic data on this molecule indicates a need for
ther experimental and theoretical work. In this paper we
port the resonant two-photon ionization spectra of LiC
Three band systems are observed, two of which are rotat
ally resolved and analyzed. In addition, extensive all-elect
ab initio calculations on four2S1 states, one4S1 state, one
4S2 state, four2P states, and two4P states are reported
along with a calculation of theX 1S1 state of LiCa1. In
Sec. II we describe the experimental methods employed
this study; the experimental results are presented in Sec
In Sec. IV the theoretical methods are described, while
Sec. V we provide theoretical results and their comparison
5 © 1998 American Institute of Physics
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previous theoretical calculations and to experiment. In S
VI we then conclude the paper with a summary of our m
important findings.

II. EXPERIMENT

The instrument used for this study was formerly used
ion photodissociation experiments, and has been descr
previously.8 Modified ion acceleration optics were used
the present resonant two-photon ionization~R2PI! study of
LiCa and in a previous R2PI study of LiCu,3 but otherwise
the instrument is similar to that previously described.

A metal alloy sample disk was formed by melting a 2
molar mixture of Ca:Li in an electric arc furnace under
argon atmosphere. The resulting alloy was machined fla
one side and mounted in a mechanism that rotates and t
lates the sample against a stainless steel vaporization blo9

The output radiation from a KrF excimer laser~248 nm! was
focused onto the metal disk and timed to fire during the p
density of a pulse of helium carrier gas~;120 psig backing
pressure!. The resulting metal plasma was entrained in
helium flow and swept down a 3 cmlong, 2 mm diam clus-
tering region before expanding supersonically from a con
diverging nozzle into a low-pressure chamber (1024 Torr).
The metal cluster beam was roughly collimated by a 6.5 m
skimmer as it entered a differentially pumped ionization
gion. An excimer-pumped tunable dye laser was used to
cite the LiCa molecules, and the excited molecules were s
sequently photoionized by the absorption of a second pho
of dye laser radiation, frequency doubled dye laser radiat
or by a portion of the 308 nm XeCl excimer radiation, whi
was picked off prior to pumping the dye laser.

Ions so produced were accelerated using a two-s
Wiley–McLaren ion extraction assembly.10 Following a 300
cm drift tube the mass-separated ions were detected by a
microchannel plate detector, the signal was preamplifi
then digitized and signal averaged in a 386 DX-based p
sonal computer.

FIG. 1. A low resolution scan of the@15.3# 2S1←X 2S1 band system of
7Li 40Ca, collected using DCM dye laser radiation for excitation and
second harmonic of this radiation for photoionization. The identification
the 1–1 and 0–1 bands in this spectrum would have been impossible
out the knowledge ofDG1/29 obtained from the other band systems.
Downloaded 23 May 2003 to 155.101.19.15. Redistribution subject to A
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Optical spectra were recorded by monitoring the m
channels of interest while scanning the dye laser frequen
Each data point was an average of 30 laser shots. Abso
wave number calibrations for the rotationally resolved sp
tra and the ionization threshold measurement were es
lished by simultaneously recording the I2 absorption spec-
trum and comparing to the I2 atlas of Gerstenkorn and Luc.11

For spectra outside of the range of the I2 atlas the dye lase
radiation was focused through a cell containing 500 psig
H2 gas. The fundamental radiation was then used to ex
the LiCa molecule while the Stokes shifted radiation w
used to record the I2 calibration spectrum. At this pressure
well-known Stokes shift of 4155.163 cm21 allows an abso-
lute calibration to be made.12 The excitation laser crossed th
molecular beam at right angles, so no correction for the D
pler shift was required. For survey scans the dye laser
scanned rapidly; the scan rate was slowed down for rotat
ally resolved scans, and greater care was taken to a
power broadening. In all cases the intrinsic linewidth of t
dye laser was'0.07 cm21.

III. RESULTS

Three band systems were observed over the rang
13 350–35 850 cm21. These consisted of a2S1←X 2S1

system near 15 300 cm21: a 2P r←X 2S1 system near
19 300 cm21, and a third system, tentatively identified a
2P←X 2S1, near 22 200 cm21. Each of these is discusse
in turn below.

A. The †15.3‡ 2S1
—X 2S1 band system

Figure 1 displays a low-resolution scan over t
@15.3# 2S1←X 2S1 system, where the designatio
@15.3# 2S1 is used to indicate the2S1 state lying approxi-
mately 15 300 cm21 above thev50 level of the ground
state. Although somewhat unusual, this designation is p
erable to the more conventional labeling of states asA 2S1,
B 2P, etc., because it is never necessary to relabel the s
if lower lying states are subsequently discovered. The t
most intense features in Fig. 1 are assigned as the 0–0
1–0 bands, and much weaker features 199 cm21 to the red
are assigned to the 0–1 and 1–1 vibrational hot bands. T
ground state vibrational interval ofDG1/29 5199 cm21 is in
reasonable agreement with theoretical predictions ofDG1/29
5187.1 cm21 ~Ref. 7! and ve95204 cm21 ~see below!. A
more precise value is obtained from the@19.3# 2P r

←X 2S1 and@22.2# 2P←X 2S1 systems discussed below
because the vibrational hot bands were more prominent
der the conditions of those scans, givingDG1/29
5195 cm21. The wave numbers of the observed bands
this system and all other observed bands of the LiCa m
ecule are given in Table I.

A rotationally resolved scan over the 0–0 band is d
played in Fig. 2. The band consists of onlyP andR branches,
and is weakly degraded toward the red, indicating a sli
lengthening of the bond upon electronic excitation. This
consistent with the lack of observablev8– 0 bands having
v8.1, which are expected to have weak Franck–Cond
factors. The absence of a Q branch identifies the system as
S←S transition and the assignment of the ground state

f
th-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Vibronic bands of7Li 40Ca.a

System Band
Energyb

~cm21!
Isotope

shift ~cm21!
B8

~cm21!d,e
B9

~cm21!d,e

@15.3# 2S1←X 2S1 0–0 15 282.1972c 23.554 0.240 44~66! 0.248 73~55!
1–0 15 565.65
0–1 15 082.15
1–1 15 367.62

@19.3# 2P1/2←X 2S1 0–0 19 304.6193c~20.18! 1.7058 0.219 61~50! 0.246 59~39!
1–0 19 447.7583c~0.30! 28.2003 0.216 43~48! 0.247 19~44!
2–0 19 589.6441c~0.45! 217.4251 0.213 69~51! 0.246 83~44!
3–0 19 729.25~20.75! 228.2025
4–0 19 870.06~0.19!
1–1 19 252.31~20.08!
2–1 19 394.08~20.04!
3–1 19 534.92~20.01!
4–1 19 674.93~0.13!

@19.3# 2P3/2←X 2S1 0–0 19 317.7697c~0.00! 1.7355 0.228 05~25! 0.247 40~23!
1–0 19 460.58~20.39! 27.6499
2–0 19 602.7115c~0.08! 0.226 66~98! 0.247 66~68!
3–0 19 742.77~0.32! 224.1367
1–1 19 265.95~0.40!
2–1 19 407.13~20.08!
3–1 19 546.71~20.32!

@22.2# 2P←X 2S1 0–0 22 249.46~0.03!
1–0 22 420.82~20.01!
2–0 22 585.07~20.02!
0–1 22 054.17~20.03!
1–1 22 225.59~0.00!
2–1 22 389.89~0.03!
3–1 22 546.99~0.00!

aEnergy and isotope shift given in units of cm21. The isotope shift is defined asn0(7Li 40Ca!2n0~
6Li 40Ca).

bResiduals to the fit to Eq.~3.2! shown in parentheses.
cThe band origin measured in high resolution, calibrated against the I2 atlas.
dError limits ~1s! are given in parentheses for fitted rotational constants.
eFor the@19.3# 2P1/2←X 2S1 and @19.3# 2P3/2←X 2S1 systemsBeff

(1) andBeff
(2) are given in this table.
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2S1 further restricts the assignment to a2S1←X 2S1 sys-
tem. No spin splitting is observed at the resolution obtain
in Fig. 2, allowing the spectrum to be fit according to t
simple expression13

n5n01B8N8~N811!2B9N9~N911!, ~3.1!

resulting in n0515 282.1972(67) cm21, B0850.240 44(66)
cm21, and B0950.248 73(55) cm21 for the most abundan
isotopic modification,7Li 40Ca. Converting to bond lengths
one obtainsr 0853.4275(47) Å andr 0953.3699(37) Å for the
excited and ground state bond lengths, respectively. R
tional line positions for this and all other rotationally r
solved bands are available from the Physics Auxiliary P
lication Service14 or the author~M.D.M.!. All spectroscopic
constants determined for this molecule are summarize
Table II.

The 6Li40Ca isotopic modification was similarly fit, giv
ing n0515 285.7508(56) cm21, B0850.273 92(48) cm21,
and B0950.283 89(58) cm21, which convert to r 08
53.4313(30) Å andr 0953.3705(34) Å. The agreement be
tween ther 09 and r 08 values calculated for the two isotop
modifications provides additional confidence in the valid
of the measurements.
ay 2003 to 155.101.19.15. Redistribution subject to A
d
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-
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B. The †19.3‡ 2P r—X 2S1 band system

Some 4000 cm21 to the blue a second band system, d
played in Fig. 3, was observed. Each band is split into t

FIG. 2. Rotationally resolved scan of the 0–0 band of the@15.3# 2S1

←X 2S1 band system of7Li 40Ca. This band was excited using DCM dy
laser radiation, and residual 308 nm XeCl excimer radiation was used
photoionization.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Spectroscopic constants of7Li 40Ca.a IE~LiCa!536 060~10! cm2154.471~1! eV.

State T0 ~cm21! ve ~cm21! vexe ~cm21! B0 ~cm21! r 0 ~Å!

@22.2# 2P 22 249.4 178.53~5! 3.565~13!
@19.3# 2P3/2 19 317.4697~59! 144.98~75! 0.851~171!
@19.3# 2P1/2 19 304.6193~60! 143.60~51! 0.465~94! Be50.224 74(38)ae50.001 83(31) r e53.5451(30)

@15.3# 2S1 15 282.1972~67! DG1/25283.5 0.240 44~66! 3.4275~47!
X 2S1 0.0 DG1/25195.2(2) 0.247 34~16! 3.3793~11!

aNumbers in parentheses provide 1s error limits.
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spin–orbit sub-bands, implying a2P←X 2S1 transition.
The vibrational numbering is fairly evident from the Franck
Condon intensity pattern, and is confirmed by an analysi
the isotope shift between the6Li40Ca and7Li40Ca isotopic
variants. The band positions, listed in Table I, were fit to
standard expression,13

nv82v95T01ve8v82ve8xe8~v821v8!2DG1/29 v9, ~3.2!

for theV51
2 and 3

2 levels. We thus obtain for theV51
2 level:

T0519 304.8(4) cm21, ve85143.6(5) cm21, and ve8xe8
50.46(9) cm21 for 7Li 40Ca. For theV53

2 level of 7Li 40Ca,
we obtain T0519 317.4(4) cm21, ve85145.3(7) cm21,
and ve8xe850.92(17) cm21. Improved values of these con
stants based on band origins obtained from rotationally
solved studies are listed below and in Table II. The fitt
values of DG1/29 , independently obtained from the2P1/2

←X 2S1 and 2P3/2←X 2S1 subsystems, are 195.4~3! and
195.0~3! cm21, respectively. These are in excellent agre
ment with theoretical results.

A rotationally resolved scan over the 0–0 band is d
played in Fig. 4. The sub-bands clearly do not have
simple two-branch structure observed in the@15.3# 2S1

←X 2S1 system. As expected from the observation of spi
orbit splitting, the complicated rotational structure implies
2P(a)←X 2S1 system. Assuming negligible lambda do
bling in the 2P state and an unresolvable spin–rotation
teraction in theX 2S1 state, one may expect four branch
in each subband. These are labeledR11, R121Q11, Q12

1P11, and P12 for the 2P1/2←X 2S1 sub-band andR21,

FIG. 3. Low resolution scan of the@19.3# 2P r←X 2S1 band system of
7Li 40Ca, collected using coumarin 500 dye laser radiation for excitation
XeCl excimer radiation~308 nm! for photoionization.
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R221Q21, Q221P21, and P22 for the 2P3/2←X 2S1 sub-
band. Line positions are given by well-known formulas13 in
which the 2P1/2 and 2P3/2 levels have effective rotationa
constantsBeff

(1) andBeff
(2) , respectively, which are related to th

true rotational constant,B8, according to

Beff
~ i !5B8~17B8/A8!. ~3.3!

In Eq. ~3.3! the minus sign corresponds toi 51 and refers to
the 2P1/2 level, the plus sign corresponds toi 52 and refers
to the 2P3/2 level, andB8 and A8 are the rotational and
spin–orbit constants of the2P excited state, respectively.

The measured line positions were fit to the stan
ard expressions,13 providing T0

(1)(2P1/2)519 304.6193(60)
cm21, T0

(2)(2P3/2)519 317.4697(59) cm21, B09
50.247 19(20) cm21 @r 0953.3803(14) Å)], Beff

(1)

50.219 61(50) cm21, and Beff
(2)50.228 05(25) cm21 for

7Li 40Ca. The spin–orbit constant,Av8 , is obtained directly
from the fitted sub-band origins of the 0–0 and 2–02P1/2

←X 2S1 and 2P3/2←X 2S1 sub-bands, according to th
formula15

Av85T~2P3/2!2T~2P1/2!12Bv813/4~Beff
~2!2Beff

~1!!, ~3.4!

giving A08513.3044(84) cm21 and A28513.5175(181)
cm21. From these results the true rotational constant
the @19.3# 2P r state is derived asB085@Beff

(1)1Beff
(2)#/2

50.223 83(28) cm21, giving r 0853.5524(22) Å. As a test
of this fit we note that the difference,Beff

(2)2Beff
(1)

d

FIG. 4. Rotationally resolved scan of the 0–0 band of the@19.3# 2P r

←X 2S1 band system of7Li 40Ca, collected using coumarin 500 dye las
radiation for excitation and XeCl excimer radiation~308 nm! for photoion-
ization. Lines are labelled by the value ofN9.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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(0.0084 cm21), does indeed equal 2B08
2/A08 ~calculated as

0.0075 cm21! to within experimental uncertainty, as require
by Eq. ~3.3!.

The 0–0 and 2–0 bands of the@19.3# 2P r←X 2S1 sys-
tem were fit in this manner, but the2P3/2←X 2S1 compo-
nent of the 1–0 band displayed a perturbation in the up
state, which caused some rotational levels to disappear,
sumably due to predissociation. As a result, only the2P1/2

←X 2S1 sub-band of the 1–0 band was analyzed. Fit
effective rotational constants for the2P1/2 component were
obtained as 0.219 61(50)(v850), 0.215 86(38)(v851),
and 0.213 69(51) cm21(v852). For the2P3/2 component
effective rotational constants of 0.228 05(25)(v850) and
0.226 66(98) cm21(v852) were obtained for7Li40Ca. A fit
of the Bv8 values for v850,2 then provides Be8
50.224 74(46) cm21 ae50.001 83(33) cm21, r e8
53.5451(36) Å, A08513.3044(84) cm21, and A28
513.5175(181) cm21 for the @19.3# 2P r state of LiCa.

C. The †22.2‡ 2P—X 2S1 band system

Figure 5 displays a low resolution scan over t
@22.2# 2P←X 2S1 band system, which is characterized
an intense band at 22 249.5 cm21, a fairly intense band a
22 420.8 cm21, and a weaker band at 22 585.1 cm21. These
three bands clearly form a vibrational progression, which
accompanied by a series of weaker bands displaced app
mately 195.2 cm21 to the red. This interval has already be
identified asDG1/29 , demonstrating that these are hot ban
built off of the main progression. The fact that the redm
band of the main progression is the most intense identifie
as the origin band, and this establishes the vibrational ass
ment of the system. With this assignment the band positi
were fit to Eq.~3.2!, providing T0522 249.431(26) cm21,
ve85178.53(5) cm21, ve8xe853.565(13) cm21, and DG1/29
5195.23(3) cm21 for 7Li 40Ca.

A rotationally resolved scan over the 0–0 band, d
played in Fig. 6, reveals a complicated pattern of lines tha
only partially resolved. Based on the intensity of the ba
system and the small spin–orbit parameters of lithium a
calcium, it would seem that the transition is fully allowed o

FIG. 5. Low resolution scan of the@22.2# 2P←X 2S1 band system of
7Li 40Ca, collected using coumarin 440 dye laser radiation for excitation
XeCl excimer radiation~308 nm! for photoionization.
Downloaded 23 May 2003 to 155.101.19.15. Redistribution subject to A
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the basis ofS, L, andS. For transitions originating from an
X 2S1 ground state, this excludes all candidates for the
per state except2S1 or 2P. A 2S1←X 2S1 system would
only possessR and P branches ~as found for the
@15.3# 2S1←X 2S1 band system displayed in Fig. 2!, a fact
that is not consistent with the apparent complexity of t
rotational structure in this system. On this basis, the b
system is tentatively assigned as the@22.2# 2P←X 2S1 sys-
tem. The partially resolved scan over the 0–0 band also
plays more structure than the three branches expected
2P(b)←X 2S1 system, but does not break out into clear-c
Hund’s case~a! 2P1/2←X 2S1 and 2P3/2←X 2S1 sub-
bands, as was found for the@19.3# 2P r←X 2S1 band sys-
tem displayed in Fig. 4. It thus appears that the spin–o
splitting of the @22.2# 2P state is on the order ofA
55 cm21 or less, and that the@22.2# 2P state may be inter-
mediate between Hund’s cases~a! and~b!. Attempts to fit the
resolved line positions were unsuccessful, but there is so
evidence that the band is slightly red shaded, suggesting
the bond is lengthened slightly upon excitation.

D. The LiCa ionization limit

Figure 7 displays a single-color scan over the ionizat
threshold of LiCa collected using frequency doubled dye
ser radiation. Toward the low-frequency limit of this sca
only a weak two-photon ionization background is evide
As one scans toward the blue, however, a weak rise in sig
occurs near 35 825 cm21 followed by a sharp increase i
signal at 36 035 cm21. Although no attempt was made t
determine whether the relative intensities of these two f
tures was dependent on experimental conditions, our favo
interpretation is that the sharp increase in signal at 36
cm21 corresponds to the adiabatic ionization threshold, a
the weaker rise in signal near 35 825 cm21 corresponds to
ionization of vibrationally hot (v951) LiCa molecules in the
molecular beam. When corrected for field ionization effec
this leads to an adiabatic ionization energy of IE~LiCa!
54.471~1! eV. This is slightly higher than the value calcu
lated below~4.42 eV!, but theoretical predictions tend t
underestimate ionization energies because electron cor

d

FIG. 6. Attempted high resolution scan of the 0–0 band of the@22.2# 2P
←X 2S1 band system of7Li 40Ca, using radiation sources as described
Fig. 5.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tion is more accurately treated in the cation than in the n
tral. An alternative interpretation of the weak feature ne
35 825 cm21 is that it corresponds to the adiabatic ionizati
threshold for the production of LiCa1 in the v1 vibrational
level, while the sharper threshold at 36 035 cm21 is the
threshold for producing the cation in thev111 vibrational
level. This interpretation would require a poor Franc
Condon factor for the 0–0 ionization process. Employi
Morse potential approximations to the LiCaX 2S1 and
LiCa1 X 1S1 potential curves calculated below, however
Franck–Condon factor for the 0–0 band of 0.8 is obtain
Furthermore, the separation between the two thresholds
though imperfectly defined, seems to be closer to the va
of 195 cm21 measured for theDG1/28 interval of the neutral
ground state than it does to the value ofve5239 cm21 cal-
culated below for the ground state of the cation. On this ba
we assign the adiabatic ionization energy of LiCa
IE~LiCa!54.471~1! eV.

IV. THEORY

Two theoretical tools were used for calculations of t
low-lying electronic states of LiCa and for the ground sta
of the LiCa1 cation.

A. MRCISD calculations

In the first method, the complete active space~CAS!
self-consistent field~SCF! method was used to generate
basis of dominant electronic configurations for further m
tireference all single- and double-excitation configuration
teraction calculations~CASSCF-MRCISD!.16 For these cal-
culations we used large atomic natural orbital ANO ba
sets for Li consisting of (14s9p4d3 f ) elementary functions
and@7s6p4d3 f # contracted functions,17 and for Ca consist-
ing of (15s13p4d) elementary and@9s7p2d# contracted
functions.18 Two active spaces have been used: 4a1 , 2b1 ,
2b2 , and 1a2 ~4,2,2,1! and 6a1 , 3b1 , 3b2 , andla2 ~6,3,3,1!
(C2v symmetry labeled!, to check convergence toward th
size of the active space. All three valence electrons w
considered as active in the CASSCF calculations and all c
orbitals were kept frozen in all of the CASSCF/MRCI calc
lations.

FIG. 7. Scan over the7Li 40Ca ionization threshold employing frequenc
doubled coumarin 540A dye laser radiation.
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For the second~6,3,3,1! active-orbital space, we ob
tained 202 configurations for2S1 electronic states, 182 con
figurations for2P states, 75 configurations for4S2 states, 65
configurations for4S1 states, and 73 configurations for4P
states to use in CASSCF expansions of the respective re
ence wave functions. All of these functions were then use
subsequent MRCI calculations in which the total number
configurations were 28 261 for2S1 states, 26 075 for2P
states, 11 851 for4S2 states, 13 618 for4S1 states, and
12 765 for4P states. Attempts to examine2D states were not
successful because of a lack of convergence. The first,
ond, third, and fourth states of a given symmetry were c
culated as the first, second, third, and fourth secular equa
roots in the MRCI calculations.

The LiCa1 cation was studied with the same atomic b
sis sets and using the following active-orbital space
CASSCF calculations: 6a1 , 3b1 , 3b2 , and 1a2 ~6,3,3,1!.
This leads to 34 configurations for the~6,3,3,1! orbital active
space in the CASSCF expansion of the reference wave fu
tion and gives 1458 final configurations in the MRCI expa
sion.

Sixteen to twenty internuclear distances were calcula
for each electronic state reported here. These MRCI ene
data points were fit to an analytical form using cubic spli
interpolation, after which the rovibrational Schro¨dinger
equation was solved numerically~using Numerov’s method!
for one vibrational state at a time and for three rotatio
quantum numbers. All of these electronic and rovibratio
calculations were performed using the MOLCAS-3 compu
program.19

The calculated ionization energy of calcium~5.88 eV!,
and the Ca3P°←1S and1P°←1S excitation energies~1.68
and 3.03 eV, respectively! agree with the experimental va
ues of 6.11, 1.89, and 2.93 eV,20 respectively, to an accurac
of 0.2 eV.

B. QCISD„T… calculations

In the second theoretical approach, the quadratic c
figuration interaction with single and double excitations a
an approximate incorporation of triple excitation
@QCISD~T!# method21 was used with large atomic basis se
for geometry optimization of the lowest root in each symm
try @2S1, 2P, 4S2, 4S1, and 4P# for LiCa and for the
ground state of LiCa1. Again, attempts to calculate2D states
were not successful because of a lack of convergence.
lithium, the atomic orbital basis consisted of (10s5p3d) el-
ementary functions and@6s5p3d# contracted functions, and
for the Ca atom (14s11p7d2 f ) elementary functions and
@8s7p6d2 f # contracted functions. Thes functions of the Li
basis set were constructed from the basis of Scha¨fer et al.
(10s)22 by contracting to@6s# according to a~5,1,1,1,1,1!
scheme, with atomic coefficients in groups, and subseque
adding 5p and 3d elementary functions@a(p1)53.3563,
a(p2)51.1188, a(p3)50.3729, a(p4)50.1243, a(p5)
50.0414, a(d1)54.22, a(d2)51.41, and a(d3)50.47#.
The Ca basis set was built from that of Scha¨fer et al.
(14s11p/8s7p)22 by adding 7d and 2f elementary functions
contracted to 6d and 2f functions, as recommended b
Bauschlicheret al.23 The core orbitals were kept frozen in a
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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QCISD~T! calculations, except in the calculations for th
ground electronic state of LiCa, where all electrons w
included in the correlation. These calculations were p
formed using theGAUSSIAN-92 program.24

The calculated ionization energies IE~Li !55.34 eV,
IE~Ca!55.89 eV, and excitation energyDE(Ca3P°←1S)
51.67 eV again agree with the experimental values20 IE~Li !
55.39 eV, IE~Ca!56.11 eV, and DE(Ca3P°←1S)
51.89 eV to within 0.2 eV. Because the quality of the io
ization and excitation energy results for Ca and Li are vir
ally the same for the MRCI and QCISD~T! methods, we feel
comfortable in proceeding to use both approaches for L
and LiCa1.

V. THEORETICAL RESULTS AND COMPARISON
WITH EXPERIMENT

A. Molecular orbitals of LiCa

The lowestvalence1s molecular orbital is composed o
2sLi , 2psLi , and 4sCa atomic orbitals, with bonding~in-
phase! interactions between 2sLi and 4sCa as well as between
2psLi and 4sCa. The 2s molecular orbital is composed o
2sLi , 4sCa, and 4psCa, with bonding interactions betwee
2sLi and 4psCa and antibonding interactions between 2sLi

and 4sCa. Occupation of this orbital causes the internucle
separation to increase. The 3s orbital is antibonding with
respect to the 2sLi24psCa interaction, but bonding with re
spect to the 2psLi24psCa interaction. The 1p molecular
orbital is bonding with respect to the 2ppLi24ppCa inter-
action and the 2p orbital is antibonding with respect to th
same interaction.

The molecular constants obtained at the CASSCF-MR
level with the larger~6,3,3,1! active-orbital space and at th
QCISD~T! level of theory, for the 12 electronic states
LiCa and for the ground state of LiCa1, are presented in
Table III.

B. 2S1 states of LiCa

The ground state is of2S1 symmetry and has a 1s22s1

dominant electronic configuration (CHF50.9374). None of
the remaining 28 260 configuration state functions~CSFs!
has an expansion amplitude larger than 0.15. The smal
fluence of the secondary configurations may be seen in
natural occupation numbers of the lowest valence molec
orbitals: 1s1.822s0.973s0.054s0.021px

0.051py
0.052px

0.022py
0.02.

The ground electronic state of LiCa correlates with t
atomic ground states of Li(2S) and Ca(1S). The charge dis-
tribution in the groundX 2S1 state has significant ionic
character with Mulliken atomic charges of Li20.54Ca10.54, as
obtained from our MRCI wave function. The LiCa(X 2S1)
state is weakly bound withDe50.27 eV at the CASSCF
MRCI and QCISD~T! levels of theory, and is very flat with a
harmonic frequency ofca. 200 cm21.

It is known that ignoring the core–valence correlati
may substantially affect computed bond lengths in diatom
molecules such asK2 ,25 where the equilibrium bond lengt
is 0.39 Å longer when core–valence correlations are
taken into account. To estimate the influence of the co
valence correlation on the ground electronic state of LiCa
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performed QCISD~T,FULL! calculations, whereall electrons
were included in the correlation, and we foundDe

50.27 eV, ve5194 cm21, and r e53.410 Å at the
QCISD~T! level of theory and De50.24 eV, ve

5185 cm21, andr e53.395 Å at the QCISD~T,FULL! level
of theory. We therefore believe that the core–valence co
lation will not substantially affect our results for excite
states, where the core electrons were not included in
correlation treatment.

The first2S1 symmetryexcitedstate@2S1(2)# has two
dominant electronic configurations 1s22s03s1 (C
520.7092) and 1s12s23s0 (C50.5358) in the MRCI
expansion, and arises from theX 2S1 ground state by
~partial! promotion of an electron from the 1s and 2s orbit-
als into the 3s orbital. This is clearly seen in the natura
orbital occupation numbers of the lowest valence molecu
orbitals: 1s1.522s0.683s0.664s0.021px

0.051py
0.052px

0.012py
0.01.

The2S1(2) electronic state has an ionic character similar
that of the ground state, with natural atomic charges
Li20.56Ca10.56, as obtained from the MRCI wave function
According to our best calculations, the vertical excitati
@2S1(2)←X 2S1# energy is 1.16 eV andTe@

2S1(2)
←X 2S1#51.13 eV, both at the CASSCF-MRCI level o
theory.

We did not expect our calculations for the third2S1(3)
and the fourth2S1(4) roots to be of high quality because o
known limitations of the CASSCF-MRCI method on excite
states of the same symmetry. We attempted to increase
active-orbital space beyond the~6,3,3,1! level to improve the
calculations, but convergence difficulties prohibited th
Nevertheless, we present results on these states in Tab
to help identification of the experimentally observed tran
tions. The vertical excitation energies are 1.76 eV@2S1(3)#
and 2.42 eV@2S1(4)#, and the adiabatic excitation energie
areTe@

2S1(3)#51.70 eV andTe@
2S1(4)#52.42 eV, all at

the CASSCF-MRCI level of theory. A better descriptio
of these roots will lower these excitation energies. Neith
state is adequately represented by one electronic c
figuration; instead, four configurations have coefficien
larger than 0.20: 1s12s2(0.6135), 1s24s1(20.3938),
1s23s1(0.3660), 1sa2sb3sa(20.2241) for the2S1(3)
state and six configurations have coefficients lar
than 0.20: 1s24s1(0.5734), 1sa2sa3sb(0.2967),
1s12s2(20.2949), 1s212s1(20.2375), 1s13s2(0.2311),
and 1s28s1(20.2294) for the2S1(4) state.

C. 2P states of LiCa

The lowest2P(1) state has a 1s21p1 dominant elec-
tronic configuration (CHF50.9246) in the MRCI expansion
and is the first excited state of LiCa. From the total of 26 0
CSFs, only one other configuration has a coefficient lar
than 0.20: 1s02s21px

1(20.2051). The vertical2P(1)
←X 2S1 excitation energy is computed to be 0.83 eV a
Te(

2P(1)←X2S1)50.75 eV. The2P(1) state has signifi-
cant ionic character with natural atomic charg
Li20.59Ca10.59, as obtained from the MRCI wave function
Because the 1p-MO is bonding, electron transfer from th
2s-MO into the 1p-MO during the2P(1)←X 2S1 excita-
tion leads to a decrease in the equilibrium bond length
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Comparisons between theoretical calculations and experiment for7Li 40Ca.

State Property QCISD~T!a
CASSCF-
MRCISDa

Pseudopotential-
CIPSIb Experimenta

Separated
atom limitc

X 2S1(1)
1s22s1

r e ~Å!
ve ~cm21!
De ~eV!

3.410
194
0.27

3.400
204
0.27

3.296(r 053.39)d

195.28(DG1/25187.1)d

0.292

r 053.3796(11)
DG1/25195.2

0.84e

Li 2s1, 2S
1

Ca 4s2, 1S
0.00 cm21

2P(1)
1s21p1

r e ~Å!
ve ~cm21!
Te ~cm21!

3.015
280
6355

3.052
286
6028

2.862
306.34d

5464

Li 2 p1, 2P°
1

Ca 4s2, 1S
14 903.83 cm21

2S1(2) r e ~Å!
ve ~cm21!
Te ~cm21!

3.634
192
9138

3.423
219.60d

9554

Li 2 p1, 2P°
1

Ca 4s2, 1S
14 903.83 cm21

4P(1)
1s12s11p1

r e ~Å!
ve ~cm21!
Te ~cm21!

3.361
201

12 390

3.394
201

12 815

3.105
242.19d

13 169

Li 2s1, 2S
1

Ca 4s14p1, 3P°
15 263.10 cm21

2S1(3) r e ~Å!
ve ~cm21!
Te ~cm21!

~3.774!f

~171!f

~13 704!f

Omitted
from
table

Li 2s1, 2S
1

Ca 4s14p1, 3P°
15 263.10 cm21

2P(2) r e ~Å!
ve ~cm21!
Te ~cm21!

3.346
206

13 825

2.990
275.41d

12 016

Li 2s1, 2S
1

Ca 4s14p1, 3P°
15 263.10 cm21

2S1(4) r e ~Å!
ve ~cm21!
Te ~cm21!

~3.365!f

~242!f

~19 505!f

3.310(r 053.44)d

290.46(DG1/25285.01)d

14 708

r 053.3699(37)
DG1/25284.5

15 237.6

Li 2s1, 2S
1

Ca 4s13d1, 3D
20 356.61 cm21

2D(1) r e ~Å!
ve ~cm21!
Te ~cm21!

2.968
275.73d

14 754

Li 2s1, 2S
1

Ca 4s13d1, 3D
20 356.61 cm21

4S1(1)
1s12s13s1

r e ~Å!
Te ~cm21!

5.600
15 505

4.708
15 915

Li 2s1, 2S
1

Ca 4s14p1, 3P°
15 263.10 cm21

4S2

1s12s01p2
r e ~Å!

ve ~cm21!
Te ~cm21!

2.851
288

18 426

2.925
286

19 196

2.636
317.17d

18 546

Li 2 p1, 2P°
1

Ca 4s14p1, 3P°
30 166.93 cm21

2P(3) r e ~Å!
ve ~cm21!
Te ~cm21!

~3.507!f

~169!f

~22 545!f

3.456
149.48d

19 122

3.5451~36!
144.5

19 285.8

Li 2s1, 2S
1

Ca 4s13d1, 3D
20 356.61 cm21

4P(2) r e ~Å!
ve ~cm21!
Te ~cm21!

3.871
174

22 810

Li 2s1, 2S
1

Ca 4s13d1, 3D
20 356.61 cm21

2P(4) r e ~Å!
ve ~cm21!
Te ~cm21!

~3.410!f

~148!f

~23 693!f
178.5

22 257.8

Li 2s1, 2S
1

Ca 4s13d1, 1D
21 849.61 cm21

LiCa1

X 1S1

1s2

r e ~Å!
ve ~cm21!
IE ~cm21!

3.320
239

35 336

3.319
239

35 642
36 060610

Li1 1s2, 1S
1

Ca 4s2, 1S
43 487.19 cm21

aThis work.
bReference 7.
cDeduced from the atomic energy levels listed in Ref. 21.
dIn examining Table 2 of Ref. 7, it became clear that the reduced mass employed in the conversion ofr e to the
rotational constantBe did not correspond to any particular isotopic combination of LiCa, but instead use
atomic weights of Li and Ca, which are averages of the atomic masses for the various isotopes. Presum
vibrational parametersve andvexe were also calculated in Ref. 7 for this isotopically averaged mass com
nation as well. Using the well-known dependence of these parameters on reduced mass, in this table
converted these calculated vibrational constants to those appropriate for the most abundant isotopic
7Li 40Ca.

eReference 6.
fParentheses indicate that these theoretical results are not expected to be of high quality. A better trea
these roots will causeTe to decrease.
ay 2003 to 155.101.19.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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0.35 Å. The potential energy curve of the2P(1) state is
steeper than that of the ground state and has a harm
frequency ofve5286 cm21. The molecular parameters ca
culated for this state using the CASSCF-MRCI methods
in excellent agreement and also agree with the results of
QCISD~T! method.

The second excited state of2P symmetry@2P(2)# again
has two dominant electronic configurations, 1s22p1(C
510.7277) and 1sa2sa2pb(C520.4477), in the MRCI
expansion. From the total of 26 075 CSFs, only one ot
configuration has a coefficient larger than 0.2
1sa2sb2px

a(20.2852). The2P(2) electronic state also ha
significant ionic character with natural atomic charges
Li20.55Ca10.55, as obtained from the MRCI wave function
According to our best calculations, the vertical excitati
@2P(2)←X 2S1# energy is 1.72 eV andTe@

2P(2)
←X 2S1#51.71 eV, at the CASSCF-MRCI level of theory

Again, we did not expect our calculations for the thi
2P(3) and the fourth2P(4) roots to be of high quality.
However, we present these results in Table III to help w
the identification of the experimentally observed transitio
The adiabatic excitation energies areTe@

2P(3)←X 2S1#
52.80 eV and Te@

2P(4)←X 2S1#52.94 eV at the
CASSCF-MRCI level of theory, which are the same as
vertical excitation energies. Again, a better description
these roots will cause the excitation energies to be lowe
Neither state is well represented by a single configurat
Instead, four configurations have coefficients larger than 0
for the 2P(3) state: 1sa2sa2pb(0.6155), 1s25p1

(20.3797), 1s23p1(20.2942), 1s21p1(20.2774), and
five configurations have coefficients larger than 0.20 for
2P(4) state: 1s24p1(20.4862), 1s22p1(0.4368),
1sa6sb1pa(0.2549), 1s27p1(20.2393), and
1sa6sa1pb(0.2124).

D. 4P states of LiCa

The lowest4P state@4P(1)# has a 1s12s11px
1 domi-

nant electronic configuration (CHF520.9773) in the MRCI
expansion. The vertical and adiabatic4P(1)←X 2S1 exci-
tation energies are almost the same, 1.59 eV. The4P(1)
state has some ionic character, with Mulliken atomic char
of Li20.44Ca10.44, as obtained from the MRCI wave function
Because both the 1s- and 1p-MOs have bonding characte
promoting an electron from the 1s- into the 1p-MO does not
strongly affect the equilibrium bond length.

The second excited state of4P symmetry@4P(2)#, cal-
culated as the second root of the secular problem, has
dominant electronic configurations: 1s12s11p02p1(C
510.8155) and 1s12s03s11p1(C510.4098) in the
MRCI expansion. All other configurations have expans
coefficients less than 0.15. The4P(2) electronic state ha
substantial ionic character with natural atomic charges
Li20.59Ca10.59, as obtained from the MRCISD wave func
tion. The vertical excitation energy of4P(2)←X 2S1 is
2.92 eV andTe@

4P(2)←X 2S1# is 2.83 eV.

E. 4S2 state of LiCa

The lowest4S2 state has a 1s11p2 dominant electron
configuration (CHF50.9725) in the MRCI expansion. Th
Downloaded 23 May 2003 to 155.101.19.15. Redistribution subject to A
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vertical4S2(1)←X2S1 excitation energy is computed to b
2.53 eV andTe@

4S2(1)←X2S1#52.38 eV. The4S2(1)
state has less ionic character than the other states calcul
with natural atomic charges of Li20.29Ca10.29 obtained from
the MRCI wave function. The transfer of two electrons, o
from the 1s-MO into the 1p-MO and another from the
2s-MO into the 1p-MO during the4S2(1)←X 2S1 excita-
tion, leads to a decrease in equilibrium bond length of 0
Å. Again, we find excellent agreement for the molecular p
rameters of this state at the CASSCF-MRCI and QCISD~T!
levels of theory.

F. 4S1 state of LiCa

The lowest4S1 state has a 1s12s13s1 dominant elec-
tronic configuration (CHF50.9863) in the MRCI expansion
and has a very weak van der Waals minimum withr e

54.708 Å, a vertical excitation energy@4S1(1)←X 2S1#
52.18 eV, Te@

4S1(1)←X2S1#51.97 eV, and De

50.056 eV at the CASSCF/MRCI level of theory, andr e

55.600 Å, a vertical excitation energy@4S1(1)←X 2S1#
of 2.13 eV, Te@

4S1(1)←X 2S1#51.92 eV, and De

50.022 eV at the QCISD~T! level of theory. Agreement be
tween the CASSCF/MRCI and QCISD~T! data is rather poor
for this state compared to the other cases, because the p
tial energy curve is very shallow, and thus differences
basis sets and in methods of treatment of the correlation
ergy affect the computed molecular constants appreciab

G. X 1S1 state of LiCa 1 and ionization potential of
LiCa

The 1S1 electronic state of LiCa1 arising from the 1s2

electronic configuration, is expected to be the ground e
tronic state. The 1s2 CSF was found to be the dominan
electronic configuration (CHF50.9573) in the MRCI expan-
sion. From the total of 1458 CSFs, only one other config
ration has a coefficient larger than 0.20: 1s02s2

(20.2096). This electronic state correlates with the grou
electronic states of the Li1(1S) cation and the Ca(1S) atom.
The vertical and adiabatic ionization potentials are predic
to be the same: 4.43 eV at the CASSCF/MRCI and 4.38
at the QCISD~T! levels of theory, and both are in excelle
agreement with the experimental IE~LiCa!54.47160.001
eV. Moreover, the 0.04 eV difference between our compu
IE~LiCa! and the experimental value is in line with the 0.0
eV difference between our IE~Li ! and the experimental data
Although our error in IE~Ca! is larger~0.2 eV!, for the state
of LiCa being considered, the quality of our computed IE
likely more related to IE~Li ! than to IE~Ca! because the mo
lecular ion state has more Li1Ca than LiCa1 character.

To estimate the influence of the core–valence correla
on the dissociation energy of the ground electronic state
LiCa1 and on the ionization energy of LiCa, we performe
QCISD~T,FULL! calculations of LiCa1, where all electrons
were included in correlation at the QCISD~T! optimal geom-
etry. The values ofDe(LiCa1!51.24 eV and IE~LiCa!54.38
eV obtained at the QCISD~T! level of theory compare wel
with De(LiCa1!51.20 eV and IE~LiCa!54.43 eV, obtained
at the QCISD~T,FULL! level of theory. Hence, the influenc
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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from the core–valence correlation is rather small. The bo
length in LiCa1 is ca. 0.1 Å shorter than in the ground sta
of LiCa, because an electron is removed from the partia
antibonding 2s-MO. The LiCa1 cation is found to be more
strongly bound than the neutral LiCa molecule; the bo
dissociation energy for breaking LiCa1 into Li11Ca is 1.20
eV using the QCISD~T,FULL! computational method. Fo
the ground state of LiCa1 we have very good agreeme
between all theoretical methods~Table III!.

H. Comparisons to experiment and to previous
calculations

Table III also provides comparisons between the ei
electronic states of LiCa and LiCa1 calculated in this study
the nine electronic states tabulated in the previous study
Allouche and Aubert-Fre´con,7 and the five electronic state
~four for LiCa and one for LiCa1) for which some experi-
mental information is available. Quite unfortunately, it a
pears that all of the excited states of neutral LiCa calcula
to high quality in the present study lie below the excit
states that have been experimentally probed. Neverthele
appears that the@15.3# 2S1 state is the2S1(4) state, the
@19.3# 2P r state is the2P(3) state, and the@22.2# 2P state
is the2P(4) state.

Both the present calculations and the previous study
Allouche and Aubert-Fre´con7 are in reasonable agreeme
with the experiment for the bond length and vibrational f
quency of the groundX 2S1 state. The close agreement b
tween the bond energies predicted by these two studies,
ticularly given the quality of the basis sets employed and
extent of the configuration interaction included, demonstra
that the third law value of the bond energy reported by W
et al., D050.84(9) eV,6 is seriously in error.

The remaining excited states that have been calcul
both in the present study and by Allouche and Aubert-Fre´con
are the2P(1), 2S1(2), 4P(1), 2P(2), 2S1(4), 4S2(1),
and2P(3). Both studies predict the2P(1) state to lie quite
low in energy, with a much shorter bond length and subst
tially higher vibrational frequency than the ground state. T
state lies roughly 13 000 cm21 below the@19.3# 2P state,
which is experimentally observed. Likewise, both stud
calculate the2P(2) state to lie more than 5000 cm21 below
the @19.3# 2P state. On this basis the@19.3# 2P state must
correspond to the third or possibly even fourth root of2P
symmetry. The reasonable agreement between the calcu
parameters of the2P(3) state and those measured for t
@19.3# 2P state leads us to conclude that the@19.3# 2P state
is indeed the third state of2P symmetry in the LiCa mol-
ecule. It must therefore adiabatically correlate to the Li 2s1,
2S1Ca 4s13d1, 3D separated limit.

The higher energy@22.2# 2P state must then correspon
to the fourth root of2P symmetry,2P(4), which adiabati-
cally correlates to Li 2s1, 2S1Ca 4s13d1, 1D. The calcu-
lated potential curves shown by Allouche and Aubert-Fre´con
for the4S1(2), 4P(2), and4D(1) states are all repulsive o
only weakly bound, and seem to cross the2P(4) curve on its
repulsive wall.7 It is therefore possible that the2P(4) state is
predissociated on a time scale that is competitive with pho
ionization. This could explain our difficulty in optimizing
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conditions for rotational resolution of the@22.2# 2P
←X 2S1 band system: under conditions that minimi
power broadening resulting from a fast ionization step, p
dissociation may dominate, leading to a loss of signal int
sity.

Turning now to the observed@15.3# 2S1 state, we note
that this state lies more than 5000 cm21 above the calculated
energy for the2S1(2) state. It lies only about 1500 cm21

above the2S1(3) state, as calculated in this work, but th
measured bond length is 0.4 Å shorter than that calcula
for 2S1(3) and the measured value ofDG1/2 is 66% larger
than that calculated for2S1(3). Onthis basis it seems likely
that the@15.3# 2S1 state is the fourth root of2S1 symmetry,
2S1(4). The 2S1(4) state was calculated in the work o
Allouche and Aubert-Fre´con,7 and there is substantial agre
ment between the properties obtained in calculation
those measured~see Table III!. Apart from the calculated
energy of this state, there is also reasonable agreemen
tween the experimental results and the calculations prese
in this paper for the2S1(4) state. On this basis th
@15.3# 2S1 state is assigned as2S1(4), which again corre-
lates adiabatically to Li 2s1, 2S1Ca 4s13d1, 3D.

Overall, it is fair to say that theory and experiment a
generally in quite good agreement for the LiCa molecu
provided one considers the theoretical calculations p
formed at the highest level. The calculated properties of
lower-energy states, not yet experimentally observed,
presumably even more accurate than those of the hig
energy states, which are compared to experiment here.

I. Expectations for the LiMn and LiZn molecules

The nearly equal sharing of the three valence electr
between the Li and Ca atoms in the ground state of LiC
leading to Mulliken atomic charges of Li20.54Ca10.54, is not
so surprising when one recognizes that Li and Ca h
nearly identical electronegativities of 0.97~Li ! and 1.04
~Ca!.26 This is precisely what one would expect if the bon
ing 1s and antibonding 2s orbitals were equally shared be
tween the two atoms, which, in turn, would be expected
the electronegativities were identical. In considering LiCa
a model for the interaction between lithium and the 3dn 4s2

transition metal atoms Mn and Zn, however, it seems cl
that the bond energies of LiMn and LiZn will be great
reduced as compared to LiCa. In order to form a bond, thes
electrons of the Mn or Zn atom must be partially donated
the lithium atom, leading to unfavorable polarizations of t
resulting molecules in the sense Li2Mn1 or Li2Zn1. The
greater ionization energies of Mn~7.437 eV!27 and Zn~9.394
eV!21 compared to Ca~6.113 eV!28 imply that electron trans-
fer in this direction cannot occur to the same extent as
LiCa. Electron transfer in the Li1Mn2 or Li1Zn2 direction,
on the other hand, is simply not possible because the Mn
Zn atoms lack a suitable acceptor orbital. The net resul
even weaker bonding expected in LiMn and LiZn as co
pared to LiCa. This situation is reminiscent of our previo
findings in which AlCa, AlMn, and AlZn all form the ground
state of the molecule by placing the single 3p electron of the
aluminum atom in thep orientation, leaving an empty 3ps

orbital to accept electron density from the 4s2 orbital of Ca,
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Mn, or Zn.2 Although this leads to an increasingly unfavo
able charge distribution of Al2Ca1, Al2Mn1, and Al2Zn1,
it nevertheless represents the only way a bond can
formed, due to the lack of suitable acceptor orbitals in C
Mn, and Zn. The inability of the Li 2s electron to readily
move to another orbital, however, is a major difference fr
the case of Al, and suggests that the bond strengths of L
LiMn, and LiZn will be even less that those of AlCa, AlMn
and AlZn, respectively. For LiCa and AlCa calculated bo
energies can be compared, and it is indeed true that the b
energy obtained here for LiCa~0.24 eV! is substantially less
than that previously obtained for AlCa~0.47 eV!,29 in agree-
ment with this expectation.

VI. CONCLUSION

A combined experimental andab initio study of LiCa
has led to the experimental identification of three band s
tems, a measurement of the ionization energy, and the t
retical prediction of numerous excited electronic states. I
found that the LiCa molecule has a weakly boundX 2S1

ground state withr 053.3796(11) Å, DG1/25195.2 cm21,
andDe50.24 eV. As in all of the calculated electronic stat
of LiCa, this state is characterized by substantial elect
transfer from Ca to Li, leading to a polarization of the mo
ecule in the sense of Li2Ca1, with Mulliken charges of
Li20.54Ca10.54. This is in agreement with what might be e
pected if the bonding 1s and antibonding 2s orbitals were
roughly equally shared between the two atoms.

The low bond energy of this molecule results from t
fact that it is composed of two atoms with threes electrons in
two s orbitals, resulting in an unfavorables2s* 1 configura-
tion in the ground state of the molecule. In contrast to
weak bond found for this configuration, a strong bond~1.37
eV! is obtained when one of thes electrons is promoted to
p orbital, leading to as2p1 configuration in which all three
electrons are in bonding orbitals. This suggests that the
lated LiZn and LiMn molecules will have low-lying excite
states of2P and 5,7P symmetry, correlating to separate
atoms in which the lithium atom is excited to its 1s22p1,
2P° term.

For the states studied here of2S1, 4S2, 4S1, 2P, and
4P symmetries, the lowest root in every symmetry is alwa
well represented by the Hartree–Fock one-electron confi
ration, but the second and higher roots are not adequa
represented by a single electronic configuration. At least
and sometimes even four or five electronic configuratio
contribute strongly to the state. As a result these states
not be described as single-electron promotions from
ground electronic state.
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