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- Abstract

Molecular electronic structure theory has been applied to the low—lying

electronic states of Zn, and Cd,. Gaussian basis sets of size Zn(13s 9p 5d)

2
ander(lss l1p ?d).have been optimized in atoﬁic»célculations on the groﬁnd
lSvand éxcitedv3P‘e1ectronic states. - The general contfaction scheme of
Raffenetti has been uséd té reduce these primitivé gaussian bases to size
Zn(5s Ap-ld)_and Cd(6s 5p 2d) without any degradation in the atomic SCF
eﬁergies. Following X 12; ground state SCF calculationé,'full configuration
interactibn wés peffqrmed for the four ?aieﬁce electrons. The resulting.
pqtential energy éurves for'Zné énd Cd2 are, with some notable'exceptiéns!
qualitatively-similar. In the case of'Cdz, we have obtained potential curves

which include spiﬁ-orbit coupling and have carried out a detailed analysis of

: . . . .o + s
the fluorescence intensity from the first lu (3Zu) excited state..
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Introduction

S : . . o 1,2
In recent -years there has been considerable interest, both theoretical’

and experimental.3_§' in the‘spectroscopy of the series of moleculéé Zn2,

Cd2,>and ng, The origin of these studies is the fact that such Group II

- molecules have been considered prime candidates as high power visible or

ultraviolet lasers. This likelihood in turn arises from the fact that

2"and ng have qualitatively repulsive (except for van der Waals and

'cher classical attractions) ground state potential curves, but a variety
of significantly bound, electronically excited potential.curves. As in the
~case of the noble gas halides,»s—10 this possibility of bound-free transi-

'tions is of high interest in gas-laser development.

Twc.)“recentrtheoreticél'studiesl’2 have been particularly designed to
predict the relativistic potential energy cﬁrves of the‘mercury dimér. In
the'first Haj, Dunning, and.Raffenetti calculated ab initio potential energy
_and then extrépolated these results to ng‘using experiﬁental

2

spin—orbit information from the Hg atom. The second study, that of Mies,

curves for Zn

Stevens, and Krauss chose the Mgz-system for the actual ab initio calculétions.
Then they similarly adjuSted‘the potential curves to yield the exact.

asymptotic energies for Hg + Hg,'again using atomic spectroscopic data

- for the Hgnatom to account for'relétivistic‘effects.

Both the Hay-Dunning-Rafenetti and ‘Mies-Stevens-Krauss appfoaches;seem_
’ . . 11 o
to us to be quite reasonable alternatives to the presently impossible task

of éarrying'out fully relativisitclgh initio studies on'ng itself. Neverthe-

" less, it is not unreasonable to investigate some of the assumptions made

in theitr work. In the present paper, we examine the question of just how



closely related are the pbtential curves for sz'and Cdz. Considerable cére

has been paid to desigﬁing ab initio theoretical.procédures which are sfrictly
analygous fbr’tﬁe two systéms. vThusvit_ié hoped - to géin insight into the
éhaﬁges which.occurvin_éteppiﬁg down one row in the.pefiodic table. Finally,

it should be not¢d that Cd2 is of considerable intefest in itself4’12,and a much

more plausible candidate for laser action;thén either an-or.Mgz.‘ The fluorescence

fcharagtefistics'of Cdz‘will’be considered in a later section of thisvpaper;

Theoretical Approach

As in any electromnic structure investigafion, our-first problem was
to identify ah appropriate-basis set. In their_work on an,vHay, Dunniﬁg,
and Raffenetﬁil-adOpted the (12s 6p 4d) basisvset of Roos, Veillard, ahd\
Vinot.13 .Howéver, we preferred a somewhat iarger set, comparable to
Huzinaga's popUlér (9s 5p) set14 for first row atoms. Therefore, it was
'decided~to‘optimize a new Zn(l3s 9p 5d) primitive gaussian basis set.

This was accomplished using the ATOM?SCf prbgrém of Rooé, Salez, Veillard,
and Clementi.15 |

.'. Our Zn basis set is given in Table I and yields a Zn lS ground state
SCF energy of —-1777.68250 hartrees. This result is notably lower than
the RboéeVeillard—Vinot energyiof fl777.2409'hartrées; but also above..

16

the Hartree-Fock limit,”" -1777. 847 hartrees. Actually, only the s, d, and

first seven p .basis functions in Table'I were optimized for the ™S ground

state. The_outermost two p functions were specifically determined.for the

132 232 2p6 332_3p6 4s 4p 3P state, as suggested by Hay, Dunning, and

Raffenetti.l The 3P SCF energy obtained with the basis of Table I is



' —l777,58368’hartrEes. The corresponding'IS—BP-SCF‘énergy.separation is

~ 21,690 cmfl, considerably lower than the exﬁerimental value17 32,310.cm—l.

. » L v - 18 ' : - : L
This is. an obvious consequence of the fact that there is more correlation

energy associated with the closed-shell singlet ground 'state than with the

13? stéte.
The same‘general appfoach was followed in optimizing a (15s 1lp.7d)
primitive gaussian basis set for the cadmium atom. ‘Table IT gives the

1resu1ting basis, which yields a lS SCF energy of -5464.83608 hartrees,

16

which may be cbmﬁared with the Hartrée—Fbck limit, ~5465.142 hartrees.

The same basis yieldS'a'3P Cd SCF energy of -5464.75765 hartrees and a
L N v N o

873P éepération of 17,210 cm_l, well below the'experimental résult,v
30,110 cm .

"In this research'we were fortunaté to be able to use the general

. . _ 1 . . : . .
contraction scheme of Raffenetti. 9 The power of this approach is that

ofie can severely contract a large primitive gaussian basis and yet reproduce

the totally uncontracted ground state atomic SCF energy. - In the presentvcase the

inner“shellerbitals were fﬁlly contracted and a double zeta representation
of the'vélénce orbitals was chosen. Thus the full basis sets may be
labeled Zn(13s 9p 5d/5s 4p 1d) and Cd(15s 1lp 7d/6s 5p 2d).

With these relativeiy small (given‘the numberé Qf electrons) contracted

gaussian basis sets, it is possible to carry out rather complete configuration

interaction (CI) studieé. Here we report full CI calculations on the outer

four (valence) electrons of Zn, and Cd Full valence CI studies of this

2 2°

sort are fairly .insensitive to the set of molecular orbitals. employed, so-

1.+ . : . ’
the - Zg ground state MO's were used as a convenient basis. The actual

CIiprocedures used the D h subgrodp of the full DOoh point group. For the

2



12; staces, this involved‘a total of 1568 lA1g confignrations'in the

full four electron CI.

The actnal total energies obtained are avaiiable.from the authors but
due to space limitations are not included here. For an the internuclear
distances examined included'R(Zn—an = 4'0"4f5;‘4'75’-5’0’ 5.25, 5;5; 5.75,‘
6.0, 6.25, 6.5,_7.0; 8;0, 10.0, 12.0,>15.0,>end 40.0 bohrs. For Cd2, the
,points'making up.rhe potential curves were'R(Cd—Cd)‘= 4.0, 5.0, 5.25, 5.5,

5.75,'6.0; 6.25, 6.5, 7.0, 7.5, 8.0, 9.0, 10.0, 12.0, 15.0, and 40.0 bohrs.

- Results. and Discussion

A, Asymptotic Limité

A reasonable first question‘to.ask is how well the present CI methods
reprodnce'the known atomicbexcitetion energies of Zn and Cd. It>TaBIe ITI our
theqretical results are'comperedlnith_experiment. There we see that CI markedly
. reduces the SCF. errors in the theoretical,values of nE(lS—3P). The SCF, CI, and
_ experimental singlet—triplet separations for zinc are 21,690; 28,17Q, and |
32,310 cm—l. Unfortnnately, a sieeable error remains even in the best
theoretical treatment.

Hay, Dunning, and Raffenettil note the eame problem, and shift their
computed potential'curves'to reflect the experimental asymptotes. While we‘have
followed this procedure in,cbtaining spin4orbit>curves for Cdz, the nonrelativistic
curvee for‘an and‘Cdzvreflect‘the computed unshifted asymptotes. The major effect
of an adjustment of the asjmptdtes isvtc reise those potential-curves dissociating
. to the ls + 3P.lim_it relative to those connecting to lS +‘lS and to lS + 1P.

Interested readers may obtain the numerical curves from the authors.



B. Potential Energy'Curves‘

The predicted, unshifted,pbtential_energy curves for Zn2 and Cd2 are seen in. -

"Figdres 1 and 2, respectively. The overall result of comparing the two figures is
the conclusion that the electronic structnres of Zn2 and.Cdz,are‘qualitatively
simiiar. However, closerllnspectlon shows some differences.

F1rst, the energetlc order of the 12 and 1H states 1s»reversed
between Zn, and Cd .Howeyer it must be_conceded that these two eleCtronie_‘
hstates lie very elose-tO-eath.other,for both an and Cd,, andvthis,is>theA
primaryvconciusion one should.draw concerning their relative positions. A
, second differenee ie that for Cdz, Fignre 2 shows that the repulsive Eg
.cnrve croéSes»the bound lE:.and lﬂuveurves at the.same value of r(Zn—Zn);
the bond distance. That is to say, there is a "triple intersection" of:the»
ithree potential-energy_cﬁrves; .Reaiistically, howener,lthevfact that:the‘
?SYmPtotic‘limit<Cd(1Si.+'Cd<?P)_is predicted to-bewlower7than'known
_ exPerimentaliy means that the repulsive.Bzg curve aetnally crosSes.the
.hl -+ and lH curves at larger internnclear separations.
wA‘particularly prominent feature ofwthe an curves is the-maximum in the
lnu potential curve. This maximum was first predicted by Hay, Dunning, and
Raffenetti,l.who predicted a barrier of 0.19 eV. Here we find the 1nu maximum
‘to occur at'm'4.2 XH with the saneibarrier height, 0.19 eV, For Cdzltheﬂlﬂ

. .o _
‘bump occurs near r = 5 A and its height is notably less, 0.12 eV.

u

A finalfqualitatiﬁe observation is related tovthe statement by Mies,
Stevens, and Krauss (MSK)2 that‘their Mg2 potential energy curves_might be
eloser to the ngncurves being modeled than‘are the'an curves of Hay,
DUnning, and Raffenetti.(HDR) MSK. support this statement by noting that
the Mg atom has a greater spatlal extent than does Zn and in thlS sense is

a better model.fOr_Hg. While we have noted above the qualltatlvewagreement




between our (and those of HDR) an and Cd2 potential curves, it is also
true that the MSK curves for Mg2 aré qualitatively similar to our Cd2
curves. Some qualitative differences include the fact thgt,the Mg2
poténtiél curves dissociating to‘(lS +.1P)‘atoms are somewhat more spread
out_thaﬂ'the-comparable curves for Cdz, and the Mg2 lHu maximum occurs at .-

a smaller internuclear separation than for Cd2 (and'presumably ng).

C. Spectroscopic Constants
The results depictedfin Figureé 1 and 2 are given quantitativevforﬁ
in Tabie vy wﬂich gives predigted spectroscopic.constahts for Zn2 and
Cd2. As”noted aboveithe oni& shift in energetié.ordéring of states is
1.1 ’

the Hu, Zu pair. For Zn, the lZu state lies 0.08 eV lower, while for

Cd, the lHu state is lowér by 0.05 eV.
_.In additipﬁ»tq.thé_§§ initio electronié ékcitation.energiés Te’ this
quantity ﬁas been sémi—empiriéaily prediéfediby cdrrectihg tﬁe ;symptotic
Zn +Zn and Cd + Cd diSSociaﬁion limits tb concur with‘e}cperiment.l7 These
results are labeled "Adjusted Te" in Table IV. There are no startling
difféfeﬁceé beﬁween thg an and Cdé excitation energies Te' The 3Hg and

3

Zu Te Qalﬁes are comparable, while those for the four bound states
dissociating té M(lS) + M(l?) are notably less for Cd2 than for.an.
Although_this result is in part anticipéted from the lower atqmic excitation
energy for lP Cd (than fqr lP Zn), Table IV notes that the 2 12g+ dissociationv
energy is 0.17 eV gfeater for Cdz'than for Zn,.

' Aé expected fhe'Cdzlbond distances are longer thaﬁ'those for ;he

>comparablé states of an, and those_differences all fall in the rather

- narrow range 0.33 A to 0.37 A. Except for the lZu+.and 2 1Zg+ states,



our pre_c‘lic_t_ed‘ v‘alues'- of re(Zn—Zn)'agree with thége‘ of HDR to.‘with‘in 0.01v
br 0.02 Z._ For the 2 lZ;-,state, the HDR.separétion'of 3.07 Z is still only
0.li‘Z than that,ofiéhe bresent work. -Conéidefing how shalloﬁ.this potential
well is, SQCh a discrepancy.is nof surprising. | |

.v Iptuitively one‘might:eﬁpéct a uniform relationship between the an.

and Cd dissociation'énergies De; as was found for the bond distances.

2
HoWévér;“we’predict'the lower three bound states of cd, to ‘have smaller
dissociation energies than those of an,,while'the'reverée is true for the
upper three states. Vibrational frequencies were'predicted for 42ﬁ2

Mq, (nuclear mass = 113.0936). The o,

(nuclear maésv= 63.9291) and
'yaluesvare réughly corfelated with tﬁe_predicted_diSsociation energies,
but there are notab}e déyiations, Most obvioﬁs'is the fact that thé Cd2
'lH :De.valqe ié mbre-thaﬁ'twicevasblérgeias thét for the %Hu state, while
thé vibraﬁional frequeﬁcies are invfhe,ratio 137;119.
D. Cdz Spin-Orbit Curves |

»U$iné the experimentaily known positions of the lPl and”BPJ=O 1.2 states

‘ i >
of atomic Cd, we have derived a set of potential curves for Cd2 whiéh reflect
the atomic spin—orbit'splittings and dissociate to. the éorrect aSymptotié
lﬁmité.' The spin-orbit éoupling’is based on the approximate treatments of
Cohen and Schneider 20 and Hay, Dunning and Raffenetti.l In this séheme; one
uses the atomic spin-orbit parametérs to determine the matrix elements of thé
spin-orbit Hamiltonian that coﬁple the moiecular»statés at infinite separation.
On the assumptioh Fhat-these matrix eiementé are indenpeﬁdent of R, a set of
spin-orbit éurves is obtained by diagonalizing the spin-orbit matfix in the basis
of ;ﬁe computed eléctronid energies at fhe variousvcalculated R-values. Tﬁe

~details of this treatment can be found in the paper by,Hay,‘Dunning and

Raffenetti.l



The atomic Spin-orbit'matrix,is characterized by two parameters A and A~ .
which refer to the splittings in the “P manifold and the coupling between the

lPl and 3Pl states, respectively. For atomic Cd, these parameters are found to

be 1142 and 867 cm—l, respecfivély, giving

"unperturbed" atomic triplet and

singlet limits of 31,256 and 43,664 cm—l. The computed Cdz curves were shifted

to reflect these asymptotes before'obtaining the spin-orbit curves. $

The calcﬁlated spin—orbif é@rves for Cd2 are shown in Figures 3 and‘4 and.
are'iabéled by the projection of the total angular mémeﬁtdm on the internuclear
| axis, parity and ihversion.-.The Spin—orbit curves are generally found to
parallel the unperturbed curves, but there are several notablé‘differences.

There is a large avbided-croSsing induced.between the attractive lg(ng)

and repulsive 1g(32 ) spin-orbit states. Moreover, the adjustment of the atomic

_ : - L3 1
‘asymptotes. shows that the repulsive Hu-state crosses the attractive Hu state
Y _ :

near 2,9 A and the spin-orbit coupling then induces an avoided crossing between
the two lu states derived from the unperturbed states.

‘E. Cd2 Fluoréscence and Excited State Absorption

The family of Group II A and B metal dimers have attracted interest as
possible high-power storage laser systems in analogy with the rare-gas excimers,

The transitions of interest are the weakiy forbidden bound-free bands arising

from the bound curves that come from the lS + 3Pl asympotes and terminate on

the dissociative ground—states; In the case of Cd2, the 1oweét lu(32u) state
has a small a&mixture of lHu (the coefficient of lHu in this state is 0.060 at
o ' ' ‘
1 1

: + ' , .
3 A) and can thus radiate to the lEg ground-state. Using the computed Hu > E;

transition moment at 3.0 A, we obtain a radiative lifetime of 24.4 usec for the
lowest lu state.

The visible fluorescence spectrum of Cd2 has recently been measured by

Drullinger and Stock.21 . We have derived theoretical fluorescence intensities
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from our calCulated'potential curves by a numerical evaluation of the bound-free

Franck-Condon factors connecting the lowest lu state with the ground-state. The

- fluorescence intensity is given by the expression

I(w)dw v 3 P < ¢v|u|¢w >

where the sum runs over the vibrational/rotational levels of the upper state (¢v)

- . . - e + L .
whose populations are denoted by Pv’ u is the lu +.Og electronic transition-

moment and ¢w is.the continuous, momentum nofmalized vibrational wavefunction .
for the lower state.

We assumed. a Boltzmann distribution of Qibrational levels gnd restricted
the rotational quantum number to the most brobable_value at the temperature
qnder consideration. Tén upper vibrational.levels were included in the Computation.
The computed intensity,at 675 K is shown in Figure 5. While the shapé of the
:computed bénd is qualitatiVely similar to that measured by Drullinger andvsfock,
confirming the assignment to the lOWest lu State; the computed curve péaksbnear
425 nm while:the-experimental curve has a maximum near 470 nm and is soméwhat 
broader. This suggests an error in our computed binding energy of thevlu(BEu)
state 6f_apprdximately 1/4 eV which is certainly plausiblé, considering the
finite basis sét used in‘the calculations.‘

Furthér insight into the iu - O;'fluorescence is gained by an examination
of the contributions of the individual (thermélized) vibrational levels to the
total fluorescencevrate,vshéwn‘in Figure 6. It is worth noting that near the

peak intensity, the fluorescence is not homogeneous, being dominated by the

v = 0 contribution.  This might in principle, set limits on the rate at which

energy could be extracted in a narrow band,-the upper limit being determined

by the‘cpllisional repopulation of the ground vibrational level. In this
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conﬁeCtion, we .note that the observed deéay‘timesz; are considerably longer
-than the.24.4 ﬁséc rédiaﬁive'lifetime we éaigulate.- The measured deca& ;imes
undbubtedly'réflect the rate of_formation_of the emitting specieé and.dé ﬁot_
répreseht pure rédiative'lifetimes.
| Although the.lu state we ﬁave.been'coﬁsidering is th¢ loﬁest fadiating
excimer level of Cd
.I.‘.

0,0
(gv g’

. 3. ' . : '
unperturbed _Hg state and which raise the question of excited state-excited

29 inspection of Figure 3 shows that there are three

lg) metaétable_levels that lie below this level which come from the

state absorption.. Indeed,vour calculétions do show that there is a second
béund 3Hu'state which»di;sociates'io ﬁHe 3P + 3P_atomié levels (not shown in.
Figﬁre 2) and'liés 3.08.eV above the 3Hg state at R = 3 K, after proper
adjustﬁent of the asymptotes. ‘This implies a strong excited state absorptién‘:
ﬁear 403 nm, which falls well withinlour calcﬁlafed 1, fluoreééenée band aﬁd-

" laser operatinglon this band.

bodes i1l for a projecteded2

Cohcluding Remarks

Casual inspéction of the potential curves of an.and_Cd2 sugges;s good
qualitative agreement. However, -a more detailed look, particularly at the‘
spectroééopic cénstants, shows‘some serious discrepanciés. Although it
shouid be quite_acceptablg to use Zné or Mgz.botentiél curves as a rough
guide to the lasér spe;troScopy of ng, there may bg‘serious difficulties

associated with quantitative predictions bdsed on such a model.
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' _Table-II. (iSs‘llp 7d) basis set of gaussian functions for the cadmium

atom.
R Exponent
. Type a
s - 542 300. . p 4050}
s Vsi 360. _' o 956. 4
s._' | 18 670. | p 307.6
s  5360. . p 144
s 1782, Cop 45.86
s 657;0 S p 16.96
R 257.6 o - P 7.058
s:  | 78.08 : 5 ~2.181
s 35001 o 0.7901
s o 12.48 s 0.1174
s | 6.039 - p 0;0434
s 1.803 '
s | - 0.8094
s . 0.1174
s f,o.o434
- d ,_'"274.8
d 80.80
4 29.33
d  11.39

d . 4,520
d 1.587

d . 0.4758
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'Tabie I. (13s 9p 5d)vbasis.set of gaussian functions for the zinc atom.

v Eipqnent
Type a
s . 207 699. b 1134.90
s 31323.8 _  5 267.216
s 71s1.23 p 84. 6060
s 2 034.51 p 30.6776
Cs o 666,955 b 11.9956
s 241.327 op - 3.7347
s 92665 p 1.2045
s. 25.9066 p 0.1433
s - . 10,9332 o p | Q.osio
s . 3.0046 |
‘s o 1.1885
s | 0.1433
s | 0.0510
d 56.0915
d  15.7455
4 5.3043
d  1.7697

d 0.5189



Table III.

Electronic State .

le 'ns2 4

Pb ns npn
.3Pl

3P2

lP ‘ns np

-17-

Comparison'between theory and experiment for the lowest

- .o -1 . v .
atomic energy levels (1n cm ) of 21nc_and cadmium.. Note

' .3 y ' e
that for the P states the present nonrelativistic treat-

Theory

28,170

47,960.

Zinc

Experiment

_32,319
32,500
‘32,890

46,750

ment does not distinguish fine structure components.

Cadmium
.~ Theory  Experiment
0
4
30,110
23,570 30,660
] 31,830
41,790 43,690



L e

Zn

e
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Table IV. Predicted spectroscopic constants for the bound states of an

and Cd, dissociating to ~S + 3P and to lS to lP separated atom -

2
'limits. Excitation energies Te are given relative to two ground

state metal atoms.

Eleq;ronic Te‘ Adjusted e -1

_ State (eV) | T (eV) re(A) : De(eV) we(cm )
2 lzg+- J 5.41 5.26 B 2.96 - 0.55 108
‘lnu s.01 4.86 2.62 0.95 175
1zu+ 493 478 290 101 v  115

1Hg | :3.55’; o540 2.51 2.40 204 B

?z;f ©2.75 3.31 2,73 C0.74 154

3ng - 2.57 3;13}’ Coalst 0.92 175 .
2 ¥zg+ = 4.47f | WL | | 3.29 0.72 77
Bt 422 4.k R 0.96 78
lnu 4,17 4. 40 2,95 1.02 119
n 301 .25 2.84 217 137
BY 0 2.3 3.18 . 3.06 o.7o:-' 104
S 212 3.07 2,91 0.80 116



'Ungérade states of Cd
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Figure Captions

Theoretical potential energy cﬁrvesvfor states of an arising from
i . 3 ) : .
Zn(lS, P, ‘and lP).

Theoretical potential energy curves’for diatomic cadmium. All states

1.3, 1

of Cd diésociéting to Cd(lS) + Cd("S,”P, P) are inclddedvhere.

2
Gerade states of Cd

2'including,spin—orbit cdupliﬁg.

) including spin-orbit coupling. "

* : ' _ : v
lu -+ Og fluorescence band at 675°K, calibrated in relative

2

units of quanta per unit wavelength per unit time,

Computed Cd

Contributions of -individual vibrational level to the Cd2 fluorescence

rate at 675°K, in relative units of quanta per unit frequency per unit time.
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cdl's) + ca(lp)

cdilsy+cd®P

cdlls) +cdl's)

R(Cdf—Cd),. —_

XBL 7812-13763°
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