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Theoretical study of the electronic structure of the Sp molecule
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The electronic structure of the Smolecule has been investigated by use of a two-valence-electron pseudo-
potential, configuration-interaction calculations with the four active electrons via the CtBSliguration
interaction by perturbation of a multiconfiguration wave function selected iteratiaéprithm, and addition
of a core-polarization potential. Potential-energy curves for the ground and 21 excited statesaefngil as
for the ground state of $f have been determined, and subsequent spectroscopic constants have been obtained.
Quite a good agreement with the few available experimental values is displayed for the unambiguously
assigned stateX 12$, A1S! of Sr, and X 25 of Sr,*, while present predictions lead to a different
assignment for the observ@&i'I1, state which is found to correspond to the adiabatic'[R)state.

PACS numbsdis): 31.10+2z

[. INTRODUCTION useful to experimentalists involved in spectroscopic investi-
gations of this molecule, or interested in atomic collision
Spectroscopy of alkaline-earth dimers attracts special inprocesses such as energy poolitg,14.

terest due to the different structure between their van der
Waals ground state with a large equilibrium distance and Il. METHOD
quite strongly bound excited states at significantly smaller )
internuclear distances. Among these molecules, little has The strontium atom has been treated through a two-
been known up to now about the Smolecule. Four states electron semiempirical pseudopotential taken from Fuen-
have been investigated experimentally. One state, assignedtt‘?)""lbaet al.[13];
13 © was characterized from matrix isolation spectroscopy 7
[1,2], experiments which first proved the existence of stable V’?é: 4 2 BISFeXp(_BISfrZ)pSV, (1)
Sr, molecules. The ground sta¥e'S ; and the excited state ri=o
A 13 ' have been characterized through the analysis of laser- s _ L
induced fluorescence spectra of the molecule produced in \é(here P _Em|lm>3f<|m|5r is the projection pperator on
heat pipe ovei3,4]. The B 11, state has been investigated symmetry| with respect t? the Cg,fe, Sr, arifl is thg core
recently from depletion spectroscopy on,3nolecules pro- charge. The parameteas and §y” fitted to experimental

: ; data are available in Refl15] for =0, 1, and 2.
duced in a seeded molecular bedfj. On the theoretical ; ) '
side, S, has only been studied from density-functional A Gaussian basis set £5p6d11/5sbp3dlf) has been

-, o oo determined, which is suited to reproduce tl& 8d, 5p, and
methods[6,7], providing predictions of the binding energy : . : .
somewhat larger than the experimental value. gst cl)rﬁnalsb using tTe dp(rject:eqmg pseut(:]opztentlgl.t .Ther} th
Here we present a theoretical investigation of the elec- ltal Nas been Inciuded 1o improve the description of the

13 i is di i
tronic structure of Sy using a different approach, based on 5s4d “*D states of Sr. The basis set is displayed in Table I.

valence-electron pseudopotentials, the configuration interac- At the Cl level, S_r_|s treated as a two-yalence-electron
tion (CI) for four active electrons, and the addition of core- system, and no explicit account for correlation between core

polarization potentials. This method is very similar to one We"’md valence electrons is taken. Fuenteaibal. introduced

used previously for investigations of the electronic :structurethe Interaction petween pplan;gble cores and the vglence
of barium compounds BaH8], Bali [9], BaNa [10] electrons by adding a semiempirical polarization potential to
BaK [11], and Ba, [12]. Predict,ions obtair;ed in that V\,/ay the two-valence-electron pseudopotential. Such a descrip-

for BaH are in good quantitative agreement with accuratéion’ pseudo_potential plus core-polarization pqtential, was
experimental data for equilibrium distancls, transition seen to provide an accurate value for the bond distance of the

energiesT,, and vibrational constants., with discrepan- ground-state hydride SrHLE]. In the present work, we use

cies AR,<0.04 A, AT, <200 cm L, andAw,<40 cm L. such a core-polarlzatlor_l po_tentlal in order to bring in some
. e . ., core effects, core polarization and core-valence correlation,
For BalLi, our predictions, which were used as a guide’. e i
; . : ; “via the Foucrault-MillieDaudey form[17]:
for experimentalists, agree well with corresponding experi-
mental values for the three states observed up to now:
X 23T, (2)’%2% and (2fI1 with AR.,<0.05 A and
AT,<300 cm 1.
After a summary of the method used in Sec. Il, potential-
energy curves and spectroscopic constants for 22 molecularhereA andB denote the two Sr atoms aig, is the dipole

states of Sy are reported in Sec. Ill. Present data might bepolarizability of the coreX. The electric fieldfy created on

chp: _% E axfx-fx, (2
X=A,B
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TABLE |. Gaussian basis sets for Sr.

Two-electron pseudopotential calculations

Ten-electron pseudopotential calculations

Contraction Contraction
Orbitals Exponents coefficients Exponents coefficients
s 0.791 740 1.0 5.879 157 0.196 709
0.316 178 1.0 3.092 482 —0.625 898
0.066 565 1.0 0.644 667 0.735723
0.026 990 1.0 0.298 876 1.0
0.013 495 1.0 0.057 276 1.0
0.023 870 1.0
0.011 935 1.0
p 0.225 825 1.0 2.432 472 —0.374 899
0.095 691 1.0 1.664 234 0.387 615
0.042 077 1.0 0.569 989 0.655 838
0.018 077 1.0 0.220 718 1.0
0.009 038 5 1.0 0.067 629 1.0
0.026 727 1.0
0.013 363 1.0
d 3.618 081 —0.007 501 3.618 081 —0.007 501
0.996 656 0.108 098 0.996 656 0.108 098
0.390 735 0.278 540 0.390 735 0.278 540
0.122 770 0.477 318 0.122 770 0.477 318
0.036 655 1.0 0.036 655 1.0
0.018 327 1.0 0.018 327 1.0
f 0.1 1.0 0.1 1.0
0

X by valence electrons and other cores is modified by avherer;x describes the valence-electron—core relative posi-
cutoff functionF acting on the electronic part, tions, andRy.x describes the core-core relative positions.
The cutoff function is expanded as follows:
2
Fix Rx'x |
=2 3 F(rix.px)— 2 =3 Zxr, 3 |
=iy x'2x Ryrx F(rix'Px):El m:E—I Fi(rix,p)[lm)x(Imlx, (4
TABLE Il. lonization energies for Sf, transition energies and ionization potential for Sr, calculated with

two effective core potentialwalues in cm'%, cutoff radiip' in a,). A is the difference between experimental
energy and calculated energy.

Ten-electron pseudopotential
p°=1.248 847,p1=1.447 745,

Two-electron pseudopotential
p?=2.089 30,p*=2.117 00,

Experimental p?=p®=2.121131 p?=p°=1.64471
Level energies Calculated energies A Calculated energies A
Sr* 5525 88 964 88 964 0 88 964 0
4d %D 74 239.9 74 239.8 0 74 239.8 0
5p 2p 64 714.51 64 714.5 0 64 714.4 0
6s %S 41 227.47 41133 94 41 167 60
5d 2D 35625.7 35093 533 35222 404
6p 2p 33002.17 32 887 115 32981 21
Sr5s? 1s 0 0 0
5p5p 3P 14 711.73 14 673 39 14 548 163
5s4d °D 18 259.53 18 375 115 18 242 17
5s4d 1D 20 149.7 20 524 374 20209 60
5s5p 1P 21698.5 21731 33 21459 240
lonization 45 925.6 45 839 87 46 070 144

energy
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TABLE lll. Comparison between energies at larBe(R=100ga,) and experimental atomic transition
energiegin cm™1).

Experimentaf Calculated’ Molecular
Dissociation values values states
Sr(5s? 1S) + Sr(5s2 1S) 0 0 N
0
Sr(5s5p °P) + Sr(5s? 1S) 14 711.73 14 541 RO |
14 587
Sr(5s4d 3D) + Sr(5s2 19) 18 259.53 18 289 SO | PV,
18 183
Sr(5s4d D)+ Sr(5s? 19) 20 149.7 20 676 I | PV
20341
Sr(5s5p 1P) + Sr(5s? 1S) 21698.5 21966 P | P
21731

8From Ref.[19], values averaged over
PFirst line: ten-electron pseudopotential. Second line: two-electron pseudopotential.

whereF (rix,p) is defined by For a we used the theoretical vallig8] «=5.51a3 pre-
viously used by Fuentealbet al., while the p'x parameters
have been fitted to reproduce experimental enefdigks(av-
eraged oved) for the states §2S, 4d 2D, and 5 P of
Sr*. Their values are reported in Table Il. They have been
|-dependent cutoff function§(r;x ,p'x) are introduced to used to calculate ionization energies for'Srand transition
account for the fact that valence electrons interact differentygnergies and ionization potential for Sr with a full valence
with cores depending on their angular symmdtry

Fi(rix,p%) =0 for rix<py

=1 for riyx=pk.
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FIG. 2. Potential-energy curves for tH& ™/~ and 3~ states.
FIG. 1. Potential-energy curves for tH&* states. Full lines:  Full lines: ®Y ; dashed lines3 ] ; dotted line:3%; -----. :
'3 ; dashed lines!X | . Sy -
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Cl. Due to the fitting procedure to determip8, p!, and
p?, the states §2S, 4d 2D, and 5 P of Sr* are repro-
duced exactly. For the transition energies of Sr and for the
levels of Sr" not included in the fitting procedure for the
p', an accurate description is provided. A good agreement
with corresponding experimental data is displayed, with a
maximum deviation of-240 cm ! for the level 55p P of

Sr and of~400 cm ! for the level 5 2D of Sr™.

It should be noted that, in analogy with our previous work
on Ba, [12], we also described Sr through a ten-electron
quasirelativistic nonempirical effective core potential deter-
mined by Kauppet al.[16] in the form given by Eq(1). A
Gaussian basis set §$7p6d1f/5s5p3d1f) displayed in
Table | was used. At the ClI level, Sr was treated as a two-
electron system by freezing thes4nd 4p orbitals, and a
core-polarization potential similar to that used for the two-
electron pseudopotential approach was determined. Corre-
sponding fitted parameters are displayed in Table Il together
with the so-calculatecfull valence C) values for ionization
energies in Sf, and transition energies and ionization po-
tential for Sr. As can be seen, the agreement with experimen-
tal data is somewhat less good than that obtained using the
two-electron pseudopotential.

The molecule Sy is treated as a four-electron system 5
even when considering the ten-electron pseudopotential by I
freezing the orbitals g and 4p. Core effects are taken into |
account at the molecular level through the core-polarization I —_'s+’s
potentials determined for Sr. Configuration-interaction calcu- N T T
lations for the four active electrons have been performed 6 8 o2 14 16 820 22
through the three class CIPSI algoritfoonfiguration inter- R (bohr)
action by perturbation of a multiconfiguration wave function
selected iteratively[20,21]. Two subspace$ and M with FIG. 3. Potential-energy curves for tHdl states. Full lines:
SCM are treated variationally. Their sizes are defined by theLH dashed linesII,,.
following thresholds:s=0.013 andz,,=0.002 for calcula-
tions with a ten-electron pseudopotential, apg=0.03 and
nw=0.0025 for calculations with a two-electron pseudopo- :
tential. The simply and doubly excited determinafisth potennal.l -
respect to those of the subspacenot included inM con- Potential-energy curves are drawn in Figs. 1-5 for the

3, 3 3 ;
stitute the third subspad®, which is treated by perturbation. 3, %, _le T, a”d_l A states, respectively. If they are
smooth with a well-defined uniqgue minimum for the species

S 22y, 8y, %%, Mg, TAg,, and A, they are
Il RESULTS more complex for the specie€ ;, M3, and A, for
which they present various av0|ded crossings.

The 25"*A{{/”) states dissociating into the five  From the calculated adiabatic energies, values for the
lowest limits Sr (52 1S)+ Sr (5s? 1S; 5s5p 3P;5s4d °D;  minimum-to-minimum electronic excitation enerdy,, the
5s4d 'D;5s5p 'P) plus the statess ;, and (3)11, dis-  equilibrium internuclear distanc&®., the harmonic fre-
sociating into Sr(55p 3P) +Sr (5s5p 3P) have been inves- quencyw,, and the rotational constaBi, have been calcu-
tigated in the range of internuclear distanceslated for bound states. For states with a uniqgue minimum, all
5.0<R=<18.08,. In order to assess the accuracy of our ap-calculated values were used in these determinations, while
proach, we have performed calculations at a very largdor states with several minima such as the 3(§2§
distanceR=100g,. The calculated energies are compared(1)3Ag, (1) and (2¥I1,, and (1), (2), and (3)11, states,
to the experimental atomic transition energies in Table Ill.only energy values in the range Bfrestricted to the lowest
As already observed for the description of excited states ominimum were taken into account. Calculated spectroscopic
Sr and Si*, the agreement is better for the semiempiricalconstants are displayed in Table IV together with previous
two-electron pseudopotential approach than for the nonemexperimental and theoretical data.
pirical ten-electron one, with a maximum deviation of The ground state is calculated to be weakly bound
~200 cm ! for the states dissociating into Srg5'S)+Sr  (D,=1088 cm'!) at rather large internuclear distance
(5s4d D). Because a ten-valence-electron pseudopotentigR.=4.531 A and with a small harmonic frequency
treatment of the Sy molecule would be much more expen- (w.=43 cm™1), corresponding to a van der Waals structure.
sive than a two-valence-electron pseudopotential one, whilds Cl wave function displays a simple configuration closed-
results in this limiting case are not better, we decided tcshell structure, with a calculated weight &=8a, of

-1,

Energy (103 cm

__'s+’p

perform all molecular calculations with the simplest pseudo-



53 THEORETICAL STUDY OF THE ELECTRONIC STRUCTURE OF ... 3849
Iﬁ 30 _’p+’p Iﬁ 30 — L
5 el
4 g
é 25 :ﬁ 25

20 |- 3

1,1

1,1 L — S+'8

—_"S+'S
o b O L e e
PSR TSN DU BN BV PR ETFN SR RPN o 3 0 12 v e PPy 5 22
6 8 10 12 14 16 18 20 22
R (bohr)
R (bohr)

FIG. 5. Potential-energy curves for tHeA states. Full line:

FIG. 4. Potential-energy curves for thl states. Full lines: 1A - dotted line:1A. - dashed line3A = —.-.-. N
g . u:» . g’ . u-

%[1,; dashed lines?Il,,.
distances. In order to discuss the nature of these excited
~0.95 for the configuratiomrzaﬁ whereo, and o, are va- states, we Eerforme_d a theoretical investigation of the ground
lence molecular orbital$MO’s). Calculated spectroscopic Stté of S5™, for which, to the best of our knowledge, there
constants are in quite good agreement with the correspon&-X'St no previous theoretical data. We used basically the

- : . : method described in Sec. Il and treated 'Sias a three-
:gge?.)i(ﬁgﬂgzntﬁljgraéggﬁ](;:btsaé?i?eg;%egiesgn?ﬁf of electron molecule at the CI level with the CIPSI algorithm.

; +
R.=4.446 A, andw,=40.32+0.02 cm L. The binding en- The calculated potential-energy curve of &3, state of

. ; . . Sr,* is drawn in Fig. 6. Calculated spectroscopic constants
ergy is accurately reproduced, while a relative differedce areT.—=37983 e L. w.=81 cm-! D.=9065 et and
. . e L e 1 e 1
of ~2% is obtained foR, and 5~7% for we. , 'Re=4.104 A, to be compared to the following experimental
Present results are also compared in Table IV with previy 5 es deduced from an investigation of the ground state of

ously available theoretical results from density—functionaISr2+ related to the spectroscopy of small, SHlusters[22]:
calculations. The earlier values were obtained from |0C3|Te=38180t 100 cm !, w,=86+3 cm™ !, and D,=8800

spin-density-functional calculatior{§], while the more re- 199 cm L.
cent calculations included gradient corrections to the local- \/arious excited states with equilibrium distaneet A

density approximatiofi7]. Our predictions are seen to be in 5y he understood as resulting from a'Sground state plus
better agreement with experiment, especially for the binding, simply excited electron. This is illustrated in Fig. 6, in

energy. As a matter of fact, it has already been pointed OUl,hich the potential curves for the states 1)3s *
for other homonuclear dimers of group I[X] that density- ((92) 3y + (1F))1Au and (1A, are drawn tggthe(r 3/vitrL1] t,he
u 1

functional approaches provide overestimated values for th .
binding energy. The only previous results we knew for ex-Curve for thex *%; state of ;" . Furthermore, the weights

cited states are also due to density-functional calculationgf (€ simple excitations from the lowest valence M@’
[6]. It should be noted that they predict the same order a@ndoy occupied in theX "% state to the two lowest virtual
present results for the four lowest excited states, while value¥O’s ¢, and ¢, are important, and generally dominant,
for spectroscopic constants are significantly different. in the wave functions of these states. For instance, at
From Figs. 1-5, it can be seen that the relatively flatR=8ao, these weights» are 0.54 and 0.30 for the excita-
potential-energy curve of the ground state is very differentions o,—og and o,—og*, respectively, for the
from the potential curves of the excited states, which preser(2)'2, , and for the state (£)\,; »=0.70 and 0.55 for the
generally larger binding energies and smaller equilibriumexcitationso,— 5;‘ ando,— 53* , respectively.
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TABLE IV. Spectroscopic constants for tHé**A (/™) states of Sy.

State T, (cm™1) we (cm™1) Re (A) 10B, (cm™1)
X3 0 43 4.531 0.187

Gerber, Mdler, and Schneide? 0 40.32+0.02 4.446 0.194

Jone? 0 45 4.81
Ortiz-Ballone® 0 47.6 4,503

(L)%, 6844 97 3.684 0.283
(1)1, 7041 101 3.588 0.299
(137 8992 83 4.124 0.226
W= 12 363 79 3.850 0.259
(1)%%, 12 926 125 3.228 0.369
(2)%7 13 614 96 3.744 0.274
(1)%1, 13890 54 4.320 0.206
(2)%, 14 573 90 3.946 0.247
(2)°11, 14 883 90 4.037 0.236
(1)3A, 14 900 84 3.778 0.269
(1)*A, 16 158 82 3.868 0.257
(1), 16 243 96 3.952 0.246
(1)'A, 16 425 124 3.251 0.364
(2)'1, 17 004 84 3.969 0.244
(2=, 17 024 69 4.213 0.217
(2%, 17 101 81 4.545 0.186
(15, 17 383 100 3.363 0.340
)7 17 541 83 4.099 0.229

Gerber, Mdler, and Schneide?t 17 357.9-0.2 85.07-0.34 3.952 0.2456
(1)3A, 17 991 66 4.473 0.192
(2)1, 18714 176 3.487 0.316
(3)M1, 22548 76 3.797 0.267

Bordaset al. ¢ 22173+ 10 80.4-1.0  3.85-0.05

%Referencd4].
bReferencd6].
‘Referencd7].
dreferencd5].

As previously pointed out for Ba[12], some of the ex- ment with experiment withAT,~200 cm !, Aw,=2
cited states of Srconsidered here with smaller values of thecm ™!, andAR,=0.147 A.
equilibrium distance £ 3.5 A) and larger values ob, ex- A structured absorption band was observed fop Br
hibit a doubly excited character, while quite less pronouncedare-gas matrices[1] at 710 nm in the Ar matrix

than for Bg,. For instance, it is the case for the (*ZI&)Q state, (T,=13805cm *andw,=66 cm 1), and at 730 nm in the

in the wave function of which the double excitation Ky matrix (T,=13426 cm! and w,=68 cm™1). It was
2 * 2

Oy—= Tyx — 773y2 has a weight of 0.44. The (13, and  assumed to correspond to the electronic transition
(1)52|I states which dissociate adiabatica”y to the limit Sr 12:[1S+ 1P](_X 12+ . In fact, its characteristics are seen
(5s5p °P)+Sr (5s5p °P) also have this double character. 1o pe closer to that calculated for the FI),[1S+3P] state
The (1)32g state is dominated by the configuration \ith AT,<100 cm ! andAw,= 14 cm™%, which might be

oi—mii+ el (0=0.64), while the configurations the electronic state observed.

2 2 . .
Tuog— Tox + Thy (0=0.49), m,m," (0=0.33) are pre- The excited statd 'TI, of Sr, has been characterized
dominant for the state (2%, . from depletion spectroscopy, and experimental spectroscopic

Apart from the ground state, we knew experimental val-constants have been obtaind8]. Experimental values
ues of spectroscopic constants only for three states, namely, -2 173+10 cm™!, ©,=80.4-1.0 cm!, and

the A 'S and theB 'II, states investigated in the gas R_=3.85+0.05 A are seen to be in quite good agreement
phase, and for one stat& | investigated from matrix spec- with those calculated for the inner well of the {3}, adia-
troscopy. TheA '3 [«—X '3 system has been investigated batic state which correlates adiabatically to the doubly ex-
from laser-induced fluorescence of the,Snolecule pro- cited limit Sr (5s5p 3P)+Sr (5s5p 3P). The differences
duced in a heat pipe ovelB,4]. Calculated results for the are AT,<400 cm !, Awe,<5 cm™!, andAR,~0.05 A. It
A3 ' state which dissociates adiabatically to Srshould be noted that the calculated adiabatic potential-energy
(5s° 1S)+ Sr (5s5p P) are seen to be in quite good agree- curves for the statedl1, (see Fig. 3 present various obvious
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50 we=176 cm 1, andR,=3.487 A are too far from the ex-
perimental values, so that we believe that &, state ob-
served is more likely the (3]1, state. We have calculated
the dipole momeni for the transition (3)[I,—X ' . Its

I squareM? presents a maximum~10 a.u) for a value of

w0 L R very close to thd, value (~7a,) of the inner well of the
(3)11, state, and decreases sharply to a small valu6.8

a.u) at R~8a,, a distance around which an avoided cross-
ing with the adiabatic (21, state takes place. Furthermore,
for such a distance, the energy of the YH), state is calcu-
35,3 lated to be 770 cm 1 above the bottom of the potential well.
These two points are consistent with the fact that the highest
vibrational level measured experimentally was about 700
cm~! above the bottom of the potential well.

-1
cm )
-
~

—_"8S+°s

3

Energy (10

30 -

—ls+lp
—S+D
I 1 3
* — 8+D IV. CONCLUSION
__‘'s+’p Potential-energy curves and spectroscopic constants have

been predicted for 22 molecular staf€$ *A /™) of the Sp

I s . molecule by using a semiempirical two-valence-electron
0 L pseudopotential for Sr, treating the correlation for the four
""" active electrons by configuration interaction through the
CIPSI algorithm, and introducing a core-polarization poten-
tial. Predictions for the ground state which may be described
as a weakly bound van der Waals system are seen to be in

1 1

— S+'8 quite good agreement with experimental data, significantly
(O e N RSN TSI RSN SN R SAN VWA S R H H P
: e,  better than the only previous results from density-functional
R (bohr) calculations especially for the binding energy.

We knew only three excited states that have been inves-
. . tigated experimentally, i.e., two states assigned®s and
2FI+G. 6. Compa+r|son between the potentlal—energy curves of theyne state'l,,. Among these states, present predictions con-
X%, state of Sy and of some excited states of StFull line:  fiym the assignment of thé 'S state, and enable us to
3(2)122%’ dashed lines: “%, ; dotted lines: “"A,; propose a different attribution for thjeij state observed in
v rare-gas matrices and for tiBeI1, state. Assuming present
avoided crossings. Present values for the spectroscopic coassignments, our predictions are seen to be in quite good
stants have been obtained for the well presenting the lowestgreement with experimental data. In a way very similar to
minima of each curve. The experimentally obser@dIl, that used for Sy, the potential-energy curve and correspond-
state was assigned as the H), state dissociating into Sr ing spectroscopic constants have been obtained for the
(5s% 'S)+Sr (5s5p *P). The calculated characteristics of ground stateX 23 of Sr,™, and they are seen to be quite
the inner well of the (231, state, i.e.T,=18 714 cm }, close to the corresponding experimental values.
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