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Calculation of double-well B vibronic states of SrH
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The X (1 X+), A (1 H}, 8 (2 X+},and (1} 5 electronic states of SrH are calculated. A small-core

Hartree-Fock pseudopotential for the Sr atom is used together with a large molecular basis set, and ex-

tensive valence and core configuration interactions are done. The existence of a double-potential well for
the B state, due to an avoided crossing between neutral and ionic configurations, is clearly shown. The

dipole moment of this state as a function of the internuclear distance varies greatly, and the vibrational

energy levels show an irregular progression. The Einstein coefficients for stimulated absorption for vib-

ronic transitions among these four states are also calculated. This predicts irregular band intensities in-

volving the B state. Spectroscopic data for the (1) 6 state are found, too.

PACS number(s): 31.20.Di, 31.50.+w, 33.10.Gx

I. INTRODUCTION II. METHOD OF COMPUTATION

The electronic states of the alkali hydrides (LiH to
CsH) have been the subject of much interest from both
experimental spectroscopists and quantum chemists in
the past decade (see Ref. [1]}.As a result, many excited
states, as well as the ground states, of these diatoms are
now well known. The excited electronic states of the
monohydrides of the alkaline-earth atoms (BeH to BaH)
showed complex spectra showing different types of per-
turbations [2—4]. The low-lying excited states, in partic-
ular the A (1 II), 8 (2 X+), and (1) 6 states are energeti-
cally very close. Their mutual interaction is so subtle
that to characterize each electronic state required deper-
turbation processes for the rotational spectra. The ab-
sorption intensity for the v'= v" transitions was supposed
to be much stronger than other cases, and only the lowest
vibrational levels, v =0, 1,2, have been analyzed to date.
These data are insufficient to determine the general shape
of the electronic potential curves. The electronic states
of the alkaline-earth monohydrides have also been stud-
ied by quantum-chemical calculations. These calcula-
tions concerned the BeH [5—7], MgH [6—11], CaH
[7,12], and BaH [7, 13] molecules. One of the most in-
teresting features of these molecules is the presence of a
double well in the potential-energy curve of the 8 state of
CaH [12).

The present work reports main spectroscopic proper-
ties of the X (ground), A, 8, and (1) ~h states of SrH. The
presence of a double well for the 8 state will be shown for
the first time. The vibrational analysis is done, using the
ab initio potential-energy curves. The Einstein
coefficients for stimulated absorption for vibronic transi-
tions were calculated from the electronic dipole transition
moments and the vibrational wave functions. This result-
ed in abnormal band progressions and variable intensities
involving the 8 state. We also found the presence of the
(1) b, near the A and 8 states for the first time.

'Corresponding author.

The restricted Hartree-Fock (RHF) calculations were
done, using the AsTERIx program package [14,15]. The
configuration-interaction (CI) calculations was done us-

ing a program originally written by Brooks and Schaefer
[16], and a direct CI program with contractions by Sieg-
bahn [17]. The graphical unitary-group approach of
Paldus [18] and Shavitt [19] was employed in these pro-
grams. The small-core relativistic pseudopotential of
LaJohn et al. [20] was used to simulate the
[ls /2s 2p /3s 3p 3d' ] electrons of the Sr atom. The
molecular orbitals (MO's) resulting from the RHF calcu-
lation of SrH+ were employed as one-electron basis func-
tions for CI calculations, except for some cases where the
canonical MO's were used instead. No MO's were
frozen. All configuration-state functions (CSF's} whose
weights were greater than 0.001 at each internuclear dis-
tance were kept. Then a union of those CSF's was used
as a final zeroth-order reference function for each elec-
tronic state. The resulting reference CSF's were 3 (b,

state), 4 (X state), 6 (A state), and 15 (8 state}. All the
single- and double substituted CSF's generated from
these zeroth-order wave functions were included in the
final multireference CI (MRCI}. The largest CI included
nearly half a million CSF's, which took about 120 min. of
CPU time on a CRAY-2 machine to make a distinct row
table and to diagonalize in order to calculate the energy
of a single state at a given internuclear distance.

First, the 7s7p5d Gaussian-type orbitals (GTO's) to
best describe the 'S, I', and D states of the Sr atom were
obtained. These were then contracted to 6s6p5d atomic
basis functions (ABF's) with the contraction coefficients
for the ground state. The CI energy of the D atomic
state changes very slowly as a function of the f GTO ex-
ponent, 0.095, giving the lowest energy. The molecular
e6'ect of the f GTO was also verified for SrH at R =4.5
bohr. The potential energies for the 6 and X states
changed little for the variation of the f exponent from
0.05 to 1.0. Consequently, one f GTO with the exponent
0.095 was retained for the molecular calculation. For the
hydrogen atom, 5s2p GTO's contracted to 3s2p ABF's
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were used. This basis set gave the electron affinity of the
hydrogen atom of 0.65 eV [21], in fairly good agreement
with the experimental value 0.75 eV [22]. The 'S~ D
excitation energy calculated in an extensive CI was 1.79
eV, which agrees well with the experimental value, 1.81
eV [23]. The 'S ~ D excitation energy was calculated to
be 2.50 eV, which is significantly larger than the experi-
mental value, 2.26 eV. The potential energies for the (1)
5 state was translated with respect to the ground state to

compensate for this atomic energy difference. The first
ionization potential of Sr was calculated to be 5.49 eV,
which should be compared with the experimental value,
S.69 eV.

It is not clear at present which one of Hund's cases, a
or c, applies better to the excited states of SrH. The
spin-orbit coupling was taken into account through a
first-order perturbation method. The molecular wave
functions projected into the atomic orbitals and the spin-
orbit coupling coefficients extracted from the experimen-
tal data were used. The static and transition dipole mo-
ments were calculated using the MRCI wave functions.
The potential-energy curves, static dipole-moment
curves, and transition dipole-moment curves were fitted
with cubic spline functions to find equilibrium spectro-
scopic constants. The products of the vibrational wave
functions, W( „)(R) and W(„, )(R), and the transition
dipole moment as a function of the internuclear distance,
p(„)(R),were numerically integrated to obtain the vib-

ronic transition dipole moment,

-30.92—
3D 2S

3P 2S

-30.96—

-31.00—
1$ 2$

-31.04—

I

4.00
I

8.00
I

12.00

R (a.u.)

I

16.00
I

20.00

FIG. 1. Potential-energy curves of the lowest electronic
states of SrH: I (1) and 8 (2) X+ states (dots), A (1) II state
(squares), and (1) 6 state (triangles).

p("„„„).= f dR W("„„)(R)W( „)(R))((,("„)(R),

where m and n designate the upper and the lower elec-
tronic states, respectively, v' and v" designate the corre-
sponding vibrational states, and u represents the x, y, and
z components. Then the Einstein coefficients of stimulat-
ed absorption for vibronic transitions [24] were obtained
according to

C
2

8(nu "~mu')= g ~p("„,- „,
)

~' .
6A'

Our calculation has its limited accuracy, although we

tried to use the best available method at present. Our
calculated X-B transition energy is too high by 640 cm
in comparison with the experimental estimate, whereas
the X-A transition energy is much closer to the experi-
mental value, as will be shown below. However, we be-
lieve that the presence of a double well for the B state and
the qualitative conclusion regarding the B-X and B-A
transition intensities remain valid.

III. RESULT AND DISCUSSION

The potential-energy curves for the X, A, 8, and (1)
states are drawn in Fig. 1. As the spin-orbit effect is very
small, only the +'A states are presented in this figure.

Our molecular calculation at 16 bohr for the ground and
excited states gave nearly the same energy as the sum of
the CI energies for the Sr atom and the RHF energy for
the H atom. Indeed, the differences between the molecu-
lar energies and the sum of the atomic energies are 0.09
eV (X), 0.03 eV (A), 0.003 eV (8), and 0.07 eV ( b, ) at that
distance. If we may assume that the molecular states
practically correspond to the dissociated atomic states at
such distance, it means that our CI calculation does not
suffer too much from the size-inconsistency problem.

The X and B states show an avoided crossing at around
7 bohr. This is due to the interaction between the neutral
and ionic configurations. This kind of avoided crossing
was clearly analyzed for the CaH molecule [12]. An en-

ergy barrier is shown to be present for the ground state in

Fig. 1. To verify whether this barrier is real, we per-
formed other sorts of calculations. The use of a large-
core pseudopotential with extended basis and full valence
CI removed the barrier. The use of small-core pseudopo-
tential with minimal basis (2s2pld) and full CI did not
show the barrier either. On the other hand, the use of
small-core pseudopotential with extended basis and
frozen-core (4s4p) full valence CI did result in a potential
whose height was lower than in Fig. 1. This evidently in-

dicates that the presence of the barrier for the ground
state originates from the polarization of 4s and 4p core
electrons, and that the subsequent valence-core and
core-core correlations amplify the barrier height. It is
not certain whether this barrier is real or whether it is a
computational artifact. No such barrier has been found
among the alkaline-earth monohydrides and alkali hy-



49 CALCULATION OF DOUBLE-WELL B VIBRONIC STATES OF SrH 2417

drides. Similar calculations for CaH [12] and BaH [13]
did not reveal such barriers.

The (2) X+ state shows a long-distance potential well
(at around 6.8 bohr). The presence of such a second po-
tential well was predicted for CaH at around 6 bohr [12].
The potential-energy curve for the B state of the BaH
molecule showed a very shallow exterior well at around 7
bohr [13],but it appears uncertain whether this well may
contain a bound vibrational state. In contrast, a full
valence CI [10] did not show any double well for the
MgH molecule. Many avoided crossings arise also be-
tween higher-lying electronic states (not reported in this
paper) as in the CaH and BaH molecules. But the gen-
eral shapes of the potential-energy curves of the CaH,
SrH, and BaH molecules are quite different.

Our calculated spectroscopic constants are summa-
rized in Table I. The equilibrium characteristics (R„ro„
co,x„Be,or 8,) are in fairly good agreement with the ex-
isting experimental data [3,25 —27]. Our transition ener-

gy from the ground state to the 2 state is slightly overes-
timated in comparison with the experimental data. How-
ever, the difference with experimental data is particularly
large for the 8-X case. The observed B-A separation at
U =0 is about 800 cm ' after deperturbation [4]. Our
calculated value for this separation is 1265 cm '. This
disparity may partially originate from a differential core-
core correlation. An experimental estimation of the dis-
sociation for the 8 state [25], which was obtained by ex-
trapolation assuming a regular Morse form of the poten-
tial curve, is incompatible with the 8-X transition energy
and the dissociation energy of the ground state, i.e.,
T, (B X)+D,(B—) D, (X)AT,—( P-'S). This may be an
indirect experimental proof of the irregular form of the 8

potential curve.
The presence of the (1) b, state was supposed a long

time ago [25]. Our calculation gives spectroscopic data
for this state. The proximity of this state to the A and 8
states should further complicate the analysis of the spec-
tra for high v values.

The calculated dipole moments as functions of the in-
ternuclear distance are shown in Fig. 2. Here, the posi-
tive value means a Sr —H + situation and the negative
value means a Sr +H situation. These dipole-moment
curves are rapidly varying functions, rejecting a large
variation in the nature of the wave functions. All elec-
tronic states in Fig. 2 show Sr +H at long distances
(R )7 bohr). The X, A, 8, and (1) 5 states have linearly
changing dipole moments in the internuclear distance
range of from 3 to 6 bohr. The 8 state shows a positive
dipole moment in the R range of 5.5-6.5 bohr. The in-
versions of the dipole moment for this state come from a
competition of two opposing contributions, the bonding
orbital contribution, and the nonbonding or antibonding
orbital contribution. At R =6 bohr, the total popula-
tions of this state at 6 bohr are 1.95 (Sr) and 1.05 (H).
The bonding natural orbital shows populations of 0.23
(Sr) and 0.87 (H), and the nonbonding and antibonding
natural orbitals show 1.43 (Sr) and 0.16 (H). The contri-
bution to the Sr H + due to the nonbonding and anti-
bonding orbitals (mainly s-p ) is greater than the
Sr +H contribution from the bonding orbital around
R =6 bohr. The oscillating behavior of the dipole-
moment function was previously reported for the 8 state
of MgH [10]. Higher-lying states (not reported in this pa-
per) show larger oscillations of the dipole-moment func-
tion.

TABLE I. Spectroscopic constants of the low-lying states of SrH.

State R,
(pm)

cu, co,x, Bo D,
(cm ') (cm ') (cm ') (eU)

T.
(cm ')

Pe
(a.u. )

Reference

5/2
3/2

217
219

1043
1044

—12
—11

3.46
3.46

1.64 16 851
1.64 16 776

—2.75 This work

B (2) X+' 220
211.7

1288
1234.3

31
21.1

3.47
3.73

1.42 14 9S2
14 312.7

—0.65 This work
Ref. [3]

A (1) II 3/2
1/2

216
216

212.1

1173
1175
1253.9

13 3.57
14 3.52
18.0 3.72

1.76 13 804
1.75 13 571

13 500.6

—1 ~ 10 This work

Ref. [3]

X (1) 'r+ 221 1167 3.43 1.47 —1.15 This work

228. 8/216. 4 1107
216 1206.2

214.6 1207.0
214.6 1206.9
214.6 1205.6

26.1

17 3.63
17.1 3.67
17.0 3.67b

17.1 3.67

1.56
1.49

—1.48 Ref. [7]
Ref. [25]
Ref. [3]
Ref. [26]
Ref. [27]

'Reference [25] gives B0=3.83 cm ' and D, =1.52 eV.
bB, values.
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The vibrational levels of the B state show an irregular
progression due to the presence of the second potential
well as can be seen in Fig. 3. The vibrational states for
v =0, 1,2 are exclusively localized in the interior well.
The v =3 and 4, v =5 and 6, and v =7 and 8 pair states
are practically degenerate. The v =3 and 5 states are
largely localized in the interior well, while the v =4 and 6
states are largely localized in the exterior well. The v =7
state is principally localized in the interior well. Howev-
er, it has non-negligible probability of finding itself in the

FIG. 2. Dipole-moment curves, p, for the lowest electron-
ic state of SrH: X (dots), A (squares), B (circles), and (1) '5 state
(triangles). Positive values signify Sr H and negative values

signify Sr+ ~H

exterior well. The reverse is true for the v =8 state. The
vibrational wave functions for v =7 and 8 are shown in
Fig. 3. All states with v ) 8 are delocalized as they lie
above the potential maximum.

The transition dipole moments as functions of the in-
ternuclear distance, p["„],for the A+—X, B~X,B~A,
and (2) b,~A transitions are drawn in Fig. 4. The tran-
sition dipole moment for B~Xas a function of the inter-
nuclear distance shows small-amplitude oscillations in
the range of 4-6 bohr. These oscillations probably origi-
nate from the incomplete convergence of MRCI electron-
ic wave functions. In fact, it is more difficult to get well-
converged wave functions than it is to get well-converged
energies.

The Einstein coefficients of stimulated absorption for
vibronic transitions, V(„,. „],are drawn in Fig. 5. All
possible transitions between 0~ v'~9 and 0~ v" ~9 ap-
pear in this figure. The Einstein coefficients for A~X
[Fig. 5(a)] and (I) 6+—A [Fig. 5(b)] are much larger than
those of B~X [Fig. 5(d)] and B~A [Fig. 5(c)]. As the
density of rotational and vibrational states are of the
same order of magnitude for the A and B states, the ab-
sorption intensities for A+—X should be much stronger
than those of B~X. The Einstein coefficients for A~X
and (I) 6~A are typical: the bv = ~v' —v"

~

=0 transi-
tions (diagonal) have large probabilities of transition
whereas the off-diagonal terms have vanishingly small
values. The same pattern is found in the overlap of vibra-
tional functions only, i.e., the Franck-Condon factors
(FCF's). In contrast, the Einstein coefficients for B~X
and B+—A show many strong extradiagonal transitions.
The distribution of the transition probability does not
match that of the FCF's [Fig. 5(fl] this time. Unfor-
tunately, the experimental information on these electron-
ic systems remains incomplete and cannot confirm this
unusual distribution.
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FIG. 3. Vibrational energy levels for U =0-14 and vibrational
wave functions (in arbitrary amplitudes) for U =5 (dashed curve)
and u =6 (dotted curve) of the B state.

FIG. 4. Transition dipole-moment amplitude curves, p, ("„

for the A-X (squares), B-A (diamonds), B-A (dots), and (1) '5- A

(triangles) ~
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