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Full configuration interaction calculation of BeH adiabatic states
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An all-electron full configuration interaction (FCI) calculation of the adiabatic potential energy
curves of some of the lower states of BeH molecule is presented. A moderately large ANO basis set
of atomic natural orbitals (ANO) augmented with Rydberg functions has been used in order to
describe the valence and Rydberg states and their interactions. The Rydberg set of ANOs has been
placed on the Be at all bond distances. So, the basis set can be described as
4s3p2d1f/3s2pld(Be/H)+4s4p2d(Be). The dipole moments of several states and transition dipole
strengths from the ground state are also reported as a function of the Ry, y distance. The position
and the number of states involved in several avoided crossings present in this system have been
discussed. Spectroscopic parameters have been calculated from a number of the vibrational states
that result from the adiabatic curves except for some states in which this would be completely
nonsense, as it is the case for the very distorted curves of the 3s and 3p 23" states or the double-well
potential of the 4p °I1 state. The so-called “D complex” at 54 050 cm™' (185.0 nm) is resolved into
the three 3d substates (>3*,%I1,2A). A diexcited valence state is calculated as the lowest state of >3,
symmetry and its spectroscopic parameters are reported, as well as those of the 2 A (4d) state The
adiabatic curve of the 4 23" state shows a swallow well at large distances (around 4.1 A) as a result
of an avoided crossing with the 3 *3* state. The probability that some vibrational levels of this well
could be populated is discussed within an approached Landau—Zerner model and is found to be high.
No evidence is found of the E(4s0) 23" state in the region of the “D complex”. Instead, the
spectroscopic properties obtained from the (4sc) 6 *S* adiabatic curve of the present work seem to
agree with those of the experimental F(4pa) " state. The FCI calculations provide benchmark
results for other correlation models for the open-shell BeH system and evidence both the limitations
and capabilities of the basis set. © 2008 American Institute of Physics. [DOI: 10.1063/1.2953584]

I. INTRODUCTION

A continued effort is being done to develop and improve
theoretical methods of high quality for the calculations of
electronic excitation energieslf4 and well adapted for calcu-
lation in large systems and at geometries far from equilib-
rium. Most of these methods face the difficulties by means of
multireference (MR) approaches [e.g., multireference con-
figuration interaction (CI) more or less corrected for size-
consistency error effects”™! or multireference perturbation
theory'z_ls]. The extension of the single-reference configura-
tions interaction (SR-CI) to the MR case is conceptually
straightforward. However, because of the rapidly increasing
size of the hamiltonian matrices, these approaches are com-
monly restricted to single and double (SD) excitations out of
the chosen model space (MR-SDCI). Consequently, the so-
called static and nondynamic correlation effects are to some
extent taken into account efficiently, but, generally, there is
an incomplete consideration of the multitude of higher than
double hole-particle substitutions that contribute to the dy-
namic correlation. Multireference formulations can also be
conceived for the approaches based in the coupled-cluster
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(CC) formulation.*!~% However, the generalization of the

SR-CC ansatz to the MR case is not unambiguous,%25 and,
also, the resulting formalisms for all genuine MR-CC ap-
proaches are computationally very demanding. Moreover,
some of the approximate methods yield excellent results in
the neighborhood of the equilibrium geometry, but, unfortu-
nately, breaks down entirely when dissociating the molecule
into open-shell fragments (Ref. 26 and references therein).
The extension of the approximate methods to general open-
shell systems offers additional challenges related, in most
cases, to the optimal selection of the one-electron basis, and
in some cases is demanding, both theoretically and
computationally.24’25’27732

Full configuration interaction (FCI) calculations are very
appealing because they are free of a number of formal dis-
advantages that affect approximate methods which truncate
the space of excitations. Within the limits imposed by the
Born—-Oppenheimer (BO) approximation and the choice of
the one-particle functions basis, FCI provides nonrelativistic
exact results. Of course, only basis set of comparatively re-
duced size can be used and only systems with small number
of electrons are eligible for a systematic FCI study. However,
on the other hand, the results from such a study provide
durable benchmarks for approximate methods.

© 2008 American Institute of Physics
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Among the first-row diatomic hydrides, BeH presents
some special features that motivate its study. BeH molecule
has been less analyzed experimentally than other hydrides,
probably because of the toxicity related to the beryllium-
containing compounds.33 Colin and co-workers®™* have re-
ported experimental data of the complex spectrum of a num-
ber of excited states of BeH but the list of experimental
spectroscopic parameters appears still as mostly sparse.46 Re-
corded detailed data are mainly related to the lowest states
(X 23, AL, € 25%),%% although absorption spectra in-
volving some Rydberg states have also been analyzed in the
past. %64

The bond formation of BeH, both in ground state (GS)
and excited states, deserve special interest, as many other
compound of Be do, due to the relevance of the promotion
from the 2s to the 2p orbital in the formation of the mol-
ecule. The Be(2p) orbital contributes to the 20 and 30 mo-
lecular orbitals (MOs). This contribution is greater near the
equilibrium geometry and decreases when the bond is
stretched. However, at large distances the 20 and 300 MOs
change in nature and this fact plays an important role in the
dissociation of some states. Several avoided crossings of dif-
ferent nature (either valence-Rydberg mixing or ion-pair
interaction47’48) become apparent and offer a variety of chal-
lenges to approached methods that would try to reproduce
the potential energy curves along the whole domain of bond
distances. Several works that have dealt with the low-lying
states of BeH describe the important mixings in either the *IT
or the 23* states. 24147

BeH offer other properties that make it a good choice for
a comprehensive FCI study. Apart from the above mentioned
avoided crossings, we can mention its open-shell nature, the
possible occurrence of featured potential wells at large R
values (e.g., the controversial double-well nature related to
the so-called G I state or the properties associated to the
existence of a second minimum in the potential curve of the
B I state™), the problem of the position of the (4s0)3*
state (theoretically predicted‘w’53 as lying at higher energy
than the (3d)D state, which does not agree with reported
experimental values36), not to mention the rather uncommon
fact of a single chemical bond dissociating into a neutral
closed-shell atom of just four electrons. Special attention de-
serves the interactions involving the valence state C ’3*.
This state affects by predissociation all the 237 states and the
IT* component of all the ’11 states that it crosses (this causes,
for example, the absence of the (350)’3* and (3po)*S*
states from the absorption spectrum and either broadening or
missing groups of lines in the R and P branches of the
(4po)F 3" and (3pm)B 11 states). 374!

Early calculations by Bagus et al.*® and Larsson’’ had
reported the presence of a potential maximum in the X It
associated to the occurrence of a doublet instabilityf’o’(’l that
produces two solutions at the ROHF step that cross and co-
exist in a finite region near R=1.8R, (~2.3 A). 203962 Thig s
a good example of how methods based on single-reference
wave functions can face challenging problems in following
the potential curves even for the lowest states as X 3" and
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A 2H,59 because the SCF wave functions do not dissociate
properly to the appropriate states of the separated Be and H
atoms.

Previous theoretical works that have calculated potential
curves of several excited states on BeH are based on differ-
ent approaches. Let us mention the early 1o-frozen-core full
CI by Henriet and Verhaegen,47 the MRD-CI calculations by
Petsalakis er al,**> and the MR-CI calculations by
Machado et al.’> As mentioned above, important nonadia-
batic effects are present in this light molecule.*#831:33:63-65
A recent work by Bubin and Adamowicz® reports non-
Born—Oppenheimer variational calculations on the GS of the
BeH system. Works which do not assume the BO approxi-
mation are very scarce. However, even if one remains in the
BO approximation it is very important to have at disposal
accurate adiabatic potential curves. Although some of the
quoted works perform “a posteriori” diabatic or quasidia-
batic coupling.g,‘”"‘g’53 the need of good quality adiabatic de-
scriptions cannot be ignored.51

The vibrational properties related to the adiabatic curves
have been studied with some detail in the present work. Not-
withstanding, the reader must keep in mind that these calcu-
lations assume separability between electronic and nuclear
movements, but the energies strongly change upon diabati-
zation and the spectroscopic properties should be consis-
tently affected in nonadiabatic studies.

In a recent work®” some of the authors have performed
FCI calculations at the GS equilibrium distance in order to
explore a large manifold of excited states of BeH, whose
vertical excitation energies, the electric dipole and quadru-
pole moments and their transition counterparts were calcu-
lated. In the present paper the calculation deal with a smaller
set of low-lying states of BeH, including the lower Rydberg
states, as a function of the Be—H distance. A basis set slightly
larger can be used in both the valence and the Rydberg sub-
sets of basis functions.

In Sec. II, the details of the calculation referred to the
basis set, the FCI calculation itself, the calculation of the
spectroscopic parameters and the preliminary study of the
GS are outlined. The adiabatic curves and related results are
shown and discussed in Sec. III. They are grouped in sub-
sections concerning the adiabatic curves, the atomic asymp-
totes, the nature of the adiabatic states and their avoided
crossings, and the spectroscopic parameters. Two subsections
of Sec. III are devoted to the dipole moments and transition
dipole moments from the GS. Another one pays special at-
tention to the long-distance minimum in the 4 *3* state.
Conclusions are summarized in Sec. I'V.

Il. DETAILS OF THE CALCULATIONS
A. Basis set description

The basis set used for the calculation of the adiabatic
curves in this work is made of atomic natural orbitals, ANOs,
as described by Widmark et al.®® The basis set consists of a
valence set augmented with a one-center series of increas-
ingly diffuse ANOs that will be denoted as Rydberg AOs.
This basis set can be described as
4s3p2d1f/3s2pld(Be/H) +4s4p2d(Be) because the aug-
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TABLE I. Exponents and coefficients for the ANO Rydberg functions set of
BeH.

Exponents Coefficients
s functions
0.024 624  0.428 29623 -0.660574 15 1.556 11391 -2.87941549
0.011253  0.630 16084 -0.61332475 —1.44707466 6.630 312 80
0.005 858 —0.18952236  0.99525540 -0.59053938 -5.633700 69
0.003346 0.41157635 0.31072461 -1.05612751 3.103051 50
0.002 048 —-0.50255548 0.507 71147 244499672 -5.82331424
0.001 324  0.423 33488 -0.37756865 -0.77164780  6.574 402 03
0.000 893 -0.22490259 0.20122802 0.606 301 07 -2.650393 28
0.000 624  0.05567324 —-0.05199986 -0.14261151 0.770 669 90
p functions
0.042335 0.03729272 -0.49958741 0.608 468 89 —0.664 46792
0.019254 0.318 52638 -0.598 88388 0.29054947 0.227943 72
0.009988 041341141 0.197 83163 -0.98289419  1.116 630 96
0.005 689  0.30444233 0.41251256 -0.64884115 0.061 660 70
0.003 476 -0.01765630 0.32928171 0.671 65705 -2.02223990
0.002242  0.04512229 0.067 47444  0.609 39205 0.041 065 21
0.001 511 -0.02940788 0.03971212 0.167 13709  0.542 405 97
0.001 055 0.008 37540 -0.01510362 0.040 05427 0.962 946 85
d functions
0.060540  0.156 698 15 —0.255 32067
0.027 446 0.298 161 46 —-0.295 661 39
0.014204  0.407 320 63 -0.229369 75
0.008 077  0.200 66570  0.245922 31
0.004 927  0.128 39731 0.311 901 45
0.003 175 -0.042769 19  0.450 747 40
0.002 137  0.03088645 0.057 566 73
0.001491 -0.009 15599  0.029 156 54

mentation series of Rydberg AOs is unique and always cen-
tered in the Be nucleus. This choice deserves some com-
ments that will be discussed below, in Sec. II E. The Rydberg
AOs subset has been generated at a single point
(R=1.327 A) that corresponds to the equilibrium distance of
the ground state (GS) as obtained from the valence set. The
procedure proposed by Roos et al.”” has been followed in the
way described elsewhere.’” The universal optimized expo-
nents of Kaufmann er al.” are used as a single set of expo-
nents common to all the unsegmented Rydberg ANO func-
tions for each € value. This type of basis sets has proven
reliable for the calculation of vertical excitation energies
(VEEs) in a number of cases that involved Rydberg
states.”””"™"° The basis set here described will be denoted as
ANOI1 +454p2d when necessary. The 4s4p2d Rydberg AOs
are reported in Table I. A few calculations of the GS potential
have been performed with some other basis sets,®707 ag
reported in Sec. II E.

B. Programs

The SCF procedure, property-integral calculation, and
bielectronic-integral transformations have been performed
with the MOLCAS code.® The FCI calculations of energy and
electrical properties have been performed with the VEGA
code.®""® The interested reader can find the most relevant
details of the multiroot convergence procedure elsewhere.®’
An interface program is required to convert MOLCAS
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property-integral files to a format suitable for the VEGA
program.gg’_88 Other codes such as  Wolfram’s
MATHEMATICA, Hutson’s cDIST, "' and Le Roy’s LEVELS.0
(Ref. 92) have been used for auxiliary calculations and data
treatment as it is described in Secs. II C, II D, and III D.

C. FCI calculations and computational aspects

All the calculations have been performed in the abelian
C,, group, whose irreducible representations are reported
hereafter in the order (a,,b;,b,,a,). The one-electron mo-
lecular basis has been obtained with the self-consistent field,
SCF, procedure as it is implemented in the MOLCAS suite for
single-reference open-shell systems, after placing the five
electrons in the first three MOs of a; symmetry (i.e.,
laj2ai3a; that correlates with 1072030 in C..,). No post-
SCF adaptation of the MO has been carried out. In the case
that a conventional reference for the correlation energy is
desired, the univocally defined (1e-1MO)-CASSCEF value as-
sociated to the ANO1+4s4p2d basis set at R,=2.494 43a,
(1.320 A) can be used. It amounts to —15.152 877 68 a.u.
Each single-point FCI calculation in the C,, symmetry with
the ANOI +4s4p2d basis set involved 70 MOs (32, 16, 16,
6) and 5 electrons. The half-filled highest-energy occupied
molecular orbital (HOMO) 3¢ orbital will be denoted as sin-
gly occupied MO (SOMO). Hence, the 20 MO will be de-
noted as HOMO-1 when convenient for discussions. The FCI
matrices in the C,, representations involve 33 357 248,
33048 544, 33 048 544, and 32 742 764 Slater determinants.
The adiabatic potential energy curves of seven (in some re-
gions nine) A, states, seven B, and B, states, and five A,
states have been calculated. The molecular axis is the x axis.
This work focuses on the lower 23 (2A1), 2A (2A1 and 2A2)
and °I1 (ZB] and 232) states. We also tried to converge onto
roots of some additional higher-energy states, that are not
reported here. This is helpful because the calculations are
stopped, at each point, once these higher states attain a con-
vergence in their energy of 1077 a.u. In this way, a better
convergence (normally lower than 107°-107"0au.) is
reached for the states of interest. Besides this, the features of
the potential curves that could result from interactions with
states lying on top of them can be considered as more reli-
ably determined. The duplication of the calculations in some
of the degenerate states (B; and B, for Il states or A; and A,
for A states) have provided additional test on the reliability
of the calculations and of the symmetry assignments for A
and X" states.

The FCI dipole matrix elements have been computed,
into the dipole length approach, by means of a scalar product
in the FCI space between the representative vector of each
excited state |exc) and that of either £|0) or fi|exc), where &
represents the desired dipole component operator and |0) the
GS eigenvector. The square of the electronic transition mo-
ment gives the transition dipole strength (TDS), [(exc|z|0)]>.
The total molecular electric dipole moment values are ob-
tained at each point after adding the nuclear contributions in
the point charge model. As the origin is placed on Be, this
quantity just amounts to +R a.u.
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D. Spectroscopic parameters and its accuracy

Compiling the spectroscopic parameters for different
molecules and states is a common practice that is widely
recognized as convenient and pra<:ti021193’94 for comparing, in
the easiest way, energy potentials and rotation-vibration
properties. A given calculated (say, e.g., adiabatic) potential
curve can be directly compared with another one, that is
taken as benchmark reference, by comparing the vibrational
term values G(v) or the vibration-rotation ones, G, ; after
assuming vibration-rotation separability. These values can be
obtained from the numerical solution of the one-dimensional
Schrédinger equation for each V(R) calculated in the frame-
work of the Born—Oppenheimer approach. Better approaches
can be used,” but this is enough for the purpose of the
present work. The wave function associated to each G, level
allows to get the B, rotational constants associated to the
vibrational state v from the expected value of 1/ R?, so that
the B, values can be also compiled for each state. Along the
present work, the symbol G is kept to denote energy levels
reported in wave number units. Only ground state rotational
states for each v have been considered, so that the symbol J
is used here to denote a generic rotational quantum number
and no attention is paid to the Hund’s coupling cases.

The G(v) and B, values have been obtained for bound
states using a revised version of Hutson’s CDIST program.go’91
The reliability of the results for low v values was assessed
for a few states against the same property values calculated
with Le Roy’s LEVELS.0 code.”” The spectroscopic param-
eters and molecular constants [R,, D, (dissociation energy),
B,, a,, w,, w.x,, 0,y,] are reported for each state, instead of
just providing the G(v)=G, o and B, values. The main
drawback in doing so comes, most likely, from the sensitivity
of the values of these constants to the conditions of each
actual calculation. It is not surprising that the number of
vibrational terms G(v) used to fit, e.g., the (w,,wx,,®,y,)
set, influences the results in a non-negligible way (with dif-
ferences in w,, sometimes, of tens of wave numbers), even
for well behaved potentials showing Morse-type behavior all
along the curve. These effects are extremely large, of course,
in the case of intensely perturbed potentials, as it happens in
many adiabatic curves of diatomic hydrides, and noteworthy,
in BeH. As we aim to provide benchmark reference data and
a rather complete set of spectroscopic parameters for the
bunch of states described here, the following procedure has
been chosen. The G(v) values have been calculated for each
adiabatic potential. The B, values have been calculated from
(1/R* mean values of the corresponding wave functions.
The vibrational w,, w,x,, and w,y, parameters have been then
obtained from a least squares fitting of the polynomial in
(v+1/2), to the ny, lowest G(v) terms. The B, and «, have
been obtained from the corresponding ny., values by fitting
the conventional first degree expression B,=B,—a,(v+1/2).
On the other hand, a nonlinear fitting procedure has been
applied to the points of each adiabatic potential to get an
optimal extended rydberg (ER) function,” in the generalized
form first proposed by Murrell and Sorbie (MS).”” The large
number of calculated points allows to fit a high degree poly-
nomial in the MS function that has the form
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V(x) =— D, P(x)exp[— a;x] + V., (1)
where
P(x)=1+ 2{ ax', (2)
i=1

with x=R—-R,. The power expansion degree has been taken
as ny=9, a value that provides the potential with great flex-
ibility and that has been suggested for other hydrides.98
Hence, each fitting had (n,+3) freedom degrees (i.e., V.., D,,
R,, and the q; coefficients). Assuring a similar fitting quality
for all the states was a difficult task. Many attempts were
required, in particular, for those states that show perturba-
tions at middle and long distances. In a few cases, the fitting
is not good enough and leads to large estimated variance
values not smaller than ~107° instead of 10810712 that
have been commonly obtained for those fittings that behave
much better.*’

Once a set of fitted values is assumed, the inertial rota-
tion constants B,=h/(8mcuR?) are obtained from the equi-
librium R, values, and quadratic, cubic, and quartic force
constants of V(x) have been used to calculate the «,, w,, and
X, parameters by means of the expressions first derived by
Dunham.””'® The R,, B,, a,, w,, and w,x, values obtained
from fitted V(x) potentials are reported under the MS label in
Sec. III D and will be shown and discussed there. Let us
advance here that, for some states difficult to fit, the w, and
X, parameters, as derived from the M S force constants, are
inconsistent with those obtained from the G(v) values. In
these cases, the last values are preferred and the MS ones
have not been reported.

E. Preliminary study of the GS

The choice of the basis set is of particular importance in
the case of a FCI calculation. For the selected hamiltonian,
and as far as the Born—Oppenheimer approximation applies,
the main source of error comes from the limitations inherent
to the basis set. As we want to deal with a single-center
augmentation series of diffuse Rydberg ANOs and to follow
in detail several excited states along the dissociation coordi-
nate, the basis set must be large enough, but the dimension of
the FCI space must be kept into reasonable limits.

In a previous work,®’ the subset 4s2p1d/2s1p(Be/H)
+4s4p3d(Be) of the ANOI +Rydberg basis set described in
Sec. II A, was used for the FCI calculation of VEE of a large
number of excited states of BeH and the results were found
reliable.”’” The present work deals with fewer states and the
basis set can be slightly larger, hence, the ANOI1+4s4p2d
previously described in Sec. II A has been used. However,
two important points can be raised at this point.

First, the ANOI1+Rydberg basis sets lead to short R,
values. Notwithstanding, we decided to go further with this
basis set, but a preliminary study comparing to other basis
sets has been performed, as shown below.

Second, the 4s4p2d (Be) Rydberg augmentation has
been kept as centered on Be at all internuclear distances.
Several choices for centering these Rydberg AO can be en-
visaged for distances close to equilibrium, e.g., the centroid
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TABLE II. Equilibrium distances, dissociation energies, and some spectroscopic parameters of the X >S* state

(GS) of BeH.
wexe

Basis set® R,(A) D,EV) o, (m") (em™h) B, a, nlev Dim FCI®
ANOI1 +4s4p2d 1.316 2.245 2125.33 43.0914 10.7300  0.372 6 33357248
ANOI 1.327 2.187 2056.26 39.512 10.3904  0.251 6 3150280
ANO2 1.312 2.355 2213.23 49.15 10.7970 0.361 6 30872736
ANO3 1.322 2.384 2268.62 51.465 10.7318  0.342 6 53877080
Sadlej* 1.355 2.066 2048.60 41.256 10.1576  0.334 6 735612
cc—pVTZGl 1.339 2.162 2060.25 39.87 10.3898  0.328 6 3150280
cc-pCVTZd 1.345 2.133 2055.52 39.275 10.3055 0.323 6 11766612
Exp® 1.3426 2.181 2060.78 36.31 10.3164  0.3030

*ANO1 stands for 4s3p2d1f/3s2pld, ANO2 for 5s4p3d2f/4s3p2d, ANO3 or 6s5p3d2f/5s4p2d.
"Slater determinants in the A, symmetry FCI matrix block.
“Sadlej polarized basis set (553p2d/3s2p) (Refs. 78 and 79).

dDunning basis set (Refs. 76 and 77).

“Experimental values taken from Ref. 46, except dissociation energy (D,) taken from Ref. 45.

of charges of the cation, the center of masses, the middle
bond point, etc. However, no one of these choices seems
practical for large bond distances. It should not seem reliable
to place these AO at a different point for each distance and,
for some choices, it should be placed somewhere in nobody’s
land at dissociation limit. We have chosen to keep the Ryd-
berg AOs centered in the Be atom. This is a reasonable
choice for all the states under consideration because they
dissociate to the ground state of H, and to either the GS or a
low excited state of Be. Hence, assuring an appropriate de-
scription of excited states at long R values is much more
important for Be than for H. An important drawback of this
choice comes from the limited representation of the high-
lying ion-pair dissociation to Be* and H™.

Some spectroscopic parameters calculated for the GS
from the FCI potential resulting from several basis sets are
reported in Table II. These basis sets are respectively de-
scribed as ANOI (the valence set of the present work),
ANO2 [5s4p3d2f/4s3p2d(Be/H)], and ANO3
[6s5p3d2f/5s4p2d(Be/H)]. The two last are larger valence
ANO basis sets, but unfortunately, the corresponding g ANO
functions® are not available for Be. The segmented Dun-
ning’s basis sets denoted as correlation consistent polarized
valence triple dzeta (cc-pVTZ) and correlation consistent po-
larized core-valence triple dzeta (cc-pCVTZ) have been also
used.”®”” The dimensions of the FCI spaces of the Al sym-
metry are reported in the last column of Table II.

The results in Table II are deceiving for the basis set that
we have chosen. No other than the basis set can be blamed in
this case for the poor performance. The cc-pVTZ and the
ANOLI basis set give the same dimension for the FCI space
but the former performs better. On the other hand, the
454p2d augmentation of ANOI1 leads to significant enlarge-
ment of the CI space but to a worsening of the results. How-
ever, the data in Table II deserve to be considered thor-
oughly. The results with the ANO2 valence set
[5s4p3d2f/4s3p2d(Be/H)], that generates a FCI space of
similar dimension than the ANO1 +Rydberg, are worse, and
those from largest ANO3 basis, are still worse. On the other
hand, the pCVTZ basis sets improves the R, and B, values in
respect to the smaller pVTZ but no one of both basis sets are

diffuse enough to deal with the Rydberg excited states and
the Rydberg-valence mixings in the adiabatic curves. So,
faced to the dilemma of using a basis set such as ANOI
+4s4p2d that, on one hand, worsens the GS properties but,
on the other, has proven to be reliable for vertical excitations
and has been augmented with Rydberg AOs, we have chosen
to go further with it. In doing so, we have considered, be-
sides the quality of the VEE, the fact that the FCI adiabatic
potentials are always worth as reference benchmarks for ap-
proximate methods and that the BeH adiabatic states and
their properties (e.g., dipole moments) are so rich in features
along the bond dissociation process that offer many chal-
lenges to less exact methods.

lll. RESULTS

A. Adiabatic curves

The adiabatic potential energy curves of the six lowest
23" states (X 23 GS included), and of the two lowest 2A
states are plotted in Fig. 1. The first *S* (beyond 1.7 A) and
the first 23~ states are also shown in Fig. 1. The curves for
the five lowest II states and the first *II state are shown in
Fig. 2.

With the only exception of the lowest 2* and II states
(i.e., GS X ?>* and A °TI), the states are labeled according to
the order numbering of the adiabatic curves as they appear at
each symmetry. This is a convenient choice due to the nu-
merous state-state interactions. Similarly, the atomic label-
ing, e.g., 3s5,3p,3d,..., is used for the molecular states as a
simplification, usually referred to the dominant character at
R,.

It is apparent from Figs. 1 and 2 that, for most states, the
energies beyond R=5.5 A correspond, into 107*=107% a.u.,
to those of the separated atoms in their appropriate states.
Two noticeable exceptions are the 4 23 and the 5?37 states.
The potential curves in Figs. 1 and 2 are plotted until R
=8 A but the convergence of each state to the energies of the
separated atoms is discussed in the next section.
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FIG. 1. Adiabatic potential energy curves for the X >3* ground state and
some of the S* and ?A excited states as a function of the internuclear
distance (in angstroms) for BeH. Dotted lines represent states that do not
belong to the converged set at all distances. The lowest atomic dissociation
channels are shown on the right.

B. Atomic asymptotes

The atomic states at the dissociation limits must accord
to the Wigner—Witmer rules.'”! The GS must correlate with
the closed-shell atom of Be and the H doublet
[Be(1s%2s%;'S)+H(1s;%S)], whereas the next four states
22, 1%*, AP, and 1*1) dissociate into
Be(1s%2s2p;>P)+H(1s;°S). The first excited state of H, 2s',
is at 3/8 a.u. above the GS, so that all the curves here dis-
cussed dissociate to H(1s; 2S). As regards the I1 doublets, the
2 M1 (3p) dissociates into Be(1s2s2p; ' P), while 3 *T1(3d),
4°T1(4p), and 5°%I(4d) correlate to Be(1s22p2;'D),
Be(1s5%2s3p;>P), and Be(1522s3p; ' P), respectively. The cor-
responding 3" states can also be related to the same disso-
ciation limits, but the nature of these states changes very
often along the adiabatic curves due to numerous avoiding
crossings. As an example, the state labeled as 3 23¥(3s) con-
verges to the same limit than the 2 *II(3p) state.

FCI calculation on the Be atom (i.e., up to quadruples)
and on H (CI of singles) with the same basis set
(4s3p2d1f+4s4p2d for beryllium, 3s2pld for hydrogen)
have been done. The excitation energies of the Be atom are
compared in Table III with the experimental terms and with
the excitation energies obtained at R=8 A as well. The mean
absolute error for the Be states is 0.012 eV and the largest

J. Chem. Phys. 129, 054310 (2008)
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FIG. 2. Adiabatic potential energy curves for some of the *II excited states
as a function of the internuclear distance (in angstroms) for BeH. Dotted
lines represent states that do not belong to the converged set at all distances.
The lowest atomic dissociation channels are shown on the right.

absolute error amounts to 0.019 eV. These values give us an
idea about the performance of the basis set used. The FCI
energies of Be are given with all the converged figures in
column one of Table III.

The FCI roots have size-extensivity and separability
properties. Hence, the differences between the excitation val-
ues at R=8 A and the Be atom inform us about the achieve-
ment of asymptotic behavior at this distance. As mentioned
above, the less converged states at this distance are the 4 *3*
and 573" states. Notwithstanding, avoided crossings at
larger distances must be expected in other states because we
get the FCI dissociation limit to the ion-pair Be*(15*2s;S)
+H (1s%;'S) at —14.80751807 a.u. [8.5886 eV above
Be('S)+H(%S)], from an independent calculation of the
Be*(%S) and H~(1S) fragments with the same basis set, that is
expected to be poor for the hydride.

A few additional calculations will serve to get a better
estimation of the error in the dissociation limit of the ion-pair
Bet*—H", and to know how much this error results from the
electron affinity (EA) calculation of H. The experimental dis-
sociation limit (DL), as it results from the experimental val-
ues of the ionization potential (IP) of Be (9.322 63 eV) (Ref.
102) and the EA of H (=0.75419 eV),'® is compared in
Table IV to some theoretical values obtained with different
basis sets for Be and H. The experimental DL amounts to
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TABLE III. Correlation diagrams for low-lying electronic states of BeH.

J. Chem. Phys. 129, 054310 (2008)

Be atom® BeH at 8 A

FCI energies of the FCI term of Experimental Dissociation channel Excitation

states of Be>® Be®¢ term of Be®* (H(1s;2S) in all cases) Energy®! States’
—14.623 198 643 8 0.0000 0.0000 Be(1522s%;'5) 0.000 X*
-14.523218 807 2.7206 2.725 Be(1s2252p;°P) 2.721 223 143 A, 14T
-14.428 814 422 5.2894 5.278 Be(1s2252p;'P) 5.289 21,323
-14.386 0212315 6.4539 6.457 Be(15%253s,35) 6.4542 473+ 2 st
~14.374 4159286 6.7697 6.779 Be(15%253s,'S) 6.714 53¢
—14.363 398 948 7.0695 7.053 Be(1s22p2,'D) 7.069 3200,1°%A,6°8"
—14.355490 374 7.2847 7.289 Be(15s%2s3p,>P) 7.284 41,2 40,(7 234,343
-14.3512502 7.4000 7.401 Be(15s2p,%P) 7.400 5200,3 11,1 237,143°
—14.349 481 218 7.4482 7.462 Be(15%2s3p,'P) (6211,8%37)
—14.340 176 144 7.7014 7.694 Be(1s2253d,°D) 7.701 22N, 14A, (71,4 4T1,9 23,4 45%)
—14.328 983 384 8.0059 7.988 Be(15%253d,'D) (11,%A,%5%)
-14.329787 038 7.9841 7.997 Be(1s%2s4s,3S) (32*,43h
-14.326 524 35 8.0729 8.089 Be(15%2s4s,'S) (="
-14.319 493 888 8.2642 8.283 Be(1s22s4p,>P) (T1,°T1, 23,45
-14.318 460 540 8 8.2923 8.311 Be(1s*2s4p,'P) (11,237
-14.313383 1 8.4305 8.423 Be(1s22s4d,°D) (A AT 4T3 45

*The Be atom calculated with the 4s3p2d1f+4s4p2d basis set. The energy of the H atom with the 3s2pld ANO basis set is
—0.499 943 934 1 hartrees.
PAll absolute energies given in hartrees. The decimal places correspond to the convergence reathed for each state. The correlated Be states are given

in the fourth column.
“This work.

AAll values in eV. The energies of the terms of the Be atom are relative to the 15225 'S ground term. The excitation energies correspond to the
adiabatic potential curves of BeH and are relative to the energy of the GS X *S* at R=8 A.

“Ref. 46.

fCorresponding adiabatic states associated to the dissociation channels according to the Wigner—Witmer rules. The states given in parentheses have

not been calculated in the present work.

®The energy value corresponds to the 2 “S* states. At this distance the energy value for the 4 > state is lower (6.437 eV). See text for comments.

8.56844 eV but the FCI calculation with the ANOI
+4s4p2d it by 0.02 eV. In order to allow a large and very
diffuse basis set for H and its anion, we have used the qua-
druple augmented cc-pV5Z basis set.”*1% A CISD calcula-
tion (i.e. FCI) reduces the error in the EA to +0.0024 (see
Table 1IV), ten times lower than the error in Beryllium IP.
This error is reduced to —0.011 eV if the largest available
ANO'’s valence basis set augmented with the 4s4p2d Ryd-
berg set is used in the FCI of Be/Be* and the DL is then
overestimated by 0.0084 eV (see Table IV).

TABLE IV. Errors in the ionization potential (IP) of Be, electron affinity
(EA) of H and dissociation limit (DL) energy of the ion pair Be*—H~ rela-
tive to experimental values. All values given in eV.

Basis set
Be* H° A(IP)° A(EA)® A(DL)®
ANO1-X ANOI —0.02697  +0.04712  —0.020 14
ANO1-X g-aug-cc-pV5Z  —0.02697  +0.00249  +0.024 48
L-ANO-X  g-aug-cc-pV5Z —0.01088  +0.00249  +0.008 39

“ANO1+X stands for ANO1 basis set for Be+4s4p2d Rydberg set. More
details in the text. L-ANO—-X stands for 7s7p4d3f+4s4p2d.

PANO1 stands for the ANOI basis set used for H. See text for more details.
q-aug-cc-pV5Z stands for quadruple augmented functions for the cc-pV5Z
Dunning basis set.

‘A(IP)=[E(Be*)—E(Be)]-1P,,.
‘A(BA)=[E(H")-E(H)]-EA,,.
‘A(DL)=(IP+EA)—-(IP,,,+EA,,).  Experimental  values:
=9.32263 eV (Ref. 102); EA,,,(H)=-0.754 19 eV (Ref. 103).

IP,,,(Be)

C. Analysis of the nature of the states and avoided
crossings

The relatively small 2s-2p gap of Be atoms results in the
relevance of the (20)"! — (30)*! [HOMO-1— SOMO] exci-
tation for the lower states of BeH and how this relevance
changes with R. This point deserves to be analyzed in more
detail, and to be set in relation to the large number of
avoided crossings that become apparent in Figs. 1 and 2.

1. 23* states

In the case of the GS, the dominant configuration
(16*20°30"') has a weight (square coefficient) for the most
part higher than 0.90 that reaches its maximum value of
0.931 near the equilibrium distance (R=1.32 A). The weight
of this configuration and that of the (20)~' — (30)*! excita-
tion (10220302 occupation) are plotted as a function of the
distance, for the GS, in the inset of Fig. 3. The weight of the
main configuration dips between 2.0 and 4.5 A reaching a
minimum value of 0.740 at ~3.0 A due to the raising of
some multiconfigurational character as the weight of the
[HOMO-1— SOMO] excitation reaches its maximum value
close to 0.095 at ~3.0 A.

This behavior is relevant in the context of some discus-
sions raised in the past concerning the occurrence of a maxi-
mum in the GS potential. Several authors have argued the
existence of a potential barrier’’ of at most 200 cm™" that
should arise from an avoided crossing with the C *S* va-
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FIG. 3. Squared coefficient of the (20)™! — (30)*! excitation (10%°20'30?
occupation) in the different >3 " states along R. Inset: the squared coefficient
of the dominant configuration (16°26?3¢") and that of 16°2¢'3¢? for the
GS (X 237*) state.

lence state (the 2 23" state in Fig. 1, whose nature is dis-
cussed below). The present calculation shows no maximum
through the curve of the GS (Fig. 1), but the analysis of the
FCI wave function places the offset of the (20)~! — (30)*!
contribution in the proximity of 2.3 A, which, furthermore,
is a value close to the equilibrium distance of the C >37 state.
Cooper discussed several years ago50 how the selection of
the basis set and the inclusion of the core-valence correlation
can modify the shape of the GS potential curve. The present
FCI calculations should cover all these aspects, namely, basis
set large enough and core-valence correlation.

As concerns the wave function composition, the situa-
tion for the >3 excited states is more involved than that of
the GS. At the GS equilibrium distance, the 2—6 *3* states
can be classified as the valence C °3" state and the (3s, 3p,
3d, and 4s) *3* Rydberg states, respectively (see Fig. 1).
However, things become unclear as R changes. Even if one
considers only distances larger than the GS R,, a number of
avoided crossings are easily apparent in Fig. 1. An avoided
crossing between the 2 and 3 3" states occurs at a distance
shortly larger than R,; additional calculations from
1.2 to 1.4 A with steps of 0.02 A have helped to place this
avoided crossing at 1.36 A. At about 1.8-1.9 A, the 4 and
5 23* states perturb one another while the nonbonding po-
tential of the 1 *S* state crosses just there. Another avoided
crossing is apparent between the 5 and 6°3% states at
medium-range distances (~2.4-2.5 A). The states 3 and
4 ?3* interact at medium- and large-range region (distances
larger than 2.7 A). In this last case, the gap in the perturba-
tion area is rather large and the avoided crossing leads to a
broad minimum in the 4 237 state at around 4.169 A that will
be the subject of particular attention in Sec. III F.

The analysis of the FCI wave functions along the adia-
batic curves reveals the changes in their nature and the com-
plexity associated to these avoided crossings. At very short
distances (0.7—1 A), the states 2, 3, and 4 >3* can be de-
scribed as due to s, p, and d Rydberg contributions perturbed
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by some contribution of the most diffuse components of the
H basis set. The 5 23* state, instead, is neatly s. It is worth-
while to follow the weight of the (20)™! — (30)*! excitation
in the 23" states at distances larger than 1 A, (see Fig. 3). In
the range from 1 to 1.4 A, the weight of this configuration
jumps from one state to another several times, so revealing
the occurrence of several avoided crossings in the
shorter-than-R, region. It dominates the seventh *3* state at
1A, the 523% at 1.1 A, the 4°3% at 1.2 A, and the 3 23
state at 1.3 A. From 1.4 to ~3 A, it becomes the leading
contribution for the C-2 237 state that has its equilibrium
distance in this region (2.30 /°\, to be compared with 1.32 A
for the GS). The same excitation dominates again the 3 *3*
curve from ~32to44 A and the 423* curve from
~4.5t0 7 A, where it takes its leading role in the 5 *3* and
so on. A full understanding of these descriptions requires
being aware of the changes in the nature of the 20 and 30
MOs as R changes. In absence of a symmetry center, the
convergence, at long distances, of the one-particle step
(ROHF) favors a localized description of the o and o* MOs.
At short distances, let us say up to 3 A, both MOs can be
described as resulting from the bonding and nonbonding
(25ge-2pge) hybrid+(1sy). However, as R approaches disso-
ciation, the bonding orbital 20 becomes a pure 2s orbital on
Be and the nonbonding 30 becomes the 1sy orbital. Hence,
one can say that the (20)~! — (30)*! excitation is describing
a charge-transfer ion-pair situation (Be*H™) at distances
larger than 3 A, because one electron is being promoted
from the (mainly 2sg.) 200 MO to the (mainly 1sy) 30 MO.
Figures 1 and 3 help us to see that the (20)~! — (30)*! exci-
tation describes a covalent situation in the region at which it
dominates the 2 237 state, but describes the (Be*H") ion-pair
formation in the regions at which it dominates the 3 3% and
47%3* states, which is also the region where these states
perturb each other.

In summary, concerning the C-2 >3* state, the present
calculation describe it as dominated by mixed Rydberg s, p,
and d contributions at short distances; its valence character
increases, promoted by the (20)'— (30)*! excitation, at
medium-range region (1.4-3 A) and has again mixed va-
lence and Rydberg character at large distances. Similar de-
scriptions at the appropriate distance ranges can be applied to
the 3 3" and 4 >3* adiabatic curves with the help of Fig. 3,
and the change in nature of the (20)~'— (30)*! excitation.
This description is in agreement with the analyses reported
by different authors®#1:47:48.33.63.64 concluding that the Ryd-
berg states are perturbed at short distances by the C >3 state
to an extent that depends on each particular state and, at large
R values, each Rydberg state interacts with the ion-pair
Be*H™ 23 state.’*%

Other properties, e.g., the (r*) values, can be of great
help in the description of the sates. As an example, if one
considers R values slightly larger than the GS equilibrium
distance, the 3 3% and 4 °3* states should be classified as
the 3s and 3p Rydberg states, respectively. Notwithstanding,
at the GS equilibrium distance itself, the 3s Rydberg state,
i.e., the 2 23%, comes first with a VEE of 44 545.76 cm™!
(5.523 eV), while the second excited state (i.e., the 3 >3%),
with a VEE of about 45 860.43 cm™' (5.686 eV), has more
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valence character and should be assigned to the C state.
These assignments are assessed by the (r?) values for these
states at the GS R,, which amounts to 46.00 and 24.85 a.u.,
respectively (the (r*) value for the GS itself is 15.20 a.u.).
This behavior, of course, is a consequence of the avoided
crossing between the 2 and 3 S states at the distances near
the GS equilibrium distance.

The 523" state can be described as the (3d) *S* Ryd-
berg state. It suffers an avoided crossing at about 2.4-2.5 A
with a higher state (labeled as 6 S in Fig. 1) that can be
described as having s Rydberg character at short distances
and that should correspond to the (4s) 3" state. It must be
noted, however, that the adiabatic 6 23" curve shows a hump
at 2.2 A, that could indicate another avoided crossing with
some high-lying curve, not shown in Fig. 1. There is no
evidence in our results that the ion pair is present in this
region, and the calculated dipole moments that are discussed
below, in Sec. III E, are close to zero for these states in this
interval of distances.

2.1

The lowest °II state corresponds to the well studied
AT state 2039493254105-108 1o ave function reveals its
mixed valence-Rydberg character due to the single excitation
from the 30 MO to a # virtual MO that mixes Rydberg p
functions with valence functions centered in the Be atom.
The valence character is dominant for this state, anyway. At
large distances, the electron promotion comes from the 20
MO, which is mainly composed there by the 2sz, AO, allow-
ing the state to dissociate into Be(1s%2s2p;>P)+H(1s;2S).

The 2 211 state is involved, at R values of 1.7—1.8 10\, in
a strong interaction with at least two other states, which re-
sults into an important perturbation in the adiabatic curve
that does not leads to the occurrence of a second minimum in
the curve, anyway (see Fig. 2). The double minimum shown
by the adiabatic curve of the 4 °II state is relevant in this
context. The potential of the 5 *II state (the highest IT state
calculated) also appears as slightly distorted around
1.4-1.5 A and shows another avoided crossing at ~3.3 A,
probably associated to the interaction with a higher excited
’I1 state. This case is similar to that described above for the
623" state.

The analysis of the wave functions for the T states is
consistent with the complex interaction among them. Some
additional points calculated in the region from 1.2 to 2.0 A
help us to locate the first avoided crossing between the 4 and
5201 states at 1.42 A, the second avoided crossing (that
seems to involve the 2, 3, and 4 m states) in the region of
1.68—1.78 A, and the abrupt change in the shape of the po-
tential energy curve of the 2 *I1 state at ~1.72 A. At shorter-
than-GS R, distances (1.32 A), the states are led by excita-
tions from the 30 MO to 7 Rydberg virtuals which are mp in
the case of the 2 and 4 °I1I states and 7rd in the case of the 3
and 5’11 states. In the 1.4—1.5 A range, the 4 and 5 °II
states interchange their p and d dominant character, quite in
the region where the 4 °I1 state presents the double minimum
and the 5 °II state shows a distinct distortion. Above 1.5 A
and up to a medium-range region (~3.3 A) the 5 *II state
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keeps the 77d Rydberg dominant character, and requires ex-
citations from both the 20 and 30 MOs. In general, the wave
functions of the 2—4 2IT states mix excitations from the 20
and 30 MOs to MOs of p and d characters as the bond is
stretched. Notwithstanding, the more relevant change in the
nature of the wave function occurs in the 3 *II state that has
a great mixing between the p and d Rydberg contributions
above 1.8 A, while in the 2 and 4 ’11 states the contribution
of the d Rydberg character is smaller. However, at first
glance, the adiabatic curves of the 2 and 4 ’11 states are those
that appear as more perturbed in Fig. 2.

These complex interactions among the °II states have
been described by Machado et al.”® Tt seems clear that the
first avoided crossing (at 1.4 10\) involves only the 4 and 5 1
states. These authors™ attribute the second avoided crossing
(at 1.7 A) to an interaction between the 3 and 4 °II states
leading to the second minimum of the latter. The influence of
the 2 °II state in this second minimum cannot be excluded
because of the small gap energy among the three states; the
smallest gaps in the 1.7—1.8 A interval are found at 1.74 A
with the following values: AE(2 2I1-3 *I1)=0.005 111 a.u.
(0.139 eV) and AE(2 *TI-4 ’I1)=0.009 148 a.u. (0.249 eV).
The 5 21T curve is also somehow affected. The extent of the
participation of the different states in this multistate avoided
crossing can be best appreciated from the properties associ-
ated to the wave functions, and the dipole moments are of
great help for this; the discussion is reported in Sec. III E
below. The location of the avoided crossings and the two
minima of the adiabatic 4 *II curve are in good concordance
with those reported by Machado et al.”* Also, in agreement
with these authors, we find that the 2 *II potential does not
hold a second minimum.

3.2A, 23"

The lowest (3d,4d) A states (see Fig. 1) are not per-
turbed by the other calculated states. Both “A states maintain
their d Rydberg character through the whole potential energy
curve. These higher-energy states are easily get in the calcu-
lation under the A, symmetry of the abelian C,, group but
the limited size of the Rydberg basis functions (4s4p2d) pre-
vent us from obtaining additional Rydberg A states.

The lowest diexcited >3~ state crosses under the 2 %A at
~1.8 A. This 23~ state is composed of diexcitations that
promote both 20 and 3o electrons to @ MOs, and should
correspond to the state described by Chan and Davidson'?”
as 237 (16217201 7). The valence character of the 123~
state is assessed by its (r?) value of 16.14 a.u.

D. Spectroscopic Parameters

Most of the spectroscopic knowledge of BeH is due to
the work by Colin and co-workers.**"4%*! I contrast to the
detailed knowledge available for the ground and two low
states, the experimental data, compiled for other states in
common data bases,46’”0 is limited indeed. We intend to
learn more about the excited states but having in mind that
all the calculated data here reported have been obtained from
adiabatic curves.
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TABLE V. Equilibrium distances (R,), dissociation energies (D,) and some spectroscopic parameters of the calculated states of BeH. (Experimental values in
parentheses taken from Ref. 46. Theoretical values used as reference are shown in brackets when experimental values have not been found).

State® R, (A) R, (A)-MS" D, (eV) B, B,-MS" @, a,-MS" nlev®
X234GS) [X] 1316 1317 2.245 (2.1819 10.7300 10.7264 0.372 (0.303) 0.3435 6
(1.3426) (10.3164)
A2TI(val) [A] 1.309 1.309 2.479 (2.404% 10.8473 10.8550 0.390 (0.3222) 0.4086 6
(1.3336) (10.4567)
223+ [C] 2293 2293 1.064 (1.048%) 3.5885 3.5382 0.411 —0.0011 6
(2.301° (3.5141°) [0.039%, —0.044¢]
323%(3s) 1.36" [1.3881] 1.964
473*(3p) 1.34" [1.3417] 2575
2 1(3p) [B] 1.287 1.289 1.242 11.3064 11.1863 0.502 (0.1016) -0.0513 3
(1.3092) [1.172%, 1.16]]  (10.8495) [0.180¢]
[10.7918]
523*(3d) [D] 1.327 1.321 2.306 [2.148] 10.2615 10.6631 0.438 (0.455) 0.7030 5
(1.325% (10.599%)
[10.188¢]
3201(3d) [D] 1.307 1.309 2.601 [2.50%] 10.7985 10.8555 0.671 (0.455) 0.448 5
(1.325% (10.599") [0.368¢]
[10.478%]
12A(3d) [D] 1.289 [1.319'] 1.288 2.592 11.1868 11.2135 0.374 0.4248 6
2 (1.326) [E] (10.578)
623*(4s) [F7]  1.290 (1.326) 1.285 232 11.2300 11.2592 0.419 0.4781 6
[F] (10.576)
723 (4p) [F7] 1.288 1.286 2.348 11.0688 11.2378 0.345 0.4411 6
4°T1(4p) [G?] 1.28, 1.66" 2.268' [2.218] (5.02) (-0.556)
(1.925) [G]
[1.314,
1.670']
5 211(4d) 1.38" [1.3741] 2.288
2 2A(4d) 1.290 1.287 2.509 11.2004 11.2236 0.407 0.5578 5
123 (val) 1.477 1.477 1.456 8.5465 8.5224 0.361 0.3520 6

“Notation of Colin and De Greef. (Ref. 36) in brackets. The ? indicates that the assignment is discussed in this work. See text for details.
"Obtained from the fitting of a Murrell-Sorbie potential (MS). See text for details.

“Number of vibrational levels taken for fitting. See text for details.

dExperimental Dissociation energies taken from the work by Le Roy ef al. (Ref. 45).

“Experimental values for C 2S* taken from the work by Colin and co-workers (Refs. 36, 37, and 41).

"Theoretical calculations by Paldus et al. with DZ basis set of Dunning and Hay (Ref. 26).

®Theoretical calculations by Henriet and Verhaegen (Ref. 47) [CI with simples, doubles and triples, STO basis set (240, 137,54), and augmented Rydberg

functions on Be and H atoms].

.hMinimum of the adiabatic curve. The vibrational levels have not been used. See text for details.

'MRD-CI calculations by Petsalakis et al. (Refs. 48 and 53). Basis set: H(4s2p+1s1p) and Be(12s3pld+4s3p2d).

MR-SDCI calculations of Machado et al. (Ref. 52) with essentially a cc-pV5Z basis set.

kExperimental values taken from Ref. 41. The experimental values correspond to the so-called “D complex.” See text for comments.
'Dissociation energy from the first equilibrium distance of 1.28 A. The D, from the second minimum at 1.66 A is 2.239 eV.

Some states have been reported experimentally and have
received specific labels according with the conventional no-
tation. In this section, we follow the notation of Colin and De
Greef*® The two valence states labeled as C 23" and A *I1
have been extensively studied?®-28:3945:49.30.52.54.105-107 g
their respective emission bands were reported several years
ago.3 7 The experimental parameters of the C I3 * state
correspond to those calculated for the 2 23 state because all
the avoided crossings in which the C 23 state is involved
occur in the repulsive branch and above the dissociation limit
of the state, so that the bound vibrational-rotational levels are
not perturbed and the spectroscopical study, at the ap-
proached level of the present work, is not complicated by
other electronic states.

The spectroscopic parameters for most of the calculated
states are reported in Tables V and VI. Data for some states
are lacking because providing spectroscopic parameters from

the adiabatic potentials should be completely non-sense in
these cases. As the most relevant example, the adiabatic
curve for the 3 >3*(3s) state shows a sharp and distorted
minimum that is merely due to the occurrence, just there, of
the avoided crossing with the adiabatic 2 >S* curve. There is
no chance that vibrational levels above this crossing be
populated for a time larger than a single vibration and pre-
dissociation must be expected along the C >3 potential. This
is in agreement with the absence of absorption spectra for the
3s and 3p °3* states, commonly associated to the predisso-
ciative interaction with this valence state.***"*” The equilib-
rium distance (R,) and dissociation energy (D,) reported in
Tables V and VI for this 3 S* state and that for the 4 23*
state must be simply considered as adiabatic potential param-
eters, good, e.g., for calculation benchmark purposes, but not
true spectroscopic parameters. Similar considerations apply
to both the double-well 4 *TI(4p) and the 5 *TI(4d) states.

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



054310-11 BeH adiabatic states

J. Chem. Phys. 129, 054310 (2008)

TABLE VI. Electronic Terms (in cm™') and vibrational spectroscopic parameters (in cm™') of the calculated states of BeH. (Experimental values in

parentheses, taken from Ref. 46).

State® T, , ®X, ®,y, nlev’  G(0) Vg0 w0, -MS*  wx,-MS*
X 235(GS) [X] 2128.55 44.924(36.31)  0.2336(-0.38) 6  1054.2 2120.39 37.986
(2060.78)
A*TI(val) [A] 20 055.83 2155.5 47.769(40.14) —0.0451(=0.47) 6  1064.8 20 066.43 2158.26 50.676
(20 033.19) (2088.58) (20045.81)
223+ [C] 3146131 1018.7 16.491(42.19%) —0.8255 6 4984 30905.51 1040.09 25.229
[1061.12%] (30971.52%)
323%(3s) 44916.77°
423*(3p) 49 385.06°
(48 876.93")
2201(3p) [B] 50 797.20 (50 882) 2288.6 34.638(71.52) -9.2801 32 11345 50 877.50 1998.71°* —-289.78*
(2265.94) (50976.17)
523*(3d) [D] 54037.43 2057.2 103.52(72.8" 5.1621 3210034 53986.63 (54050) 2418.01%"  289.67*
(54 158.86") (1890.5")
3 211(3d) [D] 54 155.07 2072.3 102.79(72.8")  -5.5895 32 1009.8 54 110.67 (54050) 2043.74 56.936*
(54 158.86") (1890.5")
12A(34) [D] 54209.62 2288.3 48.190(72.8")  0.05796 6  1130.6 54286.02 (54050) 2317.42 64.37
(54 158.86") (1890.5")
7 (54 134) [E] (1970) (54 097.6)
6 23*(4s) [F?] 56 253.90 (56 606) [F] 2282.5 (2153)  37.180 —1.4745 3 11317 56 331.40 2933.75%°  428.16%
(56661.24) [F]
7234 (4p) [F7] 5794131 2299.0 36.669 —2.4461 5 11389 58 026.01 2266.79 23.506
4°11(4p) [G?] 58 563.60% (58 711) (57 886.2)
5 11(4d) 59 329.82°
(60 168.63')
2 2A(4d) 59 994.08 22739 46.138 -1.0503 5 1124.06 60 063.94 2235.68 36.057
1237 (val) 66 047.46 1496.9 24.410 -1.5924 6  736.7 65 729.96 1518.31 32.895

*Notation of Colin and De Greef.*® can be taken from Table V. The ? indicates that the assignment is discussed in this work. See text for details.

"Number of vibrational levels taken for fitting. See text for details.

“Obtained from the fitting of a Murrell-Sorbie potential (MS). See text for details. The ( *) indicates the cases where the vibrational parameters calculated
from a Murrell-Sorbie potential are too much inconsistent with those obtained from the G(v) values.

dExperimental values for C S* taken from the work by Colin and co-workers (Refs. 36 and 41).

“Adiabatic excitation energies obtained directly from the adiabatic potential curves. They are obtained as energy difference between the excited state at

calculated minimum and the GS at its equilibrium geometry.
‘Experimental value estimated in Refs. 36 and 63.
£Strongly perturbed states at low vibrational levels. See footnote ¢ above.

T'Experimental values taken from Ref. 41. The experimental values correspond to the so-called “D complex”. See text for comments.

'Adiabatic energy with respect to the first equilibrium distance of 1.28 A. The T,, from the second minimum at 1.66 A is 58789.43 cm™".
JExperimental value taken from Ref. 36 converted to vertical excitation energy.

The R,, D, and (B,,«,) conventional vibration-rotation
coupling parameters are collected in Table V, including those
for the two “A and the 1 23~ states. The values have been
obtained independently in the two ways described in Sec.
II D; namely, from the MS fit on one hand and from the G(v)
levels on the other. The number of vibrational (v) levels used
in each case is indicated in the last column of Table V. In
order to get a common standard for comparisons, we have
selected the first six values, i.e., from B, to Bs, except for
those states where a serious perturbation in the sequence of
vibrational gaps was evident. This was the case for the
D-523*(3d), D-3 *T11(3d), and 2 >A(4d) states, where five
levels have been used, and for the B-2 *II(3p) state where
only three vibrational levels can be considered as relatively
unperturbed before the abrupt distortion in the adiabatic
curve at 1.7—1.8 A is reached by the vibrational levels.

The values obtained from the MS fit are extremely sen-
sible to small variations of the whole potential as the fit
spans all the range of distances. Hence, when significant dis-
crepancies occur between the two sets of R,, B,, and «,
values, they can be attributed, in principle, to the difficulties

1

faced by the fitting procedure in order to deal with the per-
turbed potentials at medium or large-range distances. Not-
withstanding, some disagreements occur in curves that do
not seem to be perturbed, such as the C-2 23" state. Two
completely inconsistent values of «, are found, even if the
calculated points at R<1.4 A are removed from the MS fit.
Less surprising are the discrepancies in the (B,,«,) values
for the B-2 TI(3p) and D-5 ?3*(3d) states, because the fit-
ting of these featured potentials to the MS function was spe-
cially difficult.

The experimental values, available for a few states only,
have been included in Table V as a reference. In a number of
cases, calculated values from other theoretical works have
been included with the same purpose. The actual G(v,J=0)
levels obtained by solving the one-dimensional Schrodinger
equation, as well as the absolute FCI values of the potential
energy curves of all the discussed states, are provided in the
EPAPS file'"” for convenience of the interested reader.

Consistent with the underestimation of R, for the GS, the
basis set leads to an overestimation of the dissociation en-
ergy. The D, value (2.245 eV), can be compared either with
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FIG. 4. Dipole moments in a.u. as a
function of internuclear distance for

Dipole moment (a.u.)

the most recent experimental value (2.181=0.025 eV) by Le
Roy et al.® or with that of 2.161=0.012 eV reported by
Colin and co-workers® " that has been commonly used as a
reference in the past. Experimental D, values® for the A II
and C 23" states are 2.404 =0.025 and 1.048 = 0.025 eV, re-
spectively. They are also overestimated by the present FCI
values (see Table V).

The electronic terms (7,), zero point energies [G(0)], vy
values, and other vibrational parameters are reported in Table
VI The ny., column indicates the number of values of G(v)
used in the fitting calculation of the vibrational parameter set
(w,,w.x,,w,y,). Some idea about the reliability of these fit-
ted parameters can be get against the G(0) values that are
given in column seven. The arbitrary value of n;,,=6 has
been used when the mean error in the G(v) residuals could
be kept in a range of a few units of cm™' (preferably
1-2 cm™'). When this was not possible, fewer levels were
used, as indicated. In these cases, the disagreement between
the MS parameters and the fitted ones is larger.

In those cases where either 7, or vy, values can be
clearly compared with experiment, the present calculations
are in small error, showing that for the purpose of vertical
calculations the basis set works well. Some relevant discrep-
ancies are present, but they deserve special attention. Let us
note that the states associated to the 3d Rydberg orbital have
been normally treated as a 3d complex, giving a group of €\
substates D(>3*,%I1,and ?A) that form together what has
been called the €=2 Rydberg molecular complex.41 The so-
called “D complex” at 54 000 cm™! can be effectively re-
solved in three Rydberg (3d) states that are distinctively
characterized as 5°3*, 37II, and 1°A. The vy=T,+G|
—Gj values for the D states show errors lesser than 100 cm™
relative to the experimental values and appear in the same
order than the 7, values.

However, the characterization of some experimentally
reported states is unclear and does not agree with the theo-
retical adiabatic curves. One of these cases is that of the 4s
and 4p Rydberg states of 2* symmetry that are commonly
labeled as E and F °3, respectively.36 Given the small errors
found for the lower states, the results for the 6 23*(4s) and
7 23*(4p) states should be disappointing if they were to be
assigned to the experimental E and F states. We have then
attempted to assign these states by assuming that there is not

=

Distance Be-H (Angstroms)

the X23* 1435 A, 1°10, 1°A,
22A, and 123 states.

5 55

calculated evidence of the E state. Consequently, the F state
should correspond to the 6 °%%(4s) state instead of the
7 23*(4p). Tt is worth to remember that the labelling of the
E?3* and F*3* states comes from an early work by Colin
and De Greef*® that reported two states with v, values of
about 54 100 and 56 600 cm™!, respectively. The calculated
6 °S*(4s) state lies at an energy (7,=56253.9 cm™, vy,
=56331.4 cm™"), that is, fairly higher than that of the (3d)D
state, so confirming an earlier theoretical prediction of Hen-
riet and Verhaegen47 but in disagreement with the assignment
by Colin and De Greef. There is no evidence, indeed, in the
present calculations, of the presence of any 23" state near
54 100 cm™ other than the 5 25%(3d) state. The calculations
indicate that the 6 *3*(4s) state agrees energetically better
with the experimental state found at vy,=56 661.24 cm™!
(F 23*) and this result corroborates another by Petsalakis et
al.”® Then, for the 723*(4p) state, with Y00
=58 026.01 cm™!, we have not found experimental counter-
part to assign it. It must be noted that Clerbaux and Colin
recognized in a subsequent study that their assumption of an
E*S* state that should lie in near coincidence with the
3 2H(3d) state could be erroneous.*! Finally, the adiabatic
states 6 23* and 7 >3 exhibit similar calculated properties,
as a consequence of their potentials having a similar shape
but appearing as displaced one from the other by
~2400 cm™" (0.3 eV).

Another controversial case is related to the characteriza-
tion of an experimental state reported long time ago by Colin
and De Greef as G *I1.% These authors assigned large equi-
librium distance of R,=1.925 A and spectroscopic param-
eters of ®,=405.3 cm™!, 0x,=22.7 cm™! and
a,=—0.556 cm™!; however, computational evidence for such
a minimum has never been found in the low “I1 states. More-
over, the occurrence of a double well in the 4 11 state, with
minima at 1.28 and 1.66 ;\, does not seem to be compatible
with the R, value of Colin and De Greef.*® Colin and
co-workers***"*! have assumed that the B and G *II should
arise from an avoided crossing between two m states; how-
ever, the high level calculations reveal a more complex in-
teraction involving more than two 11 states, as it was dis-
cussed in Sec. III C (cf. Sec. I E below). This multistate
interaction agrees with previous theoretical studies.*””* The
T, value assigned to the G *IT state could agree with the
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FIG. 5. Dipole moments in a.u. as a
function of internuclear distance for
the 2—6 23* excited states.
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calculated adiabatic excitation energies of the 4 “TI(4p) state
shown in Table VI, but, on the basis of the few spectroscopic
parameters available, the observed transition assigned to
G *TI-X *3* does not refer to the theoretical 4 *TI(4p) state.
This problem has been repeatedly pointed out by other au-
thors, such as Henriet and Verhaegen,47 Petsalakis et al.,5 3
and Machado et al.’® The experimental data associated to the
B ™I and G °II states should need reinterpretation, as al-
ready discussed by Machado et al.,”* and as our calculations
should confirm: the transition assigned to the G M-x 23*
band system could be more likely interpreted as coming from
the high-lying vibrational levels of the 2 *II(3p) state, and
the transition associated to the so-called®® B’ ’II-X ?3* as
coming from the v’>3 vibrational levels of the same
2 2l_[(3p) state. Four vibrational levels can be calculated for
this state (v'=0-3) in the FCI adiabatic potential of this
work before attaining the strong avoided crossing suffered at
about 1.7 A. Note, however, that this interpretation of the
G °II and B’ *I1 states would require that vibrational levels
at energies higher than the avoided crossing can be reached
without leading to immediate predissociation.

Machado et al.> pointed out the important effect of the
basis set in order to obtain a correct description for the high-
lying “II states. These authors reported the two minima for
the 4 °II state at 1.314 and 1.670 A (see Table V). We find a
barrier between these minima at 565 cm™' from the deepest
minimum and it is located at ~1.42 A, while Machado et
al’>* reported a barrier of 645 cm™! and located it at 1.459 A.
Both the CDIST and LEVEL8.0 programs can calculate the vi-

brational levels for this adiabatic double-well 4 *IT potential
but these levels should be unlikely reachable to measurement
as the avoided crossing should predissociate the molecule
along the 2 *I1(3p) curve. Spectroscopic data for the 4 °II
curve are not reported because these levels do not behave as
slightly anarmonic series of vibrational levels.

E. Dipole moments

The calculated dipole moments (DMs) as a function of
the internuclear distance along the adiabatic curves are
shown in Figs. 4-6. The DMs of five doublet states
(X33 AI,1%A,2%A,1%37) and two quadruplet states
(1%*, and 1 “II) are shown in Fig. 4. Those of the excited
23 states are shown in Fig. 5 and those of the *II states in
Fig. 6. Grouped in this way, the different behavior of the DM
curves for each group is made apparent. This behavior can be
associated with either the occurrence or not of sudden
changes due to interactions among the states, and to the dis-
sociation to neutral or charged fragments.

Negative values of the electrical dipole correspond to the
dipole arrow pointing toward the Be atom. Be is less elec-
tronegative than H, and, accordingly, the dipole moment is
found negative for the GS, even though the basis set some-
how favors the electronic density on the Be atom.

Several points of DM sign inversion and steep depen-
dencies on R can be found for the states of BeH at short (and
medium) distances. These jumps in a given curve imply that
for the molecule to follow the adiabatic potential, a strong

Dipole moment (a.u.)

— = —

4,5

Distance Be-H (Angstroms)

5 55 FIG. 6. Dipole moments in a.u. as a

function of internuclear distance for
the 2—5 211 excited states.
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change of its electronic structure is required in a short inter-
val of R. Consequently, a breakdown of the Born-
Oppenheimer assumption must be expected at these points or
at short intervals of distances around them. Such jumps are
found in the DM curves of BeH for many states even at
typical bond distances.

The states represented in the Fig. 4 display no sharp
features as well as a common asymptotical behavior in which
the DM trends to zero at larges distances, in accordance with
dissociation into neutral atoms (Be and H). All states, except
the A °Il state, show singular points (either maxima or
minima) in the DM curves. The FCI values and locations of
these stationary points are X *3* (—0.47751 au. at R
=2.1A), 1°A (+0.15298 au. at R=25A), 22A
(+0.209 33 a.u. at R=2.7 A), 123~ (+0.150 16 a.u. at R
=23 A), 1'3" (+0.29784 au. at R=2.1A), and 1°II
(+1.002 75 a.u. at R=1.1 A). For the valence state A 2H, the
DM decreases smoothly from very high negative values at
short distances to zero near dissociation.

The small perturbation at R~2.5 A in the DM curve of
the 2 %A state suggests a small interaction that is also appar-
ent in a thorough look at the energy curve.

In contrast to the states reported before, the very featured
behavior of the DM along the 2S* and Il adiabatic states
(Figs. 5 and 6) deserves attention. Let us consider two zones
in the 2% states for convenience: a short-range region (zone
A in Fig. 5) and a medium-to-large-range region (zone B in
Fig. 5).

At the distance of the avoided crossing between the
states 2 and 323% (1.36 A), their DM curves change
abruptly (see zone A of Fig. 5). In this case, both adiabatic
states have similar dipole moments before and after the
avoided crossing. The interaction between these two states is
maximal at this distance, where the adiabatic curves ap-
proach the most one the other.

Figure 5 helps also to locate the avoided crossing region
between the 4°3" and 523" states at short distances
(1.1-1.2 A). A hump in the DM curve of the 6 23" state
occurs just in the same range, so revealing that this state is
also involved, but in a more limited way, in the coupling. In
a similar way, the DM curves indicate that the avoided cross-
ing between the 4 3" and 5 23" states at 1.87 A could in-
volve the 6 23" state whose DM changes following a de-
creasing curve that mirrors the ascending one of the 5 *3*.

Several perturbations seem to affect the *3* states in the
neighborhood of 2.2 A, a region where the DM value is
close to zero. These interactions involve also the 6 3" adia-
batic state that shows an oscillatory behavior in both the
energy and the DM curves in the region immediately above
2.0 A.

The most relevant feature in zone B is the occurrence of
large negative dipole moments as a consequence of the de-
velopment of the charge-transfer ion pair Be*H™ that jumps
from one state to the next one as R increases. The DM of the
223" state (that corresponds with the experimental C *3*
state at long distances) tends quickly to zero in zone B.
Meanwhile, the 3 *S* and 4 *S* states show high negative
values in two consecutive regions: ~3.0-4.5 A for the 3 3"
state and ~4.5-7.0 A for the 4 3" state. These two regions

J. Chem. Phys. 129, 054310 (2008)

TABLE VII. Dipole moments of ground and excited states of BeH at the GS
R,. The oscillator strengths to each excited state are also given.

States DM (a.u.) 0S
X323t -0.078 21
223* +0.757 44 0.0525
323t +1.81494 0.0031
4723 -0.559 68 0.0544
523¢ -3.773 35 0.0962
623" +3.21932 0.0069
73 +2.541 96 0.0153
AL -0.918 58 0.0926
1411 +0.979 82
21 +1.386 84 0.0505
321 -3.39725 0.0573
4701 +5.194 33 0.0379
51 -5.779 81 0.0400
12A -0.932 80
22A —-0.920 80
123 -0.123 74

correspond, of course, to those at which the interaction with
the ion pair (Be™H™) occurs, as it was discussed in Sec. IIT C.
Hence, these are the regions at which the (20)~!— (30)*!
excitation has charge-transfer character and dominates the
description of these states (see Fig. 3). High DM values,
increasingly closer to the values of R in atomic units (as it
should correspond to the transfer of a unit charge), occur in
each state, and can be expected to be larger and larger. One
can imagine the dissociation to the ionic pair as occurring
through a succession of ion-pair regions of *37 states as R
tends to infinite. Notwithstanding, each one of these 3*
states dissociate to neutral Be and H.

The 1T states dissociate to neutral fragments and consis-
tently their DMs, which are plotted in Fig. 6, tend to zero at
large distances. The coupling between the adiabatic 4 *IT and
521 curves is revealed as a sharp feature in the DM curves
at 1.4 A. In this case, the DMs in both states are large and
have opposite sign, so that the curves do not cross. The 2 TI
and 3 “II are not involved in this avoided crossing, but things
seem to be a bit more complex in the 1.6—1.8 A region,
where the interaction of the 2 *I and 3 *II states is clear but
the 4 %II and 5 2II states should be also involved, as sug-
gested by the adiabatic curves in Fig. 2. Finally, the pertur-
bation between the 4 °IT and 5 °II states in the region of
3-4 A is reflected also by the DM curves.

A list of the DM values at the GS equilibrium distance
for all the studied states is reported in Table VII. They com-
pare well to those obtained in a previous work® where they
were discussed together with some highest states. Few works
have been devoted to the study of the electric moment prop-
erties of BeH. In particular, Henriet and Verhaegen47 re-
ported dipole moment values for some states obtained with a
large STO basis set and a frozen-core two-step CI procedure
that included singles, doubles and triples. The values ob-
tained by these authors at their equilibrium distances for each
state were X 23, —0.0944 au. (R,=1.345A); C*37,
-0.169 17 au. (R,=2.301 A); and A *II, —0.904 87 a.u.
(R,=1.334 A). These values agree with those reported here
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into 0.01-0.02 a.u. provided that similar distances are con-
sidered and after realizing that these authors use the C 23"
label all along the 2 *S* adiabatic curve. As an example, we
obtain for the C 3" state a DM value of —0.155 43 a.u. at
R=2.30 A, which is to be compared to that of Henriet and
Verhaegen given above.

F. The flat well of the 4 23* state at 4 A

The avoided crossing between the 3 22+(3S) and
4 3*(3p) states in the 4—5 A region deserves special atten-
tion. We can locate the starting distance of this interaction at
~4 A with the help of Fig. 5 that, at the same time, shows no
evidence of other states being involved in this coupling. This
two-level avoided crossing results in a large interaction that
leads to a flat minimum in the adiabatic curve of the 4 *3*
state. One can wonder if this smooth energy well could hold
some vibrational levels. With the potential being so flat,
small vibrational energies can be expected and, conse-
quently, small vibrational velocities can be assumed. Accord-
ing to the Landau—Zener model,""*"” slow movement along
with large gap should favor the probability that the system
will remain in the adiabatic surface, even if a change of
electronic structure along the adiabatic curve is required. In
the present case this change should involve the developing
further and back of the ion-pair charge transfer at each vi-
bration. We calculate the first five vibrational levels that
could be hold by the adiabatic well of the 4 3" state around
the minimum at 4.1 A at G,=128.03, 475.55, 824.87,
1173.06, and 1602.67 cm™! (the probability of tunneling
through the hump at 2.5 A has not been considered). These
are low energy vibrations as expected from the potential flat-
ness. The probability of adiabatic behavior in the simpler
Landau—Zener model for the tunneling transition between
two diabatic states, W, and \I’B,”é’m can be calculated as

Py=1-=P;=1-exp(-2my), (3)
with
H
y= A : (4)
dR [y 0Ey
dt JoR OR

where H,p is the off-diagonal interaction term between W,
and Wz, which is supposed to be linearly dependent with
time, and |9E,/dR—JEg/ dR| is the absolute value of slopes
difference, at the crossing point, of the diabatic (i.e., cross-
ing) E4 and Ej curves.

Following the procedure of Henriet and Verhaegen,47 we
have approximated H,p by AE/2, i.e., half of the gap value
at the crossing point; dR/dt can be related to the mean ki-
netic energy, that is taken on average as the vibrational en-
ergy for each level, E,. So, in atomic units, one can write

(AE)®
’y= 9
4-N2/u- As - \’E

(5)

where the reduced mass is w=1652.36 a.u. for BeH and As
stands for the absolute value of the slopes difference. The
crossing point for calculating the slopes has been located,
according to Fig. 5, in 4.6 10\, so that As~0.014 56 a.u. and

J. Chem. Phys. 129, 054310 (2008)

AE=0.016 a.u. With these values, the probabilities of the
diabatic jump, P;,, range from 107" to 6.5X 107>, as one
goes from v=0 to 5. The model predicts that an essentially
adiabatic behavior must be expected in this minimum, so that
some chance exists that these vibrational states could be
populated, at least the lowest ones. The spectroscopic con-
stants calculated from the first three G, values given above
are R,=4.170 A, ®,=277.7 cm™!, w,x,=-21.40cm™', B
=1.075 cm™!, and a,=-0.023 cm™!.

e

G. Transition dipole strengths

This section is focussed on the dipole allowed transitions
from the GS (X 2S%). The transition dipole strength (TDS)
values have been calculated along the dissociation coordinate
as square absolute value of the transition dipole moment,
(exc|2|0y. For parallel transitions (X S*—23%), this quan-
tity is calculated as (X *3*|&,|*S*(i)) for each *2*(i) excited
state. In the case of perpendicular transitions involving the
’11 states, in the framework of the C,, abelian subgroup, the
I, and II, components [i.e., (X *¥a,°TL,(i));a=(y.2),
which transform like the coordinates y and z] have been
obtained, rather than the I1, and I1_ ones. For I1+ 2, transi-
tions, the matrix element (3|a,|I1.);a=(y,z) equals'"® to
(S|, *if,)/2"|I1.) and, consequently, the square abso-
lute values are equivalent in both representations.

The TDS curves from the GS to the *3* states and to the
’11 states are shown in Figs. 7 and 8, respectively.

It has been suggested that the analysis of the features of
the TDSs can be useful for studies of selective excitation
pathways and photofragmentation dynamics.“g‘120 The TDS
for these transitions reveals several pronounced maxima that
are located at different distances depending on the excited
state. It matters to note that at distances larger than 3 A,
where the GS potential curve has already attained a plateau
(see Fig. 1), only a few states [e.g., 3 °3* and 2 *II that
dissociate to Be(' P)+H(%S)] present high TDS values, while
for the remaining states the TDS tend to zero. This behavior
at the dissociation limit must be related, of course, to the few
transitions that are allowed in the closed-shell Be atom. Now,
the avoided crossing between the 3 S* and 4 3" states in
the 3.0 to 5.0 A region is clearly apparent in the oscillations
of TDS curves of these states. This is the region of the sec-
ond energy well of 423*, whose TDS curve reaches its
maximum at about 3.7 A (see Fig. 7). One could wonder if
the second well of 4 *3* could be reached through a photo-
excitation to a high vibrational level of the 5 3" that has the
greatest TDS at the GS R,. Even if such a transition were to
be allowed by Franck—Condon factors, there is little chance
that the second minimum of 4 3" be reached in this way
because predissociation is much likely to occur due to the
avoided crossing near 2.0 A where the 1 *3* state curve
crosses those of 523" and 4 °37 states.

It can be noticed also that the large TDS values of the
323" and 4237 states are developed in the right branch
(R=R,) of the GS energy curve that corresponds to the be-
ginning of the dissociation steps. It is interesting to note that
the TDSs to each state are small in the regions where its
leading excitation has ion-pair nature. So, in the 3-4.5 A
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FIG. 7. Transition dipole strength,
[¢exc| 2|0y (in a.u.), for 22*—Xx23*
transitions as a function of the internu-
clear distance for BeH.

0,5 1 P1s 2 25 3 35 4 45
Distance Be-H (Angstroms)

range, where the ion-pair is more relevant in the description
of the 3 23* state, its TDS distinctly falls. Consistently, no
appreciable values of TDS are calculated for the 5% or
6 °3" states for R=8 A, in a region where the ion-pair domi-
nate these states (see Fig. 3).

As concerns the TDS to *II states (Fig. 8), except for the
A I state that presents a quasilineal decreasing tendency,
the remaining “IT states show a more complex behavior. The
2 11 state does show a short zone of steepest change among
1.7-1.8 A, where its TDS value sharply increases up to the
atomic limit. This just occurs in the region where this state
suffers an important avoided crossing as explained in Sec.
I C.

The double-well nature of the 4 *IT potential energy
curve is also reflected in the behavior of the TDS at this
distance range (1.3—1.7 A). Together with the 5 °II state, the
TDS suffers several changes, local maxima and minima, at
this range.

As mentioned above, the states that dissociate to
Be('P)+H(%S) have high TDS at large R. Instead, the TDS
of the 4 *II state that can be described as the (4p) Rydberg
state at short distances falls to zero as R increases. This state
dissociate to Be(*P)+H(>S), and it should imply a spin for-
bidden transition in the closed-shell Be atom.

The R, of the GS is indicated with a dotted vertical line
in Figs. 7 and 8. The A *II(val) and 5 *3* states have the
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greatest TDSs there. The oscillator strengths (OS), as get
from the TDS values, are reported in Table VII (the OS for
the IT+ 2 transitions include a factor of 2). The good agree-
ment that was obtained with a shorter basis set®” with the OS
values of the MRD-CI calculations by Bruna and Grein'® is
found again. Finally, let us recall that the largest OS among
the 23* states comes from the 5 °3*(3d) state, that, as al-
ready discussed by Clerbaux and Colin*! may contribute to
observations of the D state of BeH, while the 6 *3*(4s) state
is found at a higher energy than the D complex and has a
very low TDS associated to the transition from the GS, indi-
cating that this should be a very weak transition.

IV. CONCLUSIONS

We present in this work FCI calculations of the adiabatic
potential curves of the lower excited states of the BeH mol-
ecule with a valence ANO basis set augmented with a one-
center ANO Rydberg set. The first six 22+, the first five 2H,
the first two ZA, and the first Y states have been calculated.
Also, the first 3% and “IT states have been obtained. The
curves have been calculated in great detail so that its numer-
ous features provide benchmark references for calculations
that must account for different physical situations such as,

FIG. 8. The y component of the electric transition di-
pole strength, [(exc|,[0)]> (in aw.), for the °II
—X?3* transitions as a function of the internuclear
distance for BeH.

05 1 P15 2 25 3 35 4 45
: Distance Be-H (Angstroms)
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e.g., Rydberg-valence interactions, ion-pair and neutral state
interactions, multistate avoided crossings, diexcited states, or
multiconfigurational wave functions.

The adiabatic curves that can be related to the vertical
n=3 Rydberg states [3°37(3s), 422*(3p), 5722*(3d),
2 MI(3p), 3 I(3d) and 12A(3d)] and two valence states
(c 2S*and A 21'[) have been described. Information concern-
ing other states [mainly the 6 *S*(4s), 4 *I1(4p), 5 *I1(4d),
and 2 2A(4d)] has been also obtained in a more limited way.

A well balanced calculation of the valence-Rydberg mix-
ing and an appropriated accounting of the (20)~'— (30)*!
contribution are required to reproduce the shape of the
curves of the 237 states. At short distances, valence-Rydberg
mixing is involved in the short-extent avoided crossings and,
in particular, in that one between the 2 and 3 23 * states near
1.4 A. On other hand, at large distances, the ion-pair nature
of the states is involved in the perturbation, and the most
notorious case is the long-extent avoided crossing between
the 3 °3* and 4 237 states at 4-5 A.

Some spectroscopic parameters have been calculated
from the vibrational states that result from the adiabatic
curves assuming uncoupled vibration and rotation in all
cases. In spite of this assumption, that is rough for some
states as, e.g., the D complex, the spectroscopic parameters
obtained help to assess the reliability of our calculations and
confirm some of previous works on BeH. Notwithstanding,
an exhaustive comparison with actual experimental data
should require to take into account nonadiabatic coupling in
most cases and falls out of the scope of the present work. For
some states (as for example, the B [T and G 11 states), these
couplings can have important consequences when comparing
with the experimental reported results. According to the pic-
ture that draws the present FCI adiabatic curves, there is no
evidence of a “II state with a R,=1.925 A that experimen-
tally has been described as the G 211 state. However, the
double-well nature of the 4 °II potential curve is confirmed
by the interaction of the nearby *II states.

Concerning the remaining states, the present FCI calcu-
lations contribute to explain some details and to confirm pre-
viously suggested explanations of other authors. The absence
of the 3s and 3p 237 states in the absorption spectrum can
surely be due to the predissociative interaction with the
C?3* state in terms of the perturbation of the vibration
levels.

In this work we have discussed that some vibrational
states could be populated in the 4 S*(3p) state at distances
around the minimum located at about 4.169 A that results
from the avoided crossing with the 3 *3%(3s) state. Such
vibrational states would occur in the Born—Oppenheimer re-
gime and would imply changes in electronic nature (covalent
and ion pair) along each vibration. A few spectroscopic pa-
rameters have been calculated for this minimum. A note of
caution is still convenient here to recall that all the param-
eters shown and discussed in the present study refer to the
adiabatic energy potentials.

It is possible to resolve the so-called “D complex” into
three different states (5 23*, 3 %11, and 1 2A) whose adiabatic
T, values should differ in less than 180 cm™'. It must also be
pointed out the nonexistence of a double minimum in the
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2 ’TI(3p) state, in spite of the strong multistate avoided
crossing occurring at about 1.7—1.9 A, as confirmed by our
FCI calculations, in agreement with the conclusions of
Machado et al. for this state®® and contrarily to the interpre-
tations of Colin and co-workers for the B 2II state.”*”*!

On the other hand, the controversy about the assignment
of the E and F ?3* states is reopened. The 6 and 7 °3" states
that can be assigned as 4s and 4p Rydberg states, respec-
tively, do not match with the experimental excitation ener-
gies. Moreover, only one ’3* state is found at about
54100 cm™, the 523%(3d) state. The TDS calculations
show that the only relevant oscillator strength contribution to
the transitions close to 54 100 cm™" associated to 23" states
comes from the 5 3%(3d) state. The next 3" state, namely,
the 623 state, is high in energy by ~2200-2300 cm™!
above the D complex region, and should present a very weak
transition.

The analysis of the evolution of the DM and the TDS
with the internuclear distance R is of great help to locate the
position of the avoided crossings, to show their extent along
a short or long interval of R values, and to reveal the number
of states implied in them, as well as their strength.
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