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The full configuration interactioFCI) study of the singlets vertical spectrum of the neutral
beryllium trimer has been performed using atomic natural orbjtas2pld] basis set. The FCI
triangular equilibrium structure of the ground state has been used to calculate the FCI vertical
excitation energies up to 4.8 eV. The FCI vertical ionization potential for the same geometry and
basis set amounts to 7.6292 eV. The FCI dipole and quadrupole transition moments from the ground
state are reported as well. The FCI electric quadrupole moment o€ 8¢ ground state has been

also calculated with the same basis 98t = —2.6461a.u.0,,=0,,=—1/20,,). Twelve of the

19 calculated excited singlets are doubly excited states. Most of the states have large
multiconfigurational character. These results provide benchmark values for electronic correlation
multireference methods. &K 6 MO)CAS-SDCI values for the same energies and properties are
also reported. ©€2004 American Institute of Physic§DOI: 10.1063/1.1792152

I. INTRODUCTION tive triples[CR-EOM-CCSIT)],*3 the general-model-space
state-universal coupled-cluster meth@MS SU CQ,*1°
The search for highly accurate methods for the calculathe extended similarity transformed equation-of-motion
tion of electronic excitation energies that can be successfullgoupled-cluster methodextended STEOM-CG® or the
applied in very multiconfigurational situations is a permanentquation-of-motion spin-flip  coupled-cluster model with
challenge for the researchéréQuasidegenerated states hav-singles and doubleEOM-SF-CCSD.1’ Many other multi-
ing different physical nature, excitation energies of stateseference coupled-cluster approaches have been proposed in
dominated by diexcitations, and accurate descriptions of theecent years to deal with multiconfigurational situations in
bond breaking regions of excited state potential energy sukeither the ground sta 729 or the excited statefn most
faces are some of the most difficult problems faced by higltases, both of thenf*~?*The so called nondynamical corre-
quality ab initio calculations. Most of these problems are |ation energy has also received relevant attention in the
usually treated by means of multireference configuration inframework of the CC theory, e.g., in the variationally opti-
teraction approaches, more or less corrected for sizemized orbitals coupled-cluster of doubles approximation
consistency error effects’ or by multireference perturbation (VOO-CCD).?* Multireference second order perturbation
theory®~*? approaches. The approaches based in theffects have also been added to this approach
coupled-cluste{CC) ansatz, which so efficiently deal, the [VOO-CCD(2)]?° and the relevance of approaches based in
single reference level with the dynamic correlation effectsoptimized orbitals for dealing with bond breaking has been
have now emerged as very promising methods that try t@ested against FCI benchmarks as f&Dther ways of deal-
overcome the problem of a simultaneous and balanced treaihg with electron correlation in the context of multireferen-
ment of nondynamic and dynamic correlation effects. Verycial quantum chemical situations such as those based in the
hopeful developments have been recently reported in thigensity matrix renormalization group have been proposed
most active field, and, in particular, some of them face theand favorably compared to FE].
problem of the accurate calculation of excited states lead by The methods developed to calculate vertical excitation
diexcitations. Let us mention, just belonging to this lastenergies(VEE) can be conveniently tested against suitable
group, the completely renormalized equation-of-motionbenchmark calculations. In this way, the test can be per-
coupled-cluster approach with singles, doubles, and noniterdormed directly without the need of calculating any other
magnitude, and no ambiguity related to the experimental

dAuthor to whom correspondence should be addressed; Fa#: 96 354 measurem?nts is presef®.g., Fhe e)_(aCt occurrence of the
3156. Electronic mail: jose.sanchez@uv.es 0-0 transition. The full configuration interaction(FCI)
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method provides the nonrelativistic exact eigenvalues antd. COMPUTATIONAL DETAILS

wave functions for a given one-particle basis set and pro-

vides a nonambiguous reference benchmark. Only a few sys- For the present calculation, the ANO basis set optimized
tems have been calculated at the FCI level and only a limite® Widmark, Maimaqvist, and Ro8$was used, adopting the
number of their excited states show diexcited nature, so prd-352p1d] contraction from a 1€Bp4d primitive set. The
viding the required challenging target for the more sophisti-€auilibrium geometry of Bgis that of a triangulab 3, mol-

cated approached methods. With regard to singlet excitefcule. All the calculations have been performed under the
states dominated by diexcitations for which FCI results ar&2 symmetry subgroup. The Be atoms have been placed at
available. we can mention thelS+ 613+ 11A 21A the points (0,1.312998,0 (1.137090;-0.656499,0 and

T e 08 e it IO 0 590 ol s o,
andI1, states of G, or the lowest'A state of HB3! Also g y

for these systems, some excited states have important die%Léncertainty of the numerical round off. The self-consistent-
o L leld (SCP energy is—43.714915883 4 a.u. No post-SCF
citation contributions, such as the'H state of CH (Refs. (SCH 9y P

20 adaptation of the molecular orbitalMO) has been carried

28 and 29_) and the IpwesiHu state of N. , . out, but the three lowest MOs, which combine mainly the

Beryllium atom is another system for which a diexcited 06 15 orbitals of atomic beryllium, were kept frozen after
state occurs at relatively low energies. The lowest singlef,o gcE step. Hence, the FCI calculation involved 39 MOs
states manifold of Be atom has been calculated at the FGlq six active electrons. The orbital symmetry sets used in
level with a B9p5d basis set by Koch and Harris8AThe  the ECI calculation in theC,, group (triangular moleculg
diexcited (2?) 'D state was found at 7.0863 eV, just be- gre 1%,, 7b;, 120,, 5a,, while the occupation set isa2,
tween the 6.7645 eV Of the 623) 1S and the 7.4597 eV Of 1b2 that Corresponds to thaz and the 2’ MOs of theD3h
(2s3p) *PP single excited states. The ¢2) 'D state occurs  group. TheDs, symmetry species resolve into the following
experimentally at 6.98 e¥? while the (%3s) 'S occurs at C,, symmetry speciesA;—A;, Aj—A,, A,—B,, A}
6.76 eV and the (&p) *P° occurs near 7.46 e¥ This fact B,, E' A, +B,, andE”—~A,+B,. Independent calcu-
is related to the availability of the emptyp2valence orbitals  |ations have been performed at each of the oy symme-
in the formally valence closed shels32s? ground state of tries, even though low lying degenerated states were ex-
the atom. The B orbitals make a decisive contribution to the pected to be calculated twice as they behave as accidentally
chemical bond in B€**8and one can expect from simple degenerated il€,,. This was helpful in the assessment of
guantum mechanics arguments the occurrence of double esymmetry assignments of the calculated states. It was also

cited states in Be clusters significantly below 7.0 eV. helpful in a few cases in which some states converged more
The FCI ground state geometry of Bhas been accu- easily in a partigulaCzU symmetry rgpresentation_
rately determined for an ANOE3s2p1d] basis set by the The dimensions of the FCI matrices faf, b;, b,, and

authors in a previous pap@rA prehmmary CAS-SDCI cal- ao representations were 20900 733, 20862 740, 20897 740,
culation revealed that a significant number of multiconfigu-and 20860 108 Slater determinants, respectively.

rational states, many of them of doubly excited nature, occur The SCF calculations and bielectronic integrals transfor-
in the vertical spectrum of Beat excitation energies lesser mation have been performed with tivoLcas™ code. The

than 5.0 eV. Hence, the first aim of the present paper is +&Cl calculations of energy and electrical properties have

provide FCI benchmark vertical excitation energies for theP€€n performed with theeca code developed by some of

44,45 -
Be, triatomic cluster. Moreover, FCI transition dipole mo- US-  1he VEGA program was adapted to the appropriate
ments and transition quadrupole momefitsth of them in interfaces withmoLcAs.™ A new interface program was

the property length approachave been calculated, increas- writen to convertMOLCAS property integrals file to a format
ing in this way the very scarce FCI benchmark values avail’ eadable by the/Ga program.
In all calculations 0.52917208 A for Bohr radius and

able in the !lterature for these propert.|e5. It seems glear thai?.le 40 eV for hartree have been used.
the comparison of calculated electronic properties with those

of reference calculations can provide additional tests on thﬁon was performed on the Besystem with the same basis
quality of approximate wave functions. Unfortunately, theset. A small active space of four electrons on six molecular

FCI benchmarks of dipole transition moment that one can, pitals (MO) was employed. This space included the’ 2
find |r_1_the Ilteraturle aire still ver;l/ sEarce. \iVe can men?on theoccupied MO's and 8], 3e’, and 1a virtual MOs. In some
transitions fromx "X " to three ™% 2 two "I and one"A  ca565 the FCI states, especially those having higher energies,
states of CH (Ref. 28 and theX '3,y — A 'II, transition of \yere difficult to assign due to convergence issues. In these
C, (Ref. 40 as some of the very few ones for which FCI cases, the comparison of energies and properties of the FCI
dipole transition moments have been reported. Also vergtates with the CAS-SDCI ones was of great help in order to
scarce are the FCI reported values of ground state quadrigssess the assignation of the FCI states.

pole momentse.g., for BH and HRRef. 4. Hence, a sec- As concerns the FCI dipole and quadrupole matrix ele-
ond aim of the present work is to provide a large set of FClments, the computation is performed as a scalar product in
transition dipole and transition quadrupole moments. The=C| space between the representative vector of the excited
electric quadrupole moment of the ground state is also restate|exc) and that ofu|0), whereu is the required compo-
ported as a benchmark reference. nent of the dipole or quadrupole operator d@dthe ground

As it is explained above, a previous CAS-SDCI calcula-
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state eigenvector. As concerns the CAS-SDCI dipole an&0% and 60%. One of the states, théA? state found at
guadrupole moments matrix elements, the elemenisarfid  4.12 eV, is dominated by two double excitations and a triple
p (the one-electron density matyiare separately computed excitation involving four open shellgt.6%). Triple excita-
in the molecular spin-orbitals space before summing up théons are also relevant in two other states’E4 and 5'E”).
Mijpji products. Quadruple excitations having a weight greater than 1% occur
in the doubly excited state ] .

The CAS4x6)-SDCI vertical excitation energies are re-
ported in Table Il. The wave function contributions are not
A. Vertical excitation energies reported for simplicity, but the general overview of the states

The FCI energies of the singlet states at the geometry df similar to that of the IiCI resultsi reported in Table I. Only
the ground state are reported in Table I. The FCI energy ofV0 States, namely, the’\; and 5°E” ones, are out of the
the Be cation resulting from the (&) ! ionization has SPace spa.nned by the CAS and could not.be fognd. It )Nould
been calculated with the same geometry and basis set as tH¥§t be difficult to select a larger CAS set including the; 2
used for the neutral molecule. The energy value isMO. However, the smaller size of the active space helps_to
—43.601 961 630 a.u., which results in a FCI vertical ioniza-9€t @ more patent effect of the CI truncation error and its
tion potential of 7.6292 eV. Note that the verticale(3* as;omated s.lze'-exte'nswlty error, which are noticeable in
ionization of Bg leads to a twofold degenerat@&’ state spite of the limited size of the.thual space and the small
which in fact lies at the crossing of two Jahn-Teller "umber of correlated electrorisix). One can see, by com-
symmetry-relaxed states. The vertical excitation energies dfaring Tables I and I, that the errors in VEE are small in
Be, in eV are reported also in Table I, as well as the domi-SOMe statege.g., 0.4 mHartree for the"E') while the larg-
nant excitations in the wave function, for each state. ThéSt 0N amounts to about 7 mHarttém the 31_Ai state. As
squares of all the determinant coefficients corresponding t¥§/€ Will see below, the errors in the properties are distinctly
any givenn-electron excitatioridescribed, e.g., as €2)~2  larger.

—(3a;) "2, wheren=2], have been added up, including all

the spin partners. The resulting weights are reported as per-

cent contributions. Only those contributions having weights_ »

greater than 1% are reported in Table I. The 19 first con® Dipole and quadrupole transition moments

verged singlet excited states are listed. All of them can be The FCI dipole and quadrupole transition moments be-
described, in the simplest way, as transitions from teé 2 tween the GS and the excited singlets are reported in Table
HOMO, but only seven of them, namelyE”, (1,5,6)'E’, 11. All the values are given in atomic units. Three significant
1'A), 2'A7, and 3'A7, have a single excitation as the decimal places are reported, but it must be noticed that the
leading term and can be properly described as single-exciteghergies have been converged in most excited states up to six
states. All the others states have doubly excited character. hecimal places, and in the higher sates, to five. The corre-
particular, the wave function for the second excited singletsponding values for the CAS-SDCI calculations are reported
the 1'A] state, is lead by the open shell €372 in Table IV. Only the low lying diexcited states'E” and
—(3a;)"1(1a%)*! determinants, but it lies at 1.78 eV 2'E’ show calculated transition moments nearly zero. How-
above the ground state and only 0.11 eV on top of the lowesgver, the rest of théE’ states(of which, the three, four, and
excited singlet, the single-excited'E” (2e’)"1—(1as)*! five states are diexcited oneshow large dipole and quadru-
state. As a consequence of the twofold degenerated nature pble transition moment components. The largest transition
the HOMO, both closed shell and open shell diexcited statedipole moments correspond to the very multiconfigurational
have been found among the 12 diexcited states described 51'E’ (diexcited and 6'E’ (single-excitedl states. These are
Table I. Closed shell diexcited states result when the holes ithe highest calculated states, so that their oscillator strengths
the leading diexcitations are originated in the same compoare the largest ones and transitions to them appear as the
nent of the degeneratece2 MO. This happens, e.g., in the most allowed of the calculated ones.

first closed shell diexcited statthe 3'E’ one found at 3.08 The CAS-SDCI table of transition moments shows a
eV. Other states dominated by closed shell diexcitations argeneral view similar to that of the FCI calculations, but both
4'E’" and 3'A;. The rest of diexcited states originate a hole underestimation and overestimation occurs at the different
in each component of thee2 MO, so that at least two un- values. Large differences between that values reported in
paired electrons are required to describe the leading excitdables Il and IV put forward a significant task for size-
tions. More commonly, four unpaired electrons are requiredconsistency correcting methods and for those approximated
in these cases, as it happens, e.g., in the lowest diexcitadethods that accounts efficiently for high order perturbation
state, the TA]. effects. Most remarkable cases are th&E3, 5'E’, and

The multiconfigurational nature of most of the states in6 'E’ excited states where the errors in the quadrupole tran-
the Bg singlets manifold is clear form Table I. Let us point sition moment components range from 0.4 to 0.7 a.u. It is
out some relevant facts, anyway. Only five of the states havaoticeable that the largest error occurs in th&E3 closed
a unique contribution greater than 1%. Noteworthy, only oneshell diexcited state, because it is not expectqgtiori that
of these is a single-excited state, the lowest singléE”L  the chosen CAS is inappropriate for describing this mono-
Nine of the states have a dominant contribution weight lowerconfigurational state, as it can be the case for thE'5and
than 50%. Four others have leading contributions betwee6 ‘E’ states.

IIl. RESULTS
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TABLE I. Bej cluster. FCI[3s2p1d] energies and wave functions for singlet states up to 4.8 eV. See text for

details.
State FCI Energya.u) AE (eV)? % Contribution
X 1A —43.882329 984 69.6 (o)}
2.4 (2¢")"?2—(3a}) 72
1" —43.820924 8 1.67 65.7 (2¢") 1= (1ap*?t
11A] —43.816 867 1.78 74.1 (2e')"2—(3ay) " H(1ap**
1€’ —43.807 5238 2.04 51.4 (2¢")"1—(3a)) !
7.2 (2e")"2—(3a;)*?
5.2 (2e')*;ﬂ(3e')ii
15 (2e')"2—(3e")
2’ —43.786 445 2.61 75.6 (2e') 2= (3e") "Y(1ay) "t
2E’ —43.78374 2.68 78.0 (2¢")"2—(3a;) "Y(3e") !
11A, —43.7759716 2.89 64.1 @) '—(3e) "
9.6 (2e')"?—(3a;) "Y(3e’) !
21A; —43.775256 1 291 48.7 ) '—(3e) "t
9.5 (2e")2—(3a;)*?
>3 1|O> +1
4.1 (2a})"1—(3a))
31" —43.770 453 46 3.04 52.9 (2e')"2—(3a;) "i(1ay) 1t
4.6 (2¢") 1=(1em)*?t
4.2 (2e') - (1ay)*?t
2.5 (2e')"2—(3e’) " 1(1ah) "t
31 —43.769 046 3.08 63.6 (2¢') 2= (1aj)*?
1A ~43.766 3430 3.16 24.4 (2¢') 2~ (3ay) "}(1ay) "
23.9 (2e')"2—(3e’) " 1(1ah) "t
12.3 ()"t (1e)*?
9.3 (2a)) '—(1ay)**
21p] —43.760 696 331 38.0 (2¢') 72— (3ay) "}(1a3) "
24.2 (2e") 72— (3e’) "Y(1ay) "t
4.2 (2e") 1= (1e")*?
41 —43.754568 7 3.48 37.7 (2¢')"*—(3ap)*?
10.4 (2e')2—(3a;) *1(3e’)**
9.1 (22')72-(3e') "2
8.7 (2¢") 1—(3ap*?t
31a; —43.748 68 3.64 57.5 (2e") 2= (1ap)*?
37 (2e)“—(3e')"*(1a5) 2
2.4 (2a;) 2—(1ay)*?
1.9 (2e")"*—(3ay) "¥(1ay) 2
41" ~43.738 828 3.90 59.8 (2¢') 72— (3e') "}(1ay) !
3.7 (2e") 3= (3a)) *2(1ap)*t
31AY —43.73587 3.99 41.6 @) t—(1e")*t
17.9 (2e')"2—(3a)) "i(1ay) "t
21A; —43.730984 3 4.12 31.4 (2e")"2—(3a;) "Y(1ay) *t
23.6 (2e')"2—(3e’) " 1(1ah) *t
4.6 (2e') 3= (3ay) *1(1ay) *1(3e) !
51" —43.72572 4.26 35.8 @) *—entt
22.5 (2e')"2—(3e’) " 1(1ah) "t
4.4 (2e") 3= (3a)) *3(1ay)*t
51/ -43.71511 4.55 14.4 (2¢) 2~ (3ay) "}(3e) !
11.7 (") "2—(3e") "2
9.8 (2')*—(3e’)"!
6.7 (2e")*—(1ap*?t
5.7 (2ai)’i—>(3e’):i
35 (2e')*—(3ay)
61E’ —43.706 61 4.78 29.3 @) '—(3e) "t
15.3 (2e")2—(3a;) *1(3e’)**
6.7 (2¢')2—(3e')*?
35 (2¢")"1—(3ap*?t
3.0 (2e') 1= (1ay*?t
2.7 (2a))"1—(3e")*t

#The vertical FCI ionization potential is 7.629 eV. See text for further details.

All the components of the transition quadrupole mo-dently in theC,, symmetry group, so that, in most cases,
ments have been included in Tables Il and IV. Symmetrydifferent components were calculated in completely indepen-
forces some of these components to have the same absolutent runs. The only exceptions are théB3 and 6'E’
value. However, they have been actually calculated indeperstates. For these states, only one FCI component was actually
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TABLE Il. Bej cluster. (£x6MO)CAS-SDC[3s2pld] energies for sin-  available in the literature. These are the BH and HF values
glet states up (o 4.9 eV. calculated by Halkieet al** employing large basis sets. We

State E (au) AE (eV) report here a FCI galculation of the molecular quadrupole
moment for a nonlinear molecule. Both the FCI and the

Ip7 — . .
i‘lé,} 22 212 222 (1)'(7)2 CAS-SDCI values for this property are reported in Table V.
1A 43809797 1:80 The energy for the ground state was convergeq aF less t'han
11E 43800572 2.05 1X 10_‘8 a.u., so tha_lt the ground state property is given Wl_th
2" —43778963 2,64 four significant decimal places. The lack of at least a series
ZiE’ —43778 045 2,67 of diffuse functions in the basis set makes these values of
;lAg ‘2‘2 ;23 ggg 2’22 limited value if they were to be compared to measurements.
3 1’2% 43760043 316 However, they provide a benchmark reference for other cal-
31E 43756 711 325 qulatlons. Note, e.g., that the CAS-SDCI values are overes-
1A} —43753862 3,33 timated, as if one of the roles of the highest multiexcitations
21A7 —43750 698 3,41 and of the highest order perturbation effects were to keep the
1n . . . ..
4°E —43746 949 3,51 electronic cloud a bit more tightly close to the origin. A
31A; —43 735203 3,83 oo : :
Py 43728431 102 similar behavior can be observed in the absolute values of
3 1A Not found: ’ the FCI and single-reference CC data of the traceless mo-
1 .
21A) —43,719379 4.26 lecular electric quadrupole moment of BH and HF reported
51" Not found* by Halkier, Larsen, and Olsél.In order to make easier the
5'E’ —43704 989 4,66 comparisons with future calculations, we report both traced
6'E’ —43696 711 4.88

and traceled$8 electronic components as well as the total
®The main contributions of the B} and 5'E” states are not described by ON€S W|t_h the nuclei behaving as point Che}rges- Let us note
the selected CAS. that having the center of mass as the origin of coordinates,
the sum of the absolute valuéas atomic unit$ of the diag-

calculated because these states have not been reached in t(\m?l components of the traced electro_nlc quadrupo!e mo-
independent symmetry calculations. The equality of the vaI-mentS g|\2/es the expected value idf relative to that point.
ues helped us to state the accuracy of our calculations at t%ence,(r ) amounts to 122.1495 a.u. for CAS-SDCI and to
number of reported figures. So, for the/8; state, the FCI 120.2733 a.u. for FCI.

guadrupole moment has been clearly determined with less

accuracy than in the other states because the third decimal

figure was not reproduced in independétifferent symme- IV. CONCLUSIONS

try) calculations. We have calculated FCI energies, transition moments,

and wave functions description of the lower singlet excited

states of the Bemolecule at its equilibrium geometry. Most

of these states show doubly excited character. Some of these
As far as the authors know, only two studies that reportdiexcited states have low VEE, and in particular, the first

FCI values for molecular electric quadrupole moments araliexcited state appears at 1.78 eV. On the other hand, the

C. Molecular electric quadrupole moment for the
ground state

TABLE lll. Bej cluster. FCI transition dipole and quadrupole moméatsmic unit$, and oscillator strengths.
.-+ stands for symmetry forbidden. Signs are kept just for making clearer symmetry relationships among the
different transition moment components.

Staté |M‘ f sz Qxx ny sz= Qyz Qxy
11g” 3.140
= 0.721,y) 0.052 1.077 -1.077 e 1.077
217 <0.001
21’ <0.001(,y) <0.001 <0.001 <0.001 e <0.001
21A; 0171  -2.114 -2.114
317 —1.546
3E’ 0.202,y) 0.006 1.067 —1.067 S 1.067
11Ag 0.615 (2 0.029
41’ 0.761(,y) 0.097 —-1.611 1.611 e —-1.611
31A; 1.072  —0.862 -0.861
4" 0.337

21A; 0.066 (2) 0.000

517 1.662
51’ 1.734K,y) 0.671 0.57¢ -0.57¢ e 0.570
6'E’ 2.063(,y) 0.997 e 3.22¢ —-3.229 e 3.229

A7 and A, states are forbidden ta@ and Q transitions from the GS.
PComponents that have not been actually obtained in separated calculation because these states were not
reached in thé\; calculation with theC,, symmetry.
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TABLE IV. Bej cluster (&£X6MO)CAS-SDCI transition dipole and quadrupole momefat®mic unit3, and
oscillator strengths.-- stands for symmetry forbidden. Signs are kept just for making clearer symmetry rela-
tionships among the different transition moment components.

Staté |lu’| f sz Qxx ny sz= Qyz Qxy
= .. 3.223
11E’ 0.719k,y) 0.052 - 1.096 —1.096 1.096
2 17 <0.001
2’ <0.001(,y) <0.001 <0.001 <0.001 s <0.001
Y 0.155  —2.263  —2.263
317 —1.430
3E’ 0.271,y) 0.012 1.747 —1.747 s 1.747
1 1A'2' 0.460 (2) 0.017
4’ 0.774,y) 0.103 —1.549 1.549 s —1.549
31a; 1.095 —0.700  —0.700

4 E" 0.342

2 1Ag 0.099 (2) 0.001 .

5" not found(not in CAS

51’ 1.951,y) 0.869 1.154 —1.154 ce 1.154
6'E’ 1.918,y) 0.880 2.851 —2.851 s 2.851

#A7 and A states are forbidden ta@ and Q transitions from the GS.

nature of many of these states is highly multiconfigurationalquadrupole allowed transitions. The transition to the first ex-
Only a small number of states can be properly described bygited singlet, E” is dipole forbidden but shows a relatively
just one excitation. large quadrupole transition moment.
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than in the energy of the states. ticeably, those for dipole transition moments and quadrupole
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