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We present quantum-mechanical calculations for the vibrational states of anthrtepend
anthracené'Hey (N=1, 2) clusters in the grounds§) and first excited singlet stateS() of the
anthracene molecule. The anthracene-He potential ifgjstate was described in terms of a sum

of Lennard-Jones atom-atom potentials, while the potential irSthetate also included changes in

the dispersive energy and in the repulsive interactions. Variational calculations were carried out for
anthraceneHe,. For anthracendde,, configuration interaction calculations were performed,
accounting for the boson and fermion permutation symmetry. For both helium isotopes df the
=1 cluster, tunneling splitting is negligible<0.01 cm'}), as an appreciable interaction of the
densities was only found for highly excited states above the potential-energy barrier of side crossing
(for energy eigenvalues=—22 cm ! below the dissociation limjt The two-boson anthracene
-*He, system assumes a singlét; ground state due to zero spin of thée isotope. Because of the
dominance of the two-particle over the one-particle interactions, the two-fermion anthracene
-3He, system has a tripleB,) vibrational ground state. The singlet-triplet®@,-1'B,) splitting
between the two lowest states of the same spatial symmetry of anthrildepevas calculated to

be 10.5 cm'. Mass and permutation symmetry effects on the vibrational level structure of
anthraceneHe, and anthracenéle, were explored for anthracerftHe,, anthracene’He;, the
two-boson system anthracefiele,, the two-fermion system anthracerfkle, and for the
hypothetical fermion system of mass 4. While the isotope effect on the zero-point engygiabe

S, state is Ae{P/e{V=[gq(anthracene’He,) — o(anthracene'He;)]/e(anthracene*He,)

=12%, in accord with the mass effect in the harmonic approximation, the zero-point energy
difference between the ground states of the two-fermion anthratidee and the two-boson
anthracene'He,  system is As{®/e{P=[eq(anthracene®He,) — eo(anthracene'Hey) |/
go(anthracene'He,) = 10%, manifesting a cancellation of mass and permutation symmetry effects.
The isotope effect on the red spectral shifof the electronic origin for th&y,— S; transition of
anthraceneHe, is A &M= §(anthracene'He,)- §(anthracene’He,) =0.28 cm !, while A5

= 5(anthracene’He,)- 5(anthracene’He,) = —0.50 cmi %, being of the opposite sign thans).

These features of the spectral shifts as well as the small isotope effects on the energetics and
Franck-Condon factors for th&,—S; vibronic spectra exhibit a delicate balance between
differences in mass effects, He-He repulsion, and permutational symmetry of the boson and fermion
systems. ©2003 American Institute of Physic§DOI: 10.1063/1.1567715

I. INTRODUCTION permutation symmetry. The most important properties of a

Th lorati £ th land o sufficiently large, finite bosorfHey cluster (e.g., N~64)
e exploration of the energy landscapes, spatial struc Ref. 18 are superfluidity and Bose—Einstein condensation,
tures and shapes, energetics, electronic-nuclear level stru

ture. specirosco dvnamics. and chemical reactivity o oth of which manifest the implications of permutational
» SP Py, dy ’ Y 9%ymmetry!®-23Finite “He, systems reveal the occurrence of

clusterd— provides the conceptual and practical basis for the

elucidation of the optical, electrical, magnetic, chemical, and rounded-off Iambda transitidfi the microscopic analog ‘.Jf
biophysical response of nanostructutésA significant de- the hydrodynalmlc effects ,Of 2t£11329response of a §uperf|wd to
velopment in this broad and interdisciplinary research area df'® motion to its boundarié ~~~and the coupling of el-
cluster chemical physics pertains to the fascinating propertie%menf[""r%/1 roton-type collective excitation to a molecular
of quantum clusters, where the spatial configuration, nucledfPurity.” A finite sufficiently large fermiorPHey cluster is
level structure, and dynamics is dominated by quantum efexpected to reveal the features of a confined Fermi liquid and
fects and by permutational symmefiy}® Notable examples onset of superfluidity(superconductivity in the mK tem-
involve “Hey (N=2) and®Hey (N=25) quantum clusters, Perature range, in analogy to tRide bulk systent® but the
which exhibit large zero-point energy motion, being the onlycharacteristics of these finite systems were not yet subjected
clusters which are liquids and devoid of a rigid structureto experimental or theoretical scrutiny. In analogy to the bulk
close to 0 K. These quantum clusters manifest bodon  °He, one expects that in the temperature domalt0 mK

“He) (Refs. 18—23and fermion(for *He) (Refs. 24 and 26  the ®Hey clusters constitute a finite Fermi liquid.
0021-9606/2003/118(22)/10101/19/$20.00 10101 © 2003 American Institute of Physics
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A variety of molecules have been spectroscopically studtized the potential parametersrc_p=3.099 A, £C_He
ied in large*Hey, clusters at 0.4 K, acting as microscopic =13.92 cm?, o4_he=2.903 A, andey_p=5.761cm?,
probes for superfluidity. These involve smaller species, e.gwhich were taken from Lini° For theS, state of anthracene,
0CS?% Sk;,*" and linear monomef&?® studied by the anthracene-helium potenti] was obtained by modify-
rotational-vibrational spectroscopy, glyoXaland aromatic  ing the ground-state potentisl, by two additional terms:
molecules, e.g., anthracene and tetracérstudied by elec-
tronic spectroscopy, which provided information on super- V1=Vot+Vpsst AV, @)
fluid friction effects, coupling with elementary excitations whereVpssandAV, ; are the changes in the dispersive and
and local solvation in the superfluid. In contra¥#ey large  repulsive energies, respectively, of tBe and theS, elec-
clusters formed at 0.15 K do not exhibit superfluidity and thetronic statesVpgg causes a stabilization of the excited-state
spectroscopic features of probe molecules in these clustepbtential, which leads to a red spectral shift of the 0-0 vi-
correspond to solvation in a “normal” Fermi clustér*>The  bronic transitionVpss was obtained by the dispersive spec-
studies of molecular probes for superfluidityiHey boson  tral shift (DS9S theory of Shalev and Jortngr,calculating
clusters or the lack of it ifHey fermion clusters raise a the dispersive difference potential in a semiempirical pertur-
renewed interest in small aromatic molecidey  bative configuration interaction calculation from the diel
clusters3*~*" which are expected to exhibit interesting fea- molecular orbitals of the aromatic molecule and the polariz-
tures of nuclear quantum effects and permutational symmeability and ionization energy of the rare-gas atoms. The term
try effects. On the theoretical front, accurate quantum-AV,; represents the difference of the Lennard-Jones repul-
mechanical studies of 2,3-dimethyl naphthaléite  sive term of theS; and S, states,

complex were conducted by Bach, Leutwyler, Szabo, and 12 12
Bacic** variational calculations for anthraceriele and con- AV, ,=4¢ Tex 120 )
figuration interaction calculations were performed by R

Heidenreich, Even, and Jortrférand quantum path-integral with the excited state parametet,. o, together with the

Monte Carlo simulationg for benzeﬁ‘eie39 were reporteo! adjustable dimensionless parametgof the DSS theor3}
by Kwon and Whale§® Relevant studies for aromatic yas chosen such that the experimental spectral &hifs
molecule*Hey clusters involve the quantum-mechanical _q g oyt of the (1]0) structure and-11.0 cni* of the (2|0)

. 3 _ . " ) )
calculations for the §f-"Hey (N=1,2) fermion clusters re- srycture were reproduced by the quantum-mechanical
ported by Jungwirth and Krylo In this paper, we present caiculations” The values arep=0.60 ando = 1.028%,
quantum-mechanical calculations for the energetics, nucleggnere the repulsive difference potential was applied only to
d}‘/namms, and3 electronic-vibrational spectroscopy of Afhe carbon atoms in 9,10 position. Figure 1 shows contour
~"Hey and An“Hey (An=anthracen&y=1,2) clusters in  piots of the S, and theS; state potentials for anthracene
the ground &) and in the first spin-allowed excited{)  .He, . The potential-energy surfaces are differently shaped
electronic states. From the technical point of view, the variay i poth have almost identical well depths-6138.10 cm*
tional studies for An*He; and An ®He, utilize a consider- o, the S, and —138.06 cni for the S, state.
ably larger basis than previously used for-AHe; .’ From For the He-He potential we used thb initio potentials
the point of view of methodology, we extended our previousyt \is, van Lenthe, and Duijnenvefdtand of Ceperley and

methods7 for configuration in_teraction in the ;_&lh-IeN boson Partridge®® tabulated and reviewed by Aziz and Slanfan.
system8’ to the corresponding AriHey fermion systems. For convenience and for a future analytical calculation of the

We explored isotope effects and the implications of permuyyg-particle integrals we fitted this potential to a linear com-

tation symmetry on the nuclear level structure, in particularination of three Gaussians centered at the He—He distance
the singlet-triplet splitting in the ArfHe, fermion cluster. In R=0

the context of nuclear level structure, the issue of tunneling
splitting and side crossing in the AftHe, and An3He, . 21m 2
clusters is of interest. In the context of electronic-vibrational V(R)_El 9i exp(—R2y7). ®)
level structure, novel information was obtained on spectral ) ) o )

shifts and Franck-Condon factors for tg— S, transitionin 1 n€ fitted expansion coefficiengs and Gaussian exponents

3

the An-*Hey and An3Hey (N=1,2) quantum clusters. % are tabulated in our previous pafér.
B. Basis sets and variational calculations
Il. METHODOLOGY for anthracene -He;
A. Potentials We have performed variational calculations for

Since part of the methodology was already described ir@nthracene!—lel (Ar-He,), using th_e foIIowing ansatz for the
our previous papé. it will be only briefly outlined here. In ~ W&V€ functioni(x,y,z) of the helium atom in the potential

all our calculations we treated the anthracene molecule asvé{e” of the rigid aromatic molecule structure:

rigid and spatially fixed structure, disregarding the intramo- n
lecular vibrations of anthracene and the vibrational-rotational ~ ¥(X,y,z)= Z C..(X,Y,2), (4)
coupling. In the ground electronic steffg of anthracene, the pot

anthracene-He potenti&l, was described in terms of a sum wherec, denotes the expansion coefficientsandy denote
of atom-atom Lennard-Jones 6-12 potentials. We have utithe short and the long molecular axis, respectively, with the
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FIG. 1. The contour maps of the
anthracene-helium potential energy
hypersurfaces(a) the S,, (b) the S;
state potential, andc) the difference
potential. For each point in they
plane, thez coordinate was optimized
according to the minimum potential
energy at that point. For the difference
potential, thez coordinate was opti-
mized for theS, state potential.

o o
x/A

center of mass of the anthracene molecule as the origin of thealues, i.e., the functiong ,,(z) span only the space on one
coordinate system. The three-dimensiof#D) basis func- side of the aromatic molecule. Consequently, the constructed
tions ¢, (x,y,z) were taken as products of one-dimensional3D functions correspond to the point groGp, . Basis func-
(1D) functions, tions for the point grouf,;, are obtained by symmetric and

$,(X.Y,2) = b (X by (Y) b, 2). (5) aptisymmetric linear combinations of the functions,(z)

_ with respect to the moleculaty plane.

The 1D functions¢,,(x), ¢.,(y); and ¢,,(z) are the We have employed three 3D basis sets. All of them are
numerical solutions of the Sctumger equation for one- .50 on the 1D functions fdHe. These basis sets have
dimensional cuts Vy_g,—op{X), Vyx=0z=0ply), and

Vv ¢ the int oo h hel ; been utilized for all variational calculations of AfHe,
/x=0y=0(2) Of the intermolecular anthracene-helium po ®N"An-3He,, An-*He,, and An3He, presented in this paper.
tial Vo(X,y,z). Specifically, the cuts/(x) and V(y) were . . .

) . " . ; Our small basis set, denoted as basis set A, comprises all 1D
obtained for fixed valueg=0 andx=0, respectively, and functions up tow.—4. u.—10 andw.—2 and is restricted
the z coordinate was optimized with respect to the minimum __ " P _é“xff ’tr':’“yf ol Kz= hat th lting 3D
energy for the givew,y coordinates, whil&/(z) was taken at only to one side of the molecule, so that the resuiting
x=0 andy=0. Figure 2 shows the numerical solutions of ba§|s functions are symmetry adap'_[ed with respe(_:t to the
the 1D Schrdinger equation up to the 1D quantum number&‘f_’o'nt groupCy,, . This basis set consists of 165 b_aS'S func-
j1x=8, u,=18, andu,=3 for the“He isotope. tions, among them 54, symmetry-ad_apted functions, and

Each 3D product functiokb ,(x,y,z) is completely char- Was employed throug_ho_ut in our previous paifeks a con-
acterized by the tripleti, , sy ,41,) of 1D quantum numbers. Sequence of the restriction of the basis set to one side of the
Since the 1D functions are orthonormal and Symmetryno]ecule, tun_neling_ splitting and side crossing cannot be de-
adapted, so are the 3D product functions. The symmetry ofcribed by this basis set.
the 3D functions is determined by the framework of the rigid ~ An intermediate basis s& spans both sides of the aro-

molecular structure, which i€, , if only one side of the
aromatic molecule is considered, abd;,, if both sides are
involved. As depicted in Fig.(2), zis restricted to positive
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matic molecule and is therefore symmetry adapted with re-
spect to point grou,,. It contains all possible 1368 3D
functions (among them 200 of; symmetry, which arise
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FIG. 2. One-dimensional cuts of the
anthracene-helium ground electronic
state potential along th&, y, and z
axes. For cut(@ along thex axis, y
was set to 0 and the axis was opti-
mized according to the minimum po-
tential energy for the given, y pair.
Cut (b) along they axis was taken at
x=0 with the z axis being optimized.
Cut (c) was taken ak=0, y=0. The
numerically obtained 1D eigenfunc-
tions, which served as basis functions
in the subsequent variational calcula-
tions, are included in the diagrams up
to 1D quantum numberg., =8, u,
=18, and u,=3. To compare their
spatial extension with the size of the
molecule, the anthracene molecule has
been included at the same scale.
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from the 1D functions up t@, =8, u, =18, and all symmet- then spin-adapted linear combinations of Slater determinants.
ric and antisymmetric linear combinations of functions There are two types of singlet configuratioh&,(u«,«) and
({b,u,z(z) up to u,=3. lAZ(/Jv v):

The large basis set C contains all basis functions of set B
and is augmented by additional symmetry-adapted pairs of A, (u M):i[¢ (Da(1)d,(2)B(2)
Gaussian functions centered at lasgandy values, i.e., at ’ " #
the molecular periphery beyond the functiopg=38, u,

=18, as well as by Gaussians close to the molecxiar ~u(2)B(2)pu(1)a(1)], (10
plane. The Gaussians have an exponente0.4 A and are 1 1
located atx=+4.8, +5.4, +6.0, and+6.6 A, aty=+9.0, Ap(p,v)= 2[u(D)a(1)¢,(2) B(2)
+9.6,+10.2, +10.8, and+11.4 A, and az==0.3, 0.9, —¢,(2)a(2)p,(1)B(1)
+1.5, and+2.1 A. The total number of 3D functions is .
7888, 1080 of them are o, symmetry. Basis set C is not —¢,(1)B(1)¢,(2)a(2)
orthonormal, so that the Hamiltonian matrix has beéwio
+¢,.(2)B(2)p,(1)a(l)]. 1Y

din orthogonalized.
The matrix elements of the singlet configurations of the two-

C. Variational calculations of anthracene  -He, fermion system are identical to those of the two-boson sys-

tem:
The Hamiltonian of the AnHe, system is
R R " < Al M /*L | A V v > 2h,uV wv (,LLV|/.LV), (12)
H=h(1)+h(2)+§(1,2), (6)
n N <1A1(M1M)| AZ(A10)>:‘/§[h;L)\5,uO'+h,uoé‘,u)\—’_(/-l/)q/-l/o-)]!
whereh(1) andh(2) are the one-particle operators, consist- (13

ing of the kinetic energy operators of the helium atoms and,, 1a B
the potential-energy operator of the helium in the field of thet A2(m.)|*Az(N,0))=h,n 6
aromatic molecule.§(1,2) is the two-particle potential- +h,) 8,0
energy operator of the two helium atoms. In the approxima-

tion of a rigid aromatic molecule structure, the Hamiltonian

has analogies to that of a two-electron atom: the aromatioith

molecule has the role of the atomic core and the helium

atoms correspond to the electrons. We have performed COfr,, f drié,(1)R(1) (1) (15)
figuration interaction(Cl) calculations for An*He, and .

An-%He,. The nuclear wave functions were taken as linearang

combinations of Hartree products, which are symmetrized

for the two-boson An*He, system and antisymmetrized for N f d f d (1 1)§(1,2 2 2
the two-fermion An®He, system, (riro) 1] G281 ,(1A(LIA2) 8 )(16)

\P(1,2)=E (caAL(1,2), (7) where 7, and 7, denote the entire three-dimensional defini-
a tion range of helium atoms 1 and 2, respectively. The triplet
with 1 and 2 denoting the Cartesian coordinates of the twgonfigurations were chosen for a magnetic quantum number
bosons and the Cartesian and spin coordinates of the twids=0
fermions. The configurations are built up by the 3D ortho- N
normal basis functiong, defined in Sec. Il B and are spin Ax(pv)=z[¢u(1)a(1)$,(2) B(2)

RELLIPR NG ol | N

+(uN|vo)+(no|vN)
(14)

and symmetry adapted. For the two-boson Ae, system —$,(2)a(2)b,(1)B(1)
of spin 0O, there are two types of singlet configurations, de- K .
noted as type 1*A;(u, 1), and type 2 A,(u,v), respec- +¢,(1)B(1)p,(2)a(2)

tively, in which the two bosons occupy the same orbita)s
or different orbitals¢,, and ¢,,,

Ap(pp)= (1) $,(2),

—$.(2)B(2)¢p,(1)a(1)]. (17)
®) The matrix elements are:

1 <3A2(/1’1V)|3Aé()\!0-)>:h,u)\gvo’_ huoav)\_l—hvaé,u)\
o(u)= =[N 82+ 6 1D,2]. O B0t (sN| v — (| 0.

Since the spin of théHe atoms is 0, the configurations do (18)
not contain spin functions. Using the small basis set A for point groug,,, we

In the case of the two-fermion system AMle,, each have performed full Cl calculations, generating all possible
SHe atom has spir}, so that the system assumes either aconfigurations. This resulted in 3600 configurations and
singlet or a triplet state. The arsenal of electronic structur®.3x 10’ He—He integrals for each symmetry type. All one-
theory is now directly applicable to the two-fermion system.and two-particle integrals were solved numerically, as de-
The configurations\ ,(1,2) in the Cl expansion, E(7), are  scribed in our previous papé.
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(a) An(S,)-*He, (b) An(S,)-'He, (c) An(S)He,  (d) An(S))-'He,

401 3B,  -40- 401 -40-
—— 3By, —
3By, i
3B,, —
S50/ 4A, -504 S0 -50
— 4B, I
 I— 2By, e
2B, E——
60+ Al 601 601 ___ -60- o _
2 FIG. 3. The vibrational level diagrams
- ) 54 3By, i for the An-“He, and An3He, com-
g 1B, plexes in theS, and theS, electronic
~ 0 % 14, 9 2704 704 states of the anthracene molecule.
m ﬁszg
'—<133u ——
-80- 1 BZg -804 -804 -804
N 128y, —__
i \ 24, -
1B, <
90 1By, -90- -90 -90-
N :lBlu ~
- 1A, - . 1A,
Ill. RESULTS AND DISCUSSION that a single-sided treatment of the system within the frame-

work of point groupC,, is possible without loss of accuracy.

Above ~—22 cm !, the states in th€,, framework of the
Figure 3 shows the vibrational eigenvalue spectra of thewo independent molecular surfaces split as follofvs:A,

An-He, complexes for*He and®He in the S, and theS; +B1y, By:Bay+ Bag, AgiBigt Ay, andBy:By,+ By,

state of anthracene in the energy range up-#0 cm* In our previous papéf we already addressed the calcu-

below the dissociation limit. The energies of the lowest|ztion of vibronic spectra, but only fotHe and the much

eigenstates of each symmetry type are summarized in Tablgjjer hasis set A. We now address isotope effects on the

I. The calc_ulat|ons_ rest on the extended basis set C, g .5, vibronic spectra using the extended basis set C. The

~1000 basis _funct|ons per symmetry type and correspond Rwest excited vibrational states of the Airle, and of the

the Dy, two-sided molecular framework. An-3He, complexes are the two quasidegeneraBs land

. Infall th? dfour e|genvalu§Bspe§t:trtex portra)t/_(tadt mthFlgll 3, alB3g states(Table |). Both states are 7.34 ¢ (“He) and
pair of quasidegenerat, andB,, states constitute the low- 7.73 cm! (®He) above the A, and 1By, ground states.

est wbranongl states_of the Sy?te”.‘- ThégeandB,, states This means that under the experimental condiftd$ 0.4
are symmetric or antisymmetric with respect to the molecu-K onlv the around vibrational statesAL and 1B... are ther-
lar plane, respectively, but otherwise identical. The tunneling ’ y 9 AN 1u

splitting for these states is very small and is masked by th%ilIéopogm2)?&:3::?@1;2;%? r\:jllt;;or(l)l? tsrgessfor
1 . 1

error (0.01 cm %) of the numerical evaluation of the one- ; i llow then for t X £ vibronic t i
particle integrals. The zero-point energigsare 48.5 {He) ransition afiow then Tor two Series of vibronic fransttions,

and 54.5 cm® (3He) for the S, state and 46.8%He) and which are the A;—nA, and the B,,—nBy, series. Figure
52.5 cm ! (3He) for theS, state potential. The isotope effect 4 exhibits the transition frequencies and the Franck-Condon

Azg/eo(An-*He;) ~12% is in accord with the harmonic ap- factors for An *He, and An 3He, in terms of stick spectra in
proximation(15%). The ground-state wave functions consist e range up to 60 cnt above the 0-0 transition. This en-
almost exclusively of the basis functiofige; the linear- ~ €rdy interval covers the experimentally obsgrved_ré?]gad
expansion coefficients are 0.98He) and 0.97 {He) for the contains all transitions of appreciable intensity. Since tunnel-
S, state potential, and 0.9%He) and 0.93 {He) for theS, ing splitting is negligible(<0.01 cm'Y) in this energy range,
state potential of the anthracene-helium system. Also thée 1A;—nAg and the B,,—nB,, series are quasidegen-
lower excited states are described mainly by a single 3r®rate. The most prominent transitions are classifiedxy
basis function, whose linear-expansion coefficients still astyl, and[z], respectively, according to the dominant contri-
sume values around 0.9. bution of the 3D basis function® . 0.0, ®0uy.0, P00z 10

An appreciable energy splitting, which originates fromthe excited-state wave function. There are also “mixed”
the interaction of the probability densities on both sides oftransitions such gsy], in which the excited-state wave func-
the aromatic molecule, emerges only for states abeve?2  tion consists mainly of basis functions,, ,, 0, but transi-
cm 1. Below~—22 cm %, all states, which are distinguished tions to these states have only little intensity. The spectral
by the nodal behavior with respect to the moleculay)  shift § of the 0-0 vibronic band with respect to the position
plane, are quasidegenergémergy splitting<0.01 cm ), so  of the bare anthracene molecule is given by the energy ei-

A. Anthracene -He;
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TABLE |. The energies of the lowest vibrational state for each symmetry for theH&nand An He, [for
An-%He,, An-“He,, and An“*He,(hyp.)], as well as the minima of the anthracene-helium potentials.

S, state potential S, state potential
E/cm™?t E/cmt
An-“He, A1(Ag+Byy) —89.64 —-91.27
By(Bay+ Bag) -82.37 —86.95
Ay(Bigt+A,) -70.17 ~73.67
B1(Ba,+ Bay) —76.09 ~76.90
An-3He, Ai(Ag+Byy) —83.65 —85.55
By(Bay+ Bag) ~-75.92 -80.51
Ay(Bygt+A,) —62.52 —66.04
B1(Ba,+ Bay) —~69.06 —70.02
Minimum potential energy —138.10 —138.06
S, state potential S, state potential
Singlet Triplet Singlet Triplet
E/cm™! E/cm™! E/cm™! E/cm™!
An-“He, A —159.28 —154.87 —169.94 —163.55
B, —150.89 —160.78 —159.30 —171.39
A, —149.28 —147.72 —158.38 —157.34
B, —147.42 —149.53 —157.18 —158.52
An-°He, A, —147.04 —141.48 —157.26 —149.64
B, —137.80 —148.52 —145.65 —158.68
A, —-136.37 —134.34 —144.93 —143.55
B, —134.04 —136.59 —143.36 —145.09
Minimum potential energy —265.47 —274.99

3Calculations for triplet An*He, represent the hypothetical two-fermion model system “Are,(hyp.) (see
text).

genvalue difference of theA, states in the5; and in theS, the predicted valueS=—1.90 cm* for An-3He, was not
electronic state and is1.62 CI'TT1 for An~4He1 and —1.90 yet Subjected to experimenta| Scrutiny_
cm™* for An-*He,, i.e., the 0-0 band of the complex is The spectra of An*He; and An ®He, do not show large
red-shifted with respect to the one of the bare moleculejsotope effects. The difference of the spectral shift§
While the potential parameters were fitted sy&ec. Il A = §(*He)— 6(He) is only A5=0.28 cmi !, and the gross
that the calculated spectral shift of the Ahle; complex are  pattern of the vibronic fine structure is also very similar. The
in accord with the experimental vafifeof 5=—1.6cnm!,  main difference is the reverse order and intensity changes of
the[x] and the[y] transition in the range 20—30 crh (Fig.
4). Since both vibrational states have similar energies and are

] — of the same symmetry type, a small perturbation such as the
1 1A 4AJx] ‘He i change of the kinetic energy integrals due to the mass effects
1 R AR - has a marked effect on the wave functions.
] \ Mla L Figures 5—7 exhibit the probability densiti®gx,y) of
] 2A,ly] \| *x100 | - .
= 1 ar the helium atom on the molecular surface for some selected
= —————————————— states,
2 e |
1 1A 4A[y] He | ©
] &=-1.90cm 3A [x]/ 6Aly] - P(X,y)=f dz‘lfz(x,y,z), (19)
] 24,1] X| oo | %A [ _ B N _
N \ [ i.e., the P(x,y) are probability densities projected on the
— T T molecular plane. Figures 5 and 6 show the vibrational
0 10 20 30_1 4050 60 ground state Ay, the first excited stateB,,, as well as
E/em some excitedd states, which are involved in the most in-

FIG. 4. The stick spectra of the calculated transition energies and FrancKENS€ spectral transitions which were presented in Fig. 4. For
Condon factors for the ArfHe, and An®He, complexes. The transition each state, four panels are given in one row, depicting the
energies are given relative to that of the 0-0 vibronic line. The nature of thejensities for*He and3He either for theSO and for theSl

most prominent vibronic transitions are labeledxXyy, andz, and the term P -
symbols of the corresponding excited states are giwety A, series, since state anthracene-helium potential. For th@g 11By,, and

the By, series is quasidegenerate in the considered energy range up to 6_2?6‘9 states, Fig. 5, th_e differences originating from diﬁer_ent
cm . isotopes and potentials are only minor for the low-lying
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Ay He, oy | |AdSOHe g | | A He, o\ | [AnS)He, oo
1A, B-go6dem’ (@) | 1A, B=gresem’ (D) | 1A, B=9127em? (€ 1A, E=gs.55em’ () |
45 ]
_—
L5 ] (@\\\ (('@\\\\
E O 0)
T & )
Nl =/
-4.51
-1.5 - T v
7‘5 13 d. b o AL o L o °r n L L e L n Y Y L N " " 1 N " 4 2 1
An(Sy)-‘He, © An(S,)-'He, f) An(S,)-*He, An(S,) ’He, h
11B,, E=8237em™ &) | {1, E=7592m" ( 11B,, E=-86.95cm’ @)} 1B,, E=-80.51cm’ ()
451
1.51
ot
=
-1.5
-4.59
<15
75 . e
() An(S,)-He, . An(S,)*He, (k) An(S,)-He, 0
D1 124, B=70.10em ® | 2A, E=-82.46cm” 124, E=74.68cm
L
o
=
TS0 30 10 10 30 5050 30 0 10 30 50-50 30 10 10 30 5050 30 10 10 30 50

x/A x/A x/A x/A

FIG. 5. Contour plots of the probability density of the helium atom on the anthracene molecular surface for the vibrational grouAg &ated), the first
vibrationally excited stateB,, (e)—(h), and the 2, state(i)—(l). For each state, four panels are given to show the differences between the potential energy
surfaces and isotopes. Contour lines are given for density values of 0.005, 0.01, 0.02, 0.05, 0.10, and 0.20.

states. As a general trend, the densities of’the atom are The 8A4 and %A, states depicted in Figs(i-6(1) as-
somewhat more extended on the molecular surface than @ume higher 1Dz quantum numbers, mainly,=1. Their
the "He atom, as expecged. In addition, in tBg state the |inear-expansion coefficients are 0@, 0.17p; for the
densities qf botfHe and®He are somewhat shlfted towards 9A, state of AnG) 4He,, 0.7% 01— 0.31boo, for the 8A,
the outer rings of the anthracene molecule, since the bottom

. 3 —
of the S, state potential basin reaches farther into the outer e Of AnGo) - “Hey , 0.8Ghog,—0.21¢p for the 94, state

rings than of theS, state potentialFig. 1). The densities of An(Sl)~‘3‘Hel, and 0.7%p;~ 0'35?/’002 fo_r the 9A, gtate
among of the 3 and 4A, states of theS; state potential Qf An(s_l)' He,. These states consist mainly of basis _fUﬂC-
exhibit larger isotope differencé&igs. 6c), 6(d), 6(g), and  tions with u,=0 andu,=0 and show therefore only little
6(h)], in correspondence with the intensity change of theimodal structure in they plane. Figure 8 shows the density
spectral bands, Fig. 3. profilesP(z),
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R e —
An(so)'4Hel A“(So)'3H61 An(S,)-*He, An(S,)'sHe,
134, B=66.72em" (@) | {34 B=sg87em’  (B) [ {3p E-egagem’  (€) 134, B=5973em?  (d) 1
4.54
]
1.54
o<
B
1.5
-4.54
-15
7.5 e AL L A, . i I A I i i L L L A I L I Y n L " A
An(S,)-'He, An(S,)-’He, An(S,)-"He, An(S,) He,
144, E=-63.63cm™ (e) 144, E=-53.78cm™ (f) 4A, E=-66.85cm™ (g) 144, E=-57.89cm’” (h)
4.54
1.5 b
<
=
-1.541
-454
-7.5
T NI A T N
An(Sy)-*He, . An(Sy)’He, . An(S,)-*He, (k) | | Ans)He, M
19A, E=41.44cm™ @ 1 8A, E=32.92cm’ 0 9A, E=-4272cm™ 194, E=-34.08cm™
| RO
1.54 1
°< E|
=
1.51 -
OO
-15

50 30 -1.0 10 30 5650 -30 -1.0 10 30 5050 30 -0 10 30 5050 30 -0 10 30 50
x/A x/A x/A x/A

FIG. 6. Contour plots of the probability density of the helium atom on the anthracene molecular surface foy te-&l), the 4A; (e)—(h) and the @ state
(i)—() for the two potentials and helium masses. For$hstate potential of Ar°He; , panel(j), the density of the 8, state is given due to the reverse order
of the vibrational states. Contour lines are given for density values of 0.005, 0.01, 0.02, 0.05, 0.10, and 0.20.

— —c Of particular interest is the question, how much the
P(z)= L dXL dyw?(x,y,2), (200 probability densities must be expanded into space to lift the
o degeneracy between ti#g and theB,, states. Figure 7 ex-
pf the V|brat|onal_ states of the AfiHe, _complex presented hibits three examples for the probability densitiRé,y) of
:e'r?s?ts S:OiingDh”e thi_lolxvgr states, F'gi‘?g_'&l?)’ S_a\t/e tad higher excited states, of the A2and of the 18 state of the
y profileP(z) which is an asymmetrically distorte An(Sp)-“He; and of the 13, state of the An§)-°He

Gaussian with a maximum at 3.2 (de equilibrium distance : ;
of the He atom to the molecular plane is 3.10 A for B complex. For the 18 state[panel(a) of Fig. 7], the density

and 3.15 A for theS, state potentia) the density profile of éaches somewhat beyond the peripheral H atoroge that
the 9A, state is bimodal, reflecting the node of thg=1 the van der Waals radii of the H atoms exceed the molecular

function. frames drawn in the figurgsbut no splitting is observed.
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11254ttt bt d et Lop————
] 4 F o 4 :
| An(Sy)-*He, (2) An(Sy)-*He, (b) 1 1A, An’He, (@ [ 198, An'He, ) [

124, E=-33.22cm” 184, E=-2275cm” 0.7
] /\/\ ;

(bl) = 12IAg'Anj4Hel, @

6.754

1 1B,, An-‘He,
2.254

y/;&

124, An'He, © [ 1184,An'He, @ [

SRR WAN

) 513AgAn‘3Hel (h)

2.251

73] 134, An‘He,
0.5]

> PP

11254 ] =
0.0+———— — Ty T
A R S 00 12 24 36 48 6000 12 24 36 48 60
3 o °
| An(Sy)-"He, | z/ A z/ A
13A, E=-2147cm’

6.751 FIG. 8. The density profile®(z) of some densities given in Figs. 5-7.

2.254 . . .
corresponds to classical side crossing rather than to tunnel-

ing. Comparing the spatial extension of the probability den-
sities to the locations of the saddle points, only the\l8
state of the Ang,) - *He, complex[panel 7b)] and the 13,
state of the Ang,) - *He, state assume appreciable values at
the saddle points A. Moreover, the spacing of the potential-
energy contour lines show a steep increase of the potential
Tt energy towards the molecule; the innermost contour line al-
A A ready corresponds to zero potential energy. The density of
the 12, state is inside the region of high potential energy in
FIG. 7. The possibility of side crossing for higher excited vibrational statesina xy plane, in accord with the absence of a notaﬁkgéBlu

of the An(S;) - He, complex. The contour plots of the probability density of s ey
the (@) 12A4 and(b) of the 18\, state of the An§;)-4He, complex as well energy Sp|lttlng. The contour map of t@ state potentlal

as(c) of the 13\, state of the Any)-*He, complex are compared with a  €NErgy surfacgPES in the molecular planénot shown in
contour map(d) of the PES in thexy plane. Contour lines are given for Fig. 7) resembles very much the one of tBg state[Fig.
dg{‘;ri]ttSi’aIV:r"U;S Ofva?ﬁs’ogfl' (1)602’ ;‘gd Oégﬁgi'j (a)4-o(cz:]m§l”dTLOg 7(d)]. The locations of the saddle points deviate only by
gotential—energill surface has t,en firét—ordér saddle points, which.by symme§0'0]f A compared to those of thg, Sta}le‘ The potential
try fall into three classes A, B, and C. Their potential-energy values aré€nergies are-47.6, —45.3, and—45.6 cm - for the saddle
—44.7,-42.6, and—40.9 cm %, respectively. Unlike the 12, state[panel  points A, B, and C, respectively.
(8] the 18 and the 13 state[panels(b) and (c)] have considerable The density profiled(z) of the 1A, and of the 18
dengltles in the regions of saddle p0|'nt A and exhibit a notable energyState of the Anso)'4Hel complex as well as the density of
splitting with respect to the corresponding,,, states. 3 . .

the 13\, state of the An§,) - "He, complex are included in
Fig. 8[panels(g) and(h)]. Especially the 18, state[Fig. 8,
The 18\4 state[panel 7b)] is the lowestA, state which panel(g)] shows a large density d?(0)=0.055 in thexy
shows theAy/B,, energy splitting for the Arf)-“He;  plane, the 18, state of AnGy)-°He; a value of P(0)
complex; the 18, state has an energy eigenvalue-d2.75  =5.5x 103, which is still appreciable. In Fig.(8) the den-
cm ! and is by 0.09 cm?® lower in energy than the B, sitiesP(0) [i.e., the density profile valued(z) atz=0] are
state. Although for the Arf) - *He; complex an appreciable plotted vs the eigenvalues of the corresponding states. For
splitting (0.04 cm'?) is exhibited already for the 1 state  both An(Sy) - *He, and An(S,) - ®He,, a marked increase of
[panel (c)], the splitting occurs at about the same energyP(0) takes place at=—22 cm %, in accord with the state-
(—21.47 cm'Y) as for the An&) - “He, complex. In order to  ment made above regarding the onsetAgf'B,, splitting,
conclude whether tha, /B, splitting is due to tunneling or while below this energy threshol®(0) assumes values
to side crossing, the energy eigenvalues have been related 4010 6. Below ~—22 cm !, where the energy splitting
the potential barriers of side crossing. There are ten saddig,/B,,, B,,/Bs,, etc. is negligible(<0.01 cmy), the
points in thexy plane characterized by one imaginary fre- corresponding wave-function  pairsg(nAg)/#(nBy,),
quency and a corresponding vibration Zrdirection. Panel  ¢(nB,,)/#(nBsg), etc. are distinguished only by their nodal
(d) of Fig. 7 shows a contour map of the potential energy inbehavior with respect to they plane but otherwise identical.
the xy plane. Due to symmetry the ten saddle points areAbove the energy threshold of—22 cm'l, the mixing
grouped into three classes, marked as A, B, and C in panelf the one-sidedC,, wave functions becomes excessive, so
7(d). Their potential energies are44.7, —42.6, and—40.9  that the resulting wave-function pairg(nAg)/(nBy,),
cm™, respectively. Since notable splitting occurs only for ¢(nBy,)/ ¥(n Bsg), etc. within theD,y, framework show no
states above the saddle-point potential energies, the splittingy only little similarities. Consequently, the energy splitting

y/.z\

-2.254

-6.754
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o
W% ]
| @ o~ o ©)
2 e | ] * . . .
H FIG. 9. The ability of side crossing and the cor-
1 ®He ° 34 e He responding energy splitting for the A®{)-“He, and
4] ©’He o ® _ ] o7He '°;> for the An(S,) - *He, complex as a function of the state
é _' g OOQ°: energyE. (a) The probability densityP(z) of the He
al < 21 Dl atom in thexy plane of the molecule(b) The energy
E N 2| .'§§ _ splitings AE=|E(nA)—E(nBy,)|, AE=|E(nBy)
° 8 . £ —E(nBy,)|, AE=|E(nBy)-E(nA)|, and AE
. 2 ° 11 0o S5t =|E(nBsy) —E(nBy)| as a consequence of the inter-
L '.3 action of the one-particle densities on both sides of the
8 LIRS * - r aromatic molecule. The onset of a notable energy split-
« . ° o g 1Y PR — T ting is at~—22 cm .
10 Lo
100 -80 60 40 20 0 -100  -80 60 40 20 0
E/cm’ E/cm’

AE can be taken only by comparing the eigenvalues, i.e.tions in the molecular plane are essential to describe these
AE=|E(nAy) —E(nBy,)|, AE=|E(nB,,)—E(nBgg)|, AE  states. It also turned out that the splitting can be described
=|E(nByg) —E(nA,)|, and AE=|E(nB;,)—E(nBy)|. In  only, if 1D functions are added which reach farther into
Fig. 9b) the energy splitting& E are plotted versus the en- space tham,=8, u,=18. Although our large basis set C is
ergy eigenvalues. The splitting8E are negligibly small augmented by additional Gaussians in the molecular plane
(less than 0.01 cit) in the rangeE= — 90—~ —22 cm 1, and in the molecular periphery beyond =8, wu,=18, it
while at the onset=—22 cm ! a sharp rise oAE is mani-  remains to be established by further work to what extent
fested, reaching at most 3—4 ¢ No pronounced isotope these higher-lying states are quantitatively converged.
effects onAE could be identified. B. Anthracene -He

Comparing the results obtained from various basis sets” 2
and assessing the basis set convergence, the small basis set A Two isomers exist for AnHe,, the two-sided1/1) and
consisting of 54A;, symmetry-adapted 3D basis functions the one-sided?2|0) isomer. The(1/1) isomer represents the
leads to an energy of-89.59 cm? for the vibrational global minimum on the AnHe, potential-energy surface
ground state of the Arfp) - “He, complex, while the large (PES. Its minimum potential energy is-276.35 cm* for
basis set C of 1088, symmetry-adapted basis function the anthracen&, state potential. This value is only by 0.15
gives an energy of-89.64 cm %, only by 0.05 cm® lower  cm ! lower than twice the value of the AB§)-He; (1/0)
than basis set A. This means that for the vibrational groungomplex, indicating that the two helium atoms very weakly
state, energy convergence is already almost achieved for basteract. The PES of the|0) isomer has a symmetric double
sis set A. In our previous pagérwe have used basis set A minimum with two well depths of-265.47 cm?, where in
throughout to calculate the eigenstates of}6) and of the  each minimum the nuclear configurations ass@yeymme-
(2|0) complex up to an energy of 50 crhabove the ground try. Both minimum nuclear configurations are related by a
state. This was the relevant spectroscopic energy range, f@,(z) symmetry operation, with the coordinates of the He
which spectroscopic assignments have been made. In additoms of one of the configurations being,=x,=0,
tion to the excellent agreement between calculated and exy=—0.4110 Ay,=2.3308 A,z,=3.1088 A,z,=3.1092 A.
perimentally observed transition energies already addressé®bth minima are interconnected by a first-order saddle point,
in our previous papéY, we can assess now the accuracy ofwhich has a potential energy 6f258.77 cm* and in which
basis set A, taking the large basis set C as the “true” referthe nuclear configuration assum@s, symmetry.
ence. Within the energy range of 50 chabove the ground Since the(1|1) isomer can be viewed to a good approxi-
state, the deviation of the energies of basis set A is mostlynation as a doubleil|0) complex, we have focused on the
not larger than 0.3 cmt and at most 0.83 cit for the 1,  more interesting2/0) isomer. Also, as discussed below, the
state. That is to say, basis set A is a small and very efficient2|0) isomer is an essential building block of the Aie; and
basis set in the energy range up~&0 cm . An-He, clusters. In order to sort out permutation symmetry

The intermediate basis set B, which is an extension ofind mass effects, we have calculated the singlet and triplet
basis set A up to 1D quantum numbeus=8, u,=18, and  states for particles of mass 3 and of mass 4. That is to say, we
m,=3 and which consists of 200 symmetry-adapted 3D bahave calculated the singlet and the triplet states of the two-
sis functions, leads to the converged ground-state energy drmion system An®He, and of a hypothetical model system
—89.64 cm! and its accuracy is better than 0.17 €¢hup  with two fermions of mass 4, denoted as -ARe,(hyp.). In
the 1A, state(—25.08 cm'b). For higher states, for which addition, we present our results for the two-boson #te,
splitting due to the interaction of the densities on both sidesystem. In Sec. Il B, we presented the details of the calcula-
of the molecule becomes important, basis set B is insufficientions of the triplet states of fermions and of singlet states of
because of its lack of functions in the molecular plane and atermions and bosons, where we note that two bosons of spin
the molecular periphery. As the density plots showed, funcO have the same Cl matrix elements as two fermions of spin
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4 3 4 3
(a) An(S;)- He, (b) An(S;)-"He, (c) An(S,)-'He, (d) An(S))-"He,
-120 2'a, -120 3B, -120 2'A, -120 5'B,
s'B, 4A, 2'B, 2'a,
A, 2'A, £a, A,
2'B, 2’B, 5'B, 2’B,
-130 2'B, -1304 2'B, - 2'B, -3 2'B,
SjA‘ —) FA, 3la, 3'A,
4'B, T 4B, 2'B, ] 2'B, o _
3'A, 3'A, 3'A, 3'a, FIG. 10. The vibrational level diagrams for the two-
-140 2;131 ~1401 2'B, 2'a, 1409 4’8, boson An“He, and for the two-fermion ArfHe,
3 2 3 . . .
- A, 24, 4B, 24 complex in theS, and in theS,; electronic states of
53 E 3 2 1 3 .
g ;A' 2N 24, 2 A the anthracene molecule. For Aile, the triplet
5 5] 33:' 1504 ZA ZfB‘l 1504 ?;‘1 state energies of a hypothetical two-fermion system
3 3'B, 3B, By 4 i
2 2 2 An-“He,(hyp.) of mass 4 have been included.
| llBJ | B, | /s, ] 2B, &(hyp.)
1‘3A: 2’B, 1'B, 1'B,
2°B, 3 3 . 13
-1601 L 1607 1122 -1604 x :1: 1604 ]1:
2 2 2
| ]TBw i I'B, 1 I'B, ’B,
1B, 1'B, 1'B, 1'B,
3
-1701 EA170] I'a, .170-—\13“‘1 -1704 A
1A 1'a, T l'A, 1'a,
I'B, 1’B, ] 1°B, ’B,

3 in a singlet state and therefore behave identically. All cal-riplet splitting and the effect of the He-He repulsion on the
culations for An®He,, An-“He, and the hypothetical model wave functions and energies, we have performed also Cl
system An“*He,(hyp.) were carried out for the single-sided calculations for AnHe, in which all two-particle integral
(2|0) isomer (C,, symmetry, using the small basis set A. In values have been scaled down by a uniform numerical value,
Fig. 10 the eigenvalue spectra are depicted forShand the i.e., by a factor of 18, 10¢, and 18. The first column of
S, state anthracene-helium potentials. In addition, the energyable Il contains the CI results for genuine unscaled two-
eigenvalues are summarized in Table | for the lowest energparticle integral values, i.e., for a scaling factor of 1. With
eigenvalue for each multiplicity and symmetry. Figure 10decreasing the two-particle integral values, the energy eigen-
and Table | contain also the energy eigenvalues of the tripletalues of all states drop, but for the singlet states the energy
states of two hypothetical fermions of mass 4, Andecreases more than for the triplet states. When the two-
-“He,(hyp.). In the two-fermion systems AfHe, and An  particle integrals are scaled down by a factor of, i@ cross-
-“He,(hyp.) we found that for both particle masses and forover between the¥; and the £B, state takes place and the
both anthracene-helium potentials, a triptet, state is al- 1A, state forms the ground state.
ways the vibrational ground stat€ig. 10, while the first Singlet-triplet splitting is defined as the energy differ-
singlet state (3A;) is ~1.5 cm ! above it(Table ). Taking  ence between the singlet and the triplet state of the same
the minimum potential energy of265.47 cm?, the zero  orbital configuration. However, the singlet and triplet states
point energye, is 106.19 cm* for the ground 1A, state of listed in Table Il show an extensive configuration mixing, so
An(Sy) - *He, and 116.95 cm’ for the ground £B, state of  that similarities in orbital configurations cannot be deter-
the An(S,)-3He, complex. The isotope effechey/eq is  mined. Only when the two-particle integrals are scaled down
only ~10%, manifesting a partial cancellation of mass ancby a factor of at least TQ the configurational mixing is
permutation symmetry effects. From the eigenvalues listed ineduced such that the correspondences betweertheahd
Table |, one can also infer the energ@gor the dissociation the 2'A; as well as between the’B, and the #B, states
process AnHe,— An-He;+He. The dissociation energies become clearly apparent. Based on these correspondences,
are 69.6 cm® for An(Sy)-“*He,, 64.8 cmi® for An(S,) one can also assign the values for the singlet-triplet splitting
-3He,, 80.1 cm?! for An(S,)-*He,, and 73.1 cm! for  in the CI calculations of the unscaled two-particle integral
An(S;)-3He,. The isotope effects in the dissociation ener-values. For Ang,)-3He,, the singlet-triplet splitting is 9.5
giesD reveal values which are higher for the heavy isotopecm ! between the 3A; and 2A; states and 10.7 cri be-
in contrast to thes values which are lower for the heavy tween the B, and 1!B, states.
isotope. The isotope effects @ involve the difference be- The configuration interaction leads to admixtures of
tween mass and permutation symmetry contributions fohigher 1D quantum numbers, which for the lowest singlet
An-He, and mass effects for Ate; . and triplet states involves solely higher 1D quantum numbers
Having electronic structure calculations of atoms inu,, while higher excited states also show large participation
mind, it is interesting to find a triplet state as the ground stat®f 1D quantum states,>0 and w,>0. Configurational
of two fermions in nondegenerate spatial orbitals. As it will mixing is generally not less marked for triplet than for sin-
be shown in the following, this fact manifests the dominanceglet states. In the one-configuration approximation, i.e., in
of the He-He two-particle repulsion over the one-patrticle in-the complete absence of configurational mixing, the singlet-
teractions. In Table Il the eigenvalues and the main Cl exiriplet splitting assumes the value of twice the exchange in-
pansion coefficients of several singlet and triplet states of théegral K,,. In this context it is instructive to consider the
An(S,) - ®He, cluster are listed. In order to study the singlet- values of some two-particle integrals, also to convey a gen-
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TABLE Il. Energies and main Cl expansion coefficients of the wave functions of some singlet and triplet states
of the An(S,) - ®He, complex and their dependence on the two-particle integral values. The integral scaling
factor given in the first row specifies the numerical factor, by which all two-particle integral values have been
divided, e.g., the first column of the integral scaling factor 1 contains the results of the ClI calculation for the

unscaled integral values.

Integral scaling factor 1 fo 10t 10°
1A, —147.0cm? —157.8cm? —163.7 cm? —166.8cm’?
A(ba00s P00 0.55 0.86 0.93

A( 020, P00 -0.43 0.60 0.31
A(b200: Pood 0.24 0.22
A(boo1, Pood —0.23 —-0.23
A(o10, Po10 0.50 —0.38
A(boz0s D010 0.39
A(doz0, Po20 —-0.43
18A, —141.5cm? —151.4cm? —153.9cm? —153.7cm’?
A(bo20, Poo0 -0.40 0.89 0.89 0.93
A(boa0, bood —-0.48 0.25 0.25
A(bos0, Pood -0.27
A( 030, 010 0.49
A(os0, Po10 0.26
21A, —132.0cm? —146.1cm? —151.5cm? —153.4cm?
A( o000, Pood 0.33 -0.29
A(bo20, Pood —0.25 0.76 0.89
A( o040, Pood 0.36
A(bos0, Pood 0.36
A( 200, Pood 0.42
A(bo10, Po10 0.41 —0.33
A(boz0, Po20 -0.37 -0.35
A(bos0s Po10 0.33
A( o0, Po20 -0.27
A(boz0, Posz0 0.33
A( 120, P100 —-0.26
1°B, —148.5cm? —157.1cm? —-159.1cm? —159.5cm*?
A( 010+ Po0d -0.37 0.85 0.92 0.92
A(boz0, Pood —-0.34
A(doz0, Po10 0.70 —-0.28
A( 030, 020 —0.22
1'B, —137.8cm? —152.0cm* —156.8 cm* —159.2 cm?
A(bo10, Pood 0.23 0.70 0.89 0.92
A( 030, P00 0.53 0.55 0.25
A(bos0s P00 0.38
A(doz0, Po10 —0.29
A(boz0, Po20 0.24
A(bos0, Po10 —0.38

eral impression of their magnitude in these systems. In Tablef the lowest singlet and triplet states of the Sg)-He,

Il the values of some two-particle integrals are listed. Theycomplex vary with the magnitude of the two-particle inte-
are mainly in the range £61C° cm™*, typically 1¢—10°  grals. For a two-fermion system, the one-particle densities
times higher than the one-particle integrals. In Table IV thep(x,y) projected on the,y plane are given by

singlet-triplet  spliting of the 3A;-2'A; and of the

1382-1182 states are confronted with the values of the cor-TagLE 111, The values of some two-particle integrals.

responding exchange integrals. The results in Table IV show
that the two-patrticle integrals have to be reduced by a factor
of 10*~1C until the singlet-triplet splitting scales linearily (¢ooubood doosbood 71745
with the exchange integral and comes close to twice of it ¢oiobood Por0Po00d 19928
value. Accordingly, simple one-configuration approximations(oio#o1d #ooobood 29579
are insufficient to handle the problem of the -&Hle, two- (or0bord Porobord 39254
fermion system, (bo2000d Pooobood —20031

(b020P00d Por0b010 5301
Figure 11 shows how the one-particle densit¥,y) S

Integral Value/cm? Integral Value/cm?

(Poz000d Poz2oPo0d 12457
(bo20%01d Po10000 11789
(Po20bo1d PozoPo10 25337
(Po20902d PoooPood 19084
(Po20b02d Por0Po10 31342
(#o20b02d Po20Po20 37642
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TABLE IV. Two examples for the singlet-triplet splitting of the A%() % % o %
-3He, complex. The singlet-triplet splitting between th&A2 and the £A; P(x,y)= 2J' dzlj dXZJ dyzj dzZJ dslf ds,
as well as between the'B, and the £B, state is given as a function of the 0 —oo —© —oo

magnitude of the two-particle integrals as expressed by the integral scaling

factor, by which all two-particle integrals involved in the ClI calculation XW2(X1,Y1,21,51,%2,Y2,22,Sp) (21

have been scaled down uniformhe scaling factor of 1 means no scaling . . . . Al
The singlet-triplet splitting is compared with the value twice the correspond-WIth S1 andsz denotlng the spin coordinates. The numerical

ing exchange integraklso scaled down by the same fagtor factor of 2 normalizes the density to two particles. The CI

expansion ofi/? consists of products of configurations. The

Integral scaling factor 1 fo 10 10 contribution of a productA ;(u,x) - *A;(v,v) of two type-1
E(2'A;)—E(1%Ap)/cm ™t 95 53 24 025 singlet configurations to the one-particle density is given by
2(ozoood Pozobood/cm 2.49< 10° 24.9 25 0.25
1 1

E(1!B,) — E(1%B,)/cm 10.7 51 23 032 ZJ dT2J dslj dsz Ax(pp) “Aa(v,v)
2(¢or0tood boroPood/cm ™ 3.99x10° 399 40 040

=2¢,(1)$,(1)6,,, (22)

73 3 3 . 3
An(S,)> He, f, =1 An(Sy)-"He, f,,=1 An(S)) He, f,,=1 An(Sy) He, f,,=l An(S)}°He, f, =1
1 'A, E=-147.0cm™ (a) PPA, E=ML5cm’ (b) 12'A, B=-132.0cm’! (c) 1’B, E= 148 5cm’! @ | \'B, E=-{37 8om” (e)
4.50 1
N
??', X ‘S‘
ol
-150
\&
~4.504
7. ™ T T T — Y
e P He, g An(S,) He, f_=10° An(S,)-He, f_=10° An(S,)He, f_=10 An(S,)-*He, f_=I0"
.Aln(s")' He, fmfm (f) 300 He ha T (g) sl e tinc (h) ] 3n o) €, it (1) ]n( o) He, i (])
I'A; E=-157.8cm I'A, E=-1514cm 2'A|E=-146.lcm I'B, E=157.Icm 1B, E=-152.0cm
4504 1
1504
-l
=
-1.501
-4.50:
15 — T La— 2 T
7504———t . .
An(Sy)*He, f,=10° (k) An(So)He, f,=10° 0 An(Sy)He, f=10° (m) An(S))’He, f,=10° (n) AnsyHe, f,=10" (0)
1 I'A, E=-166.8cm r 1 FA E=-1537cm 12'A, E=-153.4cm 1'B, E=-159.5cm’ 1'B, E=-159.2em’
4.50
1350
<
-1.50
-4.504
I T A% o o 30 snso a0 10 | 1o | 30 5040 | 30 0 L0 30 S840 40 40 10 30 5050 30  -lo 1o 30 50
x/A x/A x/A x/A x/A

FIG. 11. The dependence of the one-particle densities on the magnitude of the two-particle integrals. Contour plots of the one-partiElexdensity.
(21), are given for the 1A, 1°A,, 2%A;, 1°B,, and for the 1B, state of the two-fermion Ar&,) - °He, system. The first rojpanels(a)—(e)] contain the
Cl calculation results in which all two-particle integrals kept their original values. In the ClI calculations of farg)sthe values of all two-particle integrals
have been scaled down by a numerical factof,qf 10°, in the Cl calculations of panel&)—(0) by f;,=10°. Contour lines are given for density values of
0.005, 0.01, 0.02, 0.05, 0.10, 0.20, and 0.30.
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of a product of type-1 type-2 configurations\,(u,u) —t

TA,(N,0) by ] 2'Aly] | (@) *He: 'A, [

1 [ria FA Ky | 10AD] [

1A N 1 |5=-1066em TRy A [yzj“*OlAl lyz[

Zj dej dslf ds, "Aq(p, m) " As(N,0) ; 4I_1A1[y] K t -

=2 $(1) hr(1) ot (1) bo(1) 8,0 ], (23 ] I S &

. 3 L

and of two singlet or triplet configurationd®A,(u,v) - 2 ?M (b) “He:’B, [

13 1 |¢s #B,[xy]  9'B,[y] 35°B,lyz [

-7°A,(N, o) of type 2 by . SR d ;2o Bz

4 3=-10.61cm 5°B,[xy] . 34 B,[yz] L

1 / 3 Bz[yz]\ \ s

13 13 o il i . [

Zf def dslf d32 Az(/.L,V) Az()\,o') E i <100 [
= (ZSM(].) ¢)\(1)5V0'i ¢ﬂ(1)¢0(1) 51/)\ &) 21A1[y] (C) 3HC: 1A1

19'A,[xy) 27'A[xy)

+ d)v( 1) ¢o’( l) 5;1,)\ * ¢V( 1) ¢)\( 1) 5,uzr . (24) §=-10.22cm™ 41A1[xy] 1811A1 [yl 261A1[xy]
13°A
l 8'A [xyk, ‘[x{\\\ \

The minus signs on the right-hand side of E24) apply in

case of triplet configurations. %100 B
The contour plots are given for thé4,, 13A;, 2!A,, ] L I R L

3 - ] PB,ly] @ °He: B, [
1°B,, and the 1B, states(Fig. 11). The uppermost panels i , 2Ly iy
contain the CI calculation results of the unscaled integrals, - ész B & 34,35°B,lyz]L
. . . . . -10.16cm B, [xy] 193B2[ Z] B

the second and third row panels the CI calculations in which 1 £B,[xy] \ y \ B
all two-particle integrals have been scaled down by a factor ] 1 [
i x100 -

of 10° and 18, respectively. For the unscaled integrals, the

contour plot of the iA_l state[panel (a)] has two density 0 10 20 30 40 50 60
maxima on the outer rings of the anthracene molecule. The /e’

two density maxima correspond to the classical notion of two E/cm
separated helium atoms. When the magnitude of the tworIG. 12. The stick spectra of the calculated transition energies and Franck-
particle integrals is reduced, the maxima coalesce and theondon factors for the AfHe, and An°He, complexes.(a) The 1'A,
density maximum moves to the center of the molecular sur=—"A: transitions of the two-boson AfiHe, complex, (b) the I°B,

L —n®B, transitions of the hypothetical two-fermion system An
face [panels(f) and (k)]. This is the consequence of the *Hey(hyp.), (c) the 1*A;—n'A, transitions of the two-fermion ArfHe,

dominance of the configuratiol (oo, $ood), Which as-  complex,(d) the 1B, nB, transitions of the two-fermion ArfHe, com-
sumes a Cl expansion coefficient of 0.93, when all two-plex. The transition frequencies are given relative to the position of the 0-0

particle integrals are scaled down by a factor of {Oable transjtion. The numerical values of the red spectral slitise mg_rked gt the
I), so that the one-particle density approaches the value 0 Illne.[x], [y, [2], [xy], etc. den(_)te the_ nature of the trar?s!tl_onsz ie., the
2 . ominant change of the 1D functions with respect to the initial vibrational
2¢500 and the contour lines resemble those of the &(  state.
-3He, system, Fig. B). When the values of the two-particle
integrals are reduced, the densities of thié&\j and of the
1'A, state as well as of the®B, and of the B, state 14-17 cm?, and one or twdy] or [xy] transitions in the
become similar, as the leading contribution to the densities ofange 20—25 cim'. There are also many other, even weaker,
the 1°A; and 2A, states becomebiy,+ ¢5, and to the transitions, which have been partly marked in Fig. 12. Look-
densities of the states’B, and 1'B,, i.e., dp5oot d310 Cf.  ing at the two most intense vibronic bands of the- Are,
Table II. complex[Fig. 12a)] and An 3He, [Fig. 12d)], the isotope
Figure 12 exhibits the stick spectra of the transition en-difference of the band positions is only 1.6 chbetween the
ergies and intensities of the AHe, complexes, the singlet- 2A;[y] and the 3B,[y] transition and 0.6 cm' between
singlet and triplet-triplet transitions of the two-boson An the 4'A;[y] and the 4B,[xy] transition. The similarity of
-“He, and of the two-fermion Ar°He, system. The triplet- the main spectral features may seem surprising in view of the
triplet transitions of a hypothetical two-fermion system of different permutation symmetries and masses.
mass 4 have been also includgghnel (b)]. Although the Figures 13 and 14 show contour plots of the one-particle
lowest singlet state is only 1.5 cthabove the triplet ground densitiesP(x,y), Eq. (21), for the An He, clusters. Figure
state for both An®He, and An“He,(hyp.) (Fig. 10, the 13 exhibits the densities of the four lowé#;, Fig. 14 of
experimental temperature of 0.4 K does not allow for a nothe four lowest®B, states. These states are the ones which
table thermal population of the singlet vibrational state inalso lead to the most prominent transitions in the spectra
An-3He,. This means that under the experimental conditionsiepicted in Fig. 12. The one-particle densities of tHé 1
we can expect to observe onlyB,—n®B, transitions for  [Figs. 13a)—13d)] and of the £B, [Fig. 14a)—14(d)] states
An-3He, [panel (d) of Fig. 12]. Of course, the two-boson look very similar, although the wave functions of théB}
system An“He, can assume only singlet states, so that onlystates have a node in the plane. The densities of the
1'A,—n'A; transitions are possiblgpanel(a) in Fig. 12.  An-He, system are more extended into space than those of
The main features of the four spectra look very similar, athe An-*He, complex, as expected. The characterization of
strong 0-0 transition, a much weaker transition in the rangehe wave functions in terms ¢k] and[xy], as indicated in
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" An(So)-';He2 A.n(SO)}H‘;zA = b An(Sl)v“He2 An(S])}ch d
1A E=-1593em” (@) | {1'a,B=147 0cm” ) | 1A E=t699em’  (©) | { 1A B=is7aem? (D) }
<
=
B e e L s e e S
An(S,)-'He, An(S,) He,
2 B=1460cm’ () | {2'A B=-132.0em" ®
ot
=
" An(S,)-‘He, . An(S,) He, . An(S ))-*He, K An(S ) He, 1
13'A,E=-142.2¢m™ 1 3'A E=-128.2cm™ G) 13'A, E=-149.6cm’! (k) 13'A, E=-135.6cm’ M
ot
=

4,504

.........

4.504

yIA

------

7.30 )
An(S,) He,
1 4'A E=-138.6cm™

" 14'A,E=-124.5cm™

An(S,)-'He,

(M) | {4}

An(S))’He,
14'A, E=-133.4cm™

(p)

x/A

A8 10 30 50
x/A

FIG. 13. Contour plots of the one-particle densities of the four low&gistates of the ArfHe, and of the An®He, complexes for thé&, and for theS, state
anthracene-helium potential. Contour lines are given for density values of 0.005, 0.01, 0.02, 0.05, 0.10, 0.20, and 0.30.
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7.5C = L A L T " ‘; i M N +
An(S )-4He2 An(so)'3Hez An(S,)-'He, An(S,) " He,
131321(::=-160.8cm'l (a) 11'B, E=-148.5cm” (b) | 1 P’B, E=-171.4cm’* (©) 1 1°B, E=-158.7cm’! (d

1.504

ot |
N

1.504

-4.50
""""" 4 .
An(S,)-"He An(S,)’He, An(S))-'He, An(S))-"He,
23132(1)3=-14§7cm" (e) 12°B, E=-1343cm™ ® 2°B, E=-156.9cm’" (g) 12°B, E=-142.Icm (h)

yiA

.............................

An(S,)-‘He, . An(S,)"He, . An(S,)-*He, An(S)'He,
13°B, E=-146.4cm’ (1) 13°B, E=-132.5cm’ )] 13°B, E=-156.6cm’" (k) 13'B, E=-1415cm’ )

yIA

An(S,) He,

2 An(S)-'He
- 448, B=279cm” (M) | {48, E=-13: P)

" 14°B,E=-135.6cm’

y/A

..................

FIG. 14. Contour plots of the one-particle densities of the four lo#Bsistates of the ArfHe,(hyp.) and of the An®He, complexes for thé, and for the
S, state anthracene-helium potential. Contour lines are given for density values of 0.005, 0.01, 0.02, 0.05, 0.10, 0.20, and 0.30.
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Fig. 12 for the corresponding transitions, is reflected by theThis raises the question of the convergence of the basis set
spread of the densities. While thé/&,, 2°B,, and 3B, and of a comparison with experimental data.
states show the same extensiorxidirection as their corre- In our previous papéf we compared the experimental
sponding vibrational ground state wave functions and therespectra of An*Hey clusters forN<4 with the theoretical
fore must be denoted bly], the 3'A;, the 4A;, and the ones, which were obtained by the one-sided treatment.
43B, state densities are also extended igirection, indicat- As guided by the additivity of the spectral redshifts, the
ing their[xy] nature. The shapes of the excited state densitiesn-“He, complex was treated as two one-sided complexes
show larger differences, because small perturbations as ti{&|0)+(0|1), An-*He; by the complexes (B)+(0|1),
change from theS, to the S, state potential or different and the An“He, by the two complexes (B)+ (0]|2). That
masses have a larger influence on the configurational mixings to say, the calculated spectra of 20) single-sided sys-
as the energy separation of the states is smaller. tem have to be compared with the experimental spectra of
The spectral shifts can be approximately estimated by the clustersN=3 andN=4. The spectra of thbl=3 and of
the expectation value of the difference potentiAV  the N=4 clusters both contain the intense electronic 0-0 ori-
=V(S))—V(Sy), Fig. 1, for the one-particle density gin and only one additional spectral band, which could be
P(x,y,z) of the vibrational ground state &, unambiguously attributed to th@|0) system. For both the
N=3 and theN=4 complex, this spectral band is located at
o0 o o 22.5 cm ! relative to the 0-0 band an was assigned by us to
o~ f_wdxf_mdyf_wdzP(x,y,z)AV(x,y,z). (25 the 1!A,—2'A,[y] transition with the calculated transition
energy of 16.5 cm'.*’ The deviation of 6 cm! from the
experimental value is large compared to the good agreement
obtained for th€1|0) complex?’ The good agreement for the
(1/0) complex indicates that the anthracene-helium potential
is not the reason for the deviation. Furthermore, the fact that

Fig. 1(c), with the one-particle density maps, one can attemp{he spectral band was experimentally observed at the same

it =1 —
to trace back the origin of the isotope efféch of the spec- tizallnsmon lenerg)(22.5tcn:h)tf?rr] thhe [I\'I_B a;nd for th?hN ;
tral shift. For AnHe,, A5=0.28cm?, ie., An3He, . COMPIEX, Suggests that the hefium atoms on the two

different sides of the molecular plane indeed do not commu-
nicate. What remains as a likely source of error is the limi-
tation of the 3D basis set.

Knowing the one-particle density, this approximate expres
sion can provide information concerning parts of the mol-
ecule that contribute to the spectral shift. In particular, by
comparing the contour plot of the difference potenfidf,

has a largef—1.92 cm'}) red spectral shift than AfHe,
(—1.62 cm?) For An-He, the trend is oppositeAd
— =1 4 ;
(- 18656(3) 2?:1—1) Lfé’nA:n ?Heézh?flz_liggig?f é%erﬁg::izglft The dia_gonal qlensity mgtrig elgmer(qgopulation$ of
the density contour maps of the\} states of AnHe, [Figs, the 1D basis functlons give ms!ght mtq the convergence of
5(a) and §b)] and of the 1, states of AnHe, [Figs. 13a) the CI calculations. The densﬂy—matnx. elemgmngyx, .
and 14b)] with the difference potentidlFig. 1(c)], one sees PW»,VY’ andP;,,, are related to thg one—dlmensm.nal density
that a further extension of the one-particle density in yhe profilesP(x), P(y), P(2), respectively, cf. Eq(20):
direction increases the red spectral sfidtger negative con-
tributions, while an extension int& direction causes a blue- _
shift. However, looking at the one-particle densities of the P N% Ex Pux. i ux(X) (X, (28
different isotopes of AnHe, and An He,, it must be stated
that the clusters of the lighter helium isotope have a largewhereN is the number of particles, i.e., the density profiles
spatial extension in both theandy direction, precluding a P(x), P(y), P(z) are normalized to the number of particles,
simple explanation of the different signs of the isotope dif-in this case 2. While the sum of all populations is unity, the
ferencesA 6. The balance of red and blue contributions to theindividual populations contain the information about the in-
spectral shift is too delicate to explain the different trend involvement of the corresponding 1D basis functions. Table V
A S by simple arguments. contains the populations of the seven lowaststates of the
The question arises, how accurate the Cl calculationé\n(S,;)-*He, system. While the population®,,, ,, and
are, i.e., whether basis set A is large enough and whether ttf¢,, ,, are mostly not larger than 0.003 for the highest 1D
treatment of a single-sided,, framework for the AnHe,  quantum number, the populatiois,, ., are larger by one
system is appropriate. The density of theAl&tate of the order of magnitude and can reach several percentufor
An-“*He, complex, Fig. Tb), provided an indication, how far =4, indicating that the convergence jity is relatively poor.
the density has to reach out into space to cause an apprEer the S, state potential and the two-fermion system, the
ciable energy splitting. The densities of the -Afe, states situation is very similar. Searching for the reason of the large
depicted in Figs. 13 and 14 are much less extended intdeviation between the theoretical and the experimental en-
space, indicating that splitting due to the interaction of theergy of the £A;—2!A, transition, Table V indicates that the
densities on both sides of the molecular plane is negligiblgopulation foru,=4 is only 0.0012. However, as Table V
for these states and that the single-sided treatment is justshows, the populations do not generally decrease monoto-
fied. However, one may argue that the small basis set Aously with increasing 1D quantum number. It is therefore
might not be flexible enough to allow for a sufficient spatialimaginable at this stage that thé/2, state is not really con-
expansion of the density, i.e., that the small size of the basigerged. Another possibility is that the'®, state, whose
set may conceal possible defects of the one-sided treatmenmtopulation foru,=4 is still 2.4%, repels the'\; state and
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TABLE V. The populations of the 1D basis functiogs,(x), ¢,.,(y), ¢,.(2) for the first severtA,; states of the Ar,;) - “He, system.

Hx=0 ux=1 Mx=2 Hy=3 ux=4 =0 Hz=1 H=2
1A, 0.9880 0.0020 0.0097 0.0000 0.0003 0.9747 0.0227 0.0026
2'A; 0.9419 0.0197 0.0366 0.0007 0.0012 0.9689 0.0287 0.0024
3A, 0.5813 0.0646 0.3235 0.0064 0.0242 0.9638 0.0335 0.0026
41A, 0.8643 0.0081 0.1176 0.0006 0.0094 0.9590 0.0385 0.0024
51A, 0.0936 0.8142 0.0599 0.0284 0.0039 0.9552 0.0414 0.0033
6'A; 0.4988 0.0251 0.4274 0.0053 0.0434 0.9585 0.0389 0.0026
A, 0.8224 0.0611 0.1051 0.0037 0.0078 0.9508 0.0462 0.0029

py=0 my=1 y=2 Hy=3 py=4 Hy=5 Hy=6 my=7 py=8 Hy=9 y=10
1A, 0.1176 0.3899 0.3710 0.1024 0.0155 0.0015 0.0011 0.0006 0.0001 0.0002 0.0001
21A, 0.1516 0.0610 0.2841 0.3033 0.1594 0.0116 0.0245 0.0015 0.0015 0.0011 0.0004
3'A; 0.2326 0.3573 0.2530 0.0419 0.0547 0.0181 0.0356 0.0011 0.0036 0.0015 0.0006
4ln, 0.2395 0.1762 0.1475 0.0702 0.1713 0.0788 0.0959 0.0010 0.0159 0.0027 0.0011
5'A; 0.1619 0.3782 0.3380 0.0842 0.0251 0.0069 0.0033 0.0008 0.0009 0.0003 0.0002
6'A; 0.2949 0.1737 0.2065 0.1540 0.1372 0.0169 0.0131 0.0011 0.0019 0.0004 0.0004
7'A, 0.1453 0.2124 0.0984 0.1274 0.0724 0.1198 0.0534 0.0561 0.0809 0.0090 0.0249

lowers its energy by a few wave numbers. This issue will behe An“He, and An3He, clusters the interplay between

clarified only by calculations with larger basis sets. mass and permutation effects results also in a small value of
ASs=—0.50 cm %, but in the opposite direction.
IV. CONCLUDING REMARKS We implemented the configuration interaction method

Our studies of AnHe, nuclear boson and fermion sys- for the study of _two—particle quantum systems, based on
tems reveal several novel features of the electronicSYmmetry and spin-adapted configurations for boson and fer-
vibrational level structure of these systems: mion systems. The application to the two-boson: e,

(i) Vibrational ground state. While the two-boson An SYSteMm IS new, while the treatment of the two-fermion An
-4He, cluster is, of course, in a singlet ground state, the' He» System, adopted by Jungwirth and Kryfdand in the
two-fermion An 3He, cluster is characterized by a triplet present work is analogous to the traditional approach of

ground state. This result was traced to the domina'[ingz“any'eIeCtron quantum chemistry. The extension of these
h

He—He two-particle repulsive interactions, which overwhelmt€oretical approaches to many-particle boson and fermion
the one-particle contributions and result in extensive conSystems will be of considerable interest in the context of the

figuration interaction in the fermion and also in the boson€XPlanation of nonrigid structures and elementary excitations

system. The calculated singlet-triplet splitting'BL-138,) N these floppy quantum systems.
of 10.7 cm* in An-3He, should be confronted in the future The theoretical results for the level structure of the An

with experiment. : 3He, clusters open new horizons for the study of magnetism
(i) Vibrational level structure. The tunneling splittings in IN the two-fermion(and many-fermiopsystems. Our calcu-

the An-“He, and in the An®He, system becomes apparent Iatlons were perfc_)rmed for this s:_O stf';\te, Wh|le_fur_ther

(>0.01 cm %) only for states above a threshotd—22 cmi st_ud|es of _the entirdlg=0,+1 manl_f(_)ld in _magnetlc flelds_

(66.9 and 62.2 cm* above the A, ground state of An will be of mtert_est._Even more _excmng_ will be_the experi-

-4He, and An3He,, respectively. Since the energy split- rr;ental determination of the singlet-triplet spllttmg in An_

ting is manifested only for those states whose energy ig 1€ from nuclear magnetic-resonance studies, which will

above the potential-energy barrier of side crossing and whode® confronted with our predictions.

densities of the helium atoms reach beyond the hydrogen

atoms of the aromatic molecule, the energy splitting correACKNOWLEDGMENTS

sponds to the classical side crossing rather than to tunneling.
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cene plane goes via the molecular periphery rather thaEﬁ-erman—lsraeli James-Franck program on laser-matter inter-
through the molecular plane. actions
(iv) Isotope effects are rather small. For the zero-point
energy of An“He; and An °He, the relative isotope effect _ _
is ~12%. in reasonable accord with the mass effect in the Structure and Dynamics of Clustemrsdited by T. Kondow, K. Kaya, and
! . ) N A. Terasaki(University Press, Tokyo, 1996
harmonic apprOX|mat.|on. On the other hand, the relative ISO-2gmall Particles and Inorganic ClustétfSSPIC10 SymposiumEur. Phys.
tope effect on the difference between the ground states ofJ. D 16,1 2001.
An- 4H82 and An 3He2 is 10%, manifesting a partial cancel- 3Small Particles and Inorganic Clusters (ISSP@ylited by J. M. Bonard
; ; e and A. Chatelin(Springer-Verlag, Berlin, 1999
lation of mass and permutation symmetry effects. The_|§0 “C.N. R. Rao and A. K. Cheetham, J. Mater. Chath. 2887 (2001,
tope effect for the small spectral shift of the electronic origin s;_ jortner and C. N. R. Rao, Nanostructured Advanced Materials, Pure and

of the Sy— S, transition isA §=0.28 cni ! for An-He, . For Applied Chemistry74, 1491(2002.
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