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A novel approach for calculating nuclear wave functions and energi#$eotlusters doped with an
atomic or molecular impurity is developed. It adopts the systematic and well developed
methodology of quantum chemistry employing an analogy between electrons bound by Coulomb
forces to the nuclei and fermionitHe atoms clustered around a dopant species. The differences
primarily concern the different shapes of the helium—helium and helium—impurity potentials and the
larger mass of thBHe atom, as compared to electronic structure problems. A new integral evaluation
procedure is outlined, as well as the necessary modifications to electronic structure codes. Tests
against numerically exact calculations for Imiple (Imp=Ne, Ar, Kr, Xe, and Sp complexes

show that a modest set of 15 basis functions provides accurate and converged results. Calculations
for the lowest triplet state of the $PHe), cluster, where fermionic statistics comes into play in the
orbital part of the helium nuclear wave function, are presented. The triplet state is bound by 22
uhartree with respect to dissociation intde+SF;—He. The applicability of the new method to
larger systems is discussed. 01 American Institute of Physic§DOI: 10.1063/1.1409355

I. INTRODUCTION methods, and to a configuration interaction with Jastrow-type
short-range correlatiofi$ have been applied to fermionic he-

- ; Ble 3
Helium possesses two stable isotopésie- and *He. |y clusters, the central question being the existence of a
The large amount of experimental and theoretical StUd'e§heII structure and magic numbers

concerning pure or doped nanodroplets formed by bosonic A practical way of experimentally preparifgle clusters

4 . . .
He has belen reviewed rgqently, €.g., In the focus artlcle. bYs to allow them to condense, after supersonic expansion into

Kwon et al.* In that paper it is mentioned, within a prognosis . . . .
the vacuum, at an atomic or molecular impurity, as in recent

for future research directions, that the behavior of moleculeséX eriments on a sinale OCS or SFolecule embedded in
solvated in clusters of fermionitHe is “of considerable in- P 9 65

3 - ivad 3He_4 13 s
terest.” Indeed3He clusters differ significantly from those pure He orin m!xed He—"He clusters:*? In addition to
composed of théHe isotope due to the lower mass and being the nucleation center, the dopant molecule serves as a
particularly due to the fermionic statistics of the former sys-SPECtroscopic probe that allows to quantitatively address two
tems. Most notably, whiléHe nanodroplets formed at 0.38 classes of questions. The first one concerns the structure of

K are superfluid, those containirigle, even though formed the quantum solvent around the dopant molecule, while the
at a lower temperature of 0.15 K, do not exhibit second class concerns perturbations in the solute quantum

superfluidity?® Thus, these systems represent a unique labostates(particularly its rotational leve)sby solvation? In di-
ratory for studying solvation inbosonic and superfluid Fect connection with the above experiments, calculations em-
versusfermionic and non-superfluiquantum solvents. ploying the finite-range density functional method have been
Pure®He clusters are inherently difficult to prepare. This applied to pur€He and mixedHe—"He clusters doped with
is due to the fact that, unlike the case“sfe, the dimer and SFs or xenon* These calculations explored the structure of
even larger aggregates are not botthe smallest bountHe ~ the solvation shells, showing(in agreement with
cluster is estimated to have 29-35 at8nfs Thus, it is vir-  experimerf) that*He tends to replacéHe in the vicinity of
tually impossible to obtain these clusters by condensation ithe dopant species.
a supersonic jet. Nevertheless, numerous theoretical studies An accurate description of pure or doped fermioftie
have addressed questions concerning the structure and stallusters is a major methodological challenge. While diffusion
ity of pure ®He clusters containing tens to hundreds ofand path integral Monte Carlo methods represent the state-
atoms?~1? Different approaches ranging from variational of-the-art for bosoniéHe nanodropletd,extension of these
Monte Carld* to local®*? and nonlocal density functional techniques to fermionic systems is highly nontrivial due to
the notorious sign problem occuring for wave functions pos-

aElectronic mail: jungwirt@jh-inst.cas.cz sessing a nodal structute™ Current mplemer_wtatlons of al-
bElectronic mail: krylov@usc.edu ternative approaches based on density functional tRédi
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or on Slater determinarft§ involve to a certain extent em- Clearly, despite the similarities, there are also notable
pirical ad hoc assumptions, e.g., in the parameterization afifferences between an electron antHe atom, which have
the density functional, in the functional form of orbitals com- to be accounted for. First comes the question of the validity
posing the Slater determinants, or of the Jastrow term. of the Born—Oppenheimer separation between electronic and
The principal goal of the present study is to develop anuclear motions as compared to those of the helium atom
systematic first principle approach to calculations of theand the impurity in the present case. Although the heavy-to-
ground and excited nuclear wave functions and energies dight particle mass ratio is less favorable in the present sys-
doped®He clusters. The basic idea is to employ the welltems, the Born—Oppenheimer approximation has been suc-
developed machinery @b initio quantum chemistty*®ex-  cessfully applied to®He clusters doped with GFor
ploiting the analogies betwesdi) the two fermions, i.e., an xenon!*'®We demonstrate in the next section that accurate
electron and @He atom; and(ii) the nuclei in electronic results are obtained if the atomic mass of the impurity is at
structure problems and a dopant atom or molecule in théeast an order of magnitude larger than thaftéé (note that
present systems, both of which representing sources of thél the experimental systems studied so far fall into this cat-
external potential. As the first application of the method, theegory). For lighter impurities, the Born—Oppenheimer ap-
question abouhigh-spin i.e., triplet in the case of twéHe  proximation is less satisfactory, but as we show in Sec. IIl, a
atoms, states stability is addressed. We have found that thgmple diagonal nonadiabatic correctiBcan to a large ex-
lowest triplet state of SF~(*He), is bound by 22uhartree  tent rectify the problem.
with respect to dissociation intéHe+SFR—°He. Another major difference between the present problem
In the following section the novel theoretical approach isand that of electronic structure lies in the interaction poten-
outlined. In Sec. Ill, results for smalHe clusters doped with  tial. While in the latter case strong Coulomb interactions
heavier rare gas atoms and thes$folecule are presented come into play, weak van der Waals forces cause binding in
and discussed. Finally, Sec. IV contains concluding remarkshe former case. Also, while the electron—electron interaction
is always repulsive and electron—nucleus interaction is al-
ways attractive, both helium—helium and helium—impurity
l. THEORETICAL APPROACH potentials exhibit strong repulsion at short separations and

As mentioned in the previous Section, the present theoweak attraction at |arger Separations. This has direct implica—
retical approach is based on similarities between electronitions to the structural and energetic properties of the present
structure problems and many-body nuclear wave functions ofystems, concerning, for example, closures of quantum shells
doped fermionicHe clusters. Let us explore in more detail and occurrence of magic-number cluster sizes.
this analogy. Since both electrons aftte atoms are fermi- From a more technical point of view, several modifica-
ons, the whole formalism o#b initio electronic structure tions of theab initio codes have to be implemented before
theory””¥ can be adopted in a relatively straightforward their application to dopedHe clusters. Beyond the trivial
way, and one can follow a well established hierarchy of apfact that the mass of the fermionic particles has to be in-
proximations to the exact wave function. The series of wavetreased appropriately, more elaborate changes concern basis
functions of increasing complexi'@/typically start from the  set construction and evaluation of integrals. To represent the
mean-field Hartree—Fock solution, and proceed to correlatedHe nuclear orbitalgi.e., one-particle wave functionswe
approaches. One of the keys to the success of post-Hartrediave employed, as in most electronic structure calculations,
Fock methods, such as Mgller—Plesset perturbation series, 8n expansion over Gaussian basis functions. These Gaussians
coupled clusters, is the fact that the mean-field Hartree—Focire centered at the dopant moiety. Sifte nuclear wave
solution is usually already a very good first approximation.functions in doped nanodroplets are expected to have a rather
This in turn is caused by the presence of a strong externdliffuse character and a much smaller spatial separation be-
force exerted by the nuclei, which contributes to the onetiween quantum shells than electrons in atoms, we have con-
particle part of the total Hamiltonian. In pufkle nanodrop-  structed the basis set following the standard procedure for
lets there is no such external field and, consequentlyliffuse basis sets generation iab initio calculations.
Hartree—Fock theory fails to describe the binding. HoweverNamely, we have used an even-tempered sequensenil
in doped clusters, which are at present the only spectroscopp functions with thenth exponentx,, given by a geometric
cally accessible systems of this type, an external field is creseries’* a,= a; /g" 1. Therefore, for each angular momen-
ated by the dopant atom or molecule. Since for any dopartum present in the basis, there are two adjustable parameters,
species the solute—helium interaction is stronger than that; andg. We have obtained the values of the largest expo-
between helium atoms, this field is relatively strong, suggestnenta,; and the geometric factay by optimizing the energy
ing that the mean-field approach should be a reasonable stadf the Imp-He complex for the series InpNe, Ar, Kr, Xe,
ing approximation. Moreover, all closed shell atoms andand Sk. It is satisfying that(i) a single set of parameters
molecules tend to solvate in the center of the heliumworks equally well for all rare gas impuritiedor SF; a
nanodroplet;*® thus creating a very good analogy to a cen-smaller value of the largest exponent has been empjoyed
tral nucleus surrounded by electrons. To summarize at thiand(ii) no more than 1% functions are necessary to obtain
point, in the novel approach presented in this paper’itee  converged energies. These energies differ by less than 1%
atoms surrounding an impurity are treated in a similar way tqless than 5% in the case of theg2fopanj from the numeri-
electrons around a nucleus in electronic structure calculaeally exact values, which we have obtained by solving the
tions. one-dimensional vibrational Schtimger equation(setting
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the mass of the impurity to infinilyby imaginary time  TABLE I. Total energiequhartreg of Imp—He (Imp=Ne, Ar, Kr, Xe, and

propagatio?? on an equidistant grid of 512 points. Finally, SF;) complexes. Finite bas_is set calculatiqi$ Gaussiansversus numeri-
ally exact values employing the fulHe mass or the reduced mass of the

for larger complexes, we have reOptlmlzed the basis set Wn@ystem. The last column shows the exact energies calculated witfHgill
respect to the Hartree—Fock energies, which lead only teass, corrected for the diagonal nonadiabatic term.

minor modifications of the above basis sets.

For the Imp—He and He—He interactions we have emSystem Eis® Eexact Eexact Eexact®
ployed the accurate and widely used HFD-B pairne-2He ~10.19 ~10.20 —8.05 ~7.90
potentials>>~2°For the sake of simplicity, we have employed Ar—3He ~27.28 ~27.32 ~25.74 ~25.69
an isotropic, i.e., spherically averaged, potential for thekr—He —29.30 —29.59 —28.82 —28.80
Imp—He interactiorf® In order to facilitate the evaluation of Xe‘?’?e —29.32 —20.41 —28.95 —28.94

~82.40 ~86.59 ~85.82 ~86.59

integrals, we have expanded the above pair potentials intgs_ He
series of Gaussian functions. We have found it useful to exaruil mass.
pand the repulsive and attractive parts of the potentials sep&Reduced mass.
rately. Since the repulsive part of HFD-B-type potentials is aFull ®He mass calculations corrected for the diagonal nonadiabatic term
product of a Gaussian and an exponential function, it is pos-[See Eq (D]
sible to employ a previously developed accurate expansion

of an exponential Slater function into 12 Gaussi&h$he

attractive parts of all potentials are represented accurately Wontaining a rare gas impurity. For SRhe best results are
expansions into 30 even-tempered Gaussians with the largegptained with the same geometric factor but with a more
exponenta; =10a.u-?, and the geometric factay=1.3.  iffuse basis, i.e., withr; = 1.3a.u-2. Table | demonstrates
The corresponding coefficients have been obtained by linegpe very good agreement between the present energies and
least-square fittirfd to the particular pair potential. By nu- numerically exact results employing the full mass of #He
merically exact calculations on the ImfHe clusters, we atom (i.e., assuming infinite mass of the impujityVe have
have verified that these expansions do not introduce any agound that for SE the convergence of the results with the
ditional appreciable error into the calculations. Using thepasis set size is slower than for rare gas dimers. For example,
above Gaussian expansion of the nuclear wave functions ange difference between the best result with 15 basis functions
interaction potentials, all the overlap, one-partidle., ki-  and the exact result is 5% for §Fwhile for rare gases a
Qetlcaenergy and I_mpgﬂe interaction, and two-particldi.e.,  pasis set of the same size is capable of reproducing the exact
He—He interaction integrals can be evaluated analy- yalue within 1% error. This is because the stronges-SHe
tically.?>2° interaction results in a more localized nuclear wave function.
The integral evaluation program was linked to theThe performance of the impurity-centered Gaussian basis set
coupled-cluster codes of the-CHEM electronic structure  pecomes slightly inferior as the wave function becomes more
program® In addition, we have used the input—output li- |ocalized. Note also that the energies in Table | correspond to
brary and input parser of the PSI electronic structurghe specific choices of the He—He and Imp—He potentials,
program* An integral transformation module and a simple ang marginally different results would be obtained with other
program for self-consistent field calculations have been W”tpotentialsg.s"“o
ten using the @+ tensor library for coupled-cluster Table | also demonstrates how the present results, which
calculations” Thus, the current version of the program is are obtained within the Born-Oppenheimer approximation
capable of performing Hartree—Fock, MP2, coupled-clustefj e. assuming an infinite mass of the impuljtgeviate from
with single and double substitutiondCCSD,*® and  the physically more correct values calculated using the re-
optimized-orbitals coupled-cluster doublé®0-CCD****  qyced mass of the dimer system. While this deviation
calculations for dopedHe clusters. Moreover, configuration reaches as much as 20% for neon, it is only 6% for argon,
interaction singles, and equation-of-motion OO-CQRef.  and further drops to only 3%, 2% and 1% for krypton, xe-
36) calculations can be employed for calculations of the exnon, and SE respectively. We conclude that for impurities
cited states. Lagiout not leastis the capability of carrying  with mass at least ten times larger than that ofe atom,
out equation-of-motion spin—flifEOM-SH (Ref. 37 calcu-  the Born—Oppenheimer separation is justified. Moreover, as
lations, which is very useful for heavily-correlated systems.spown in the last column in Table I, the energy is almost

Additional details, as well as programmable expressions fogompletely rectified by a simple diagonal nonadiabatic
integral evaluation, will be provided in a subsequentcorrection?

publication®

Ena=ErieX (M/M), ®

lll. RESULTS AND DISCUSSION whereEHQ is the kinetic energy of helium, and andM are

As a first benchmark, useful also for basis set optimizathe masses of helium and the impurity, respectively. It is
tion, we have performed calculations for five Imijple  unclear how to extend Eql) for larger systems, however, as
(Imp=Ne, Ar, Kr, Xe, and SE) systems. The results are can be seen from the dimer results, Born—Oppenheimer ap-
summarized in Table | and in Fig. 1. We have found that goroximation is sufficiently accurate to provide a reliable in-
single set of 15 even-temperaefunctions with the largest formation about energy levels.
exponent of 1.7 a.i? and a geometric factor of 1.35 pro- Figure 1 compares the radi#le wave functions for the
vides accurate and converged results for all four systemBve systems under investigation with numerically exact re-
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sults employing either the fulHe mass or the reduced mass ployed an isotropic, spherically averagedsSHe interaction

of the complex. We see again that the finite Gaussian basjsotential?®

set is capable of providing accurate wave functions. More- A complex with two®He atoms can be in a singlet or in

over, the accuracy of Born—Oppenheimer approximation ima triplet state. In the former case, the proper quantum statis-

proves with increasing mass of the impurity. tics is being taken care of via antisymmetrization of the spin
The next larger cluster is the Imgp*He), complex, part of the nuclear wave function. Therefore, the spatial or-

where already both the He—He interaction and the fermionidital part, which is symmetric, is not influenced by the fer-

statistics start to play a role. Here, we present calculations famionic versus bosonic nature of helium isotopes. The triplet

the Sk impurity which is most relevant from the experimen- state is, however, more interesting, since it can only be

tal point of view. For the sake of simplicity, we have em- formed by fermionicHe atoms. In this case, the spin part of

Downloaded 28 Nov 2001 to 128.125.187.147. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10218  J. Chem. Phys., Vol. 115, No. 22, 8 December 2001 P. Jungwirth and A. I. Krylov

TABLE II. Total energieq uhartree of the 1s and 1p states of the Sf~°He HF density
dimer, and of the triplet 41p state of Sg(*He), calculated by self-
consistent fieldAE is the stabilization energy of the dimer with respect to  0.0014
SR—"He+°He. 0.0012
0.001
Basis sét Ei(SR—"He) E.,(SR—He) Ef (SR-(He),) AE ppos
12s10p ~70.2 ~69.5 —-82.4 12.2 oo
13s10p —73.8 -69.5 -91.6 17.9 0
14s10p —75.7 —69.5 —94.6 18.9
15s10p -76.7 -69.5 —96.2 195
13s11p —73.8 —72.6 —-95.2 21.4
14s11p —75.8 —72.6 —-97.1 21.4
15s11p —-76.7 726 —-98.2 215 xau) 575
13s12p —73.8 —73.4 —96.0 22.2 FIG. 2. ®*He density for the triplet 41p, state of S§(°He), shown in theXY
14s12p —75.8 —73.4 —-97.5 21.7 plane £=0). The Sk molecule is at the origin of the coordinate frame.
15s12p —-76.7 —-73.4 —-98.4 21.7 Note that the overall density is a superpositiorsefind p-components.
15s13p —76.7 —-735 —-99.3 22.6

a,s_ P —g.— i i ,
ay=14 a1=1.2,0s=0,=1.45, 12 frozen virtual orbitals. amples. For the singlet state, however, as well as for larger

clusters, correlation will certainly play a more prominent

role. However, a promising strategy emerges from the
the wave function is symmetric and, therefore, it is the or-present calculations; similarly to electronic structure prob-
bital part which has to be antisymmetrized. In the following, lems, high-spin states are less correlated, and therefore they
we discuss in detail the triplet state of theg8He), cluster. may serve as a good starting point for including correlation

Table Il shows the total energies of the 4nd 1p states  via the spin—flip method’
of the SE—He dimer, and of the triplet 4lp state of the It is interesting to compare the Hartree—Fock energy of
SF(*He), calculated by the Hartree—Fock method employ-—99 uphartree of the triplet state of the cluster to an estimate
ing basis sets of increasing sizeE= E['S':lp—E1S is the sta- derived from the model of non-interacting helium atoms.
bilization energy of the dimer with respect to the;S#He  Within the latter assumption, the energy of thesSHe),
and ®He fragments. Since the hard-core He-He repulsiortluster is simply the sum of energies corresponding to
leads to a more diffuse wave function of the trimer comparedSF,—He(1s) and Sk—He(2p) complexes, which are, for
with the dimer, it is necessary to employ a more diffuse basishe 1513p basis, equal to- 77 and— 74 uhartree, respec-
set. Moreover, thep-functions are more diffuse than tively (see Table I This leads to an estimate of the energy
s-functions since they describe rotationally excited states obf the complex of— 151 uhartree, which is 52thartree be-
the dimer. Being more diffuse, i.e., more delocalized, thdow the energy calculated from the two-particle wave func-
p-functions exhibit faster convergence with the basis set sizeion. The energy penalty of 5ghartree is due to the hard-
We have found that the following set of parameters providegore He—He repulsion and quantum wave function
a balanced description of both one-particle and two-particlelelocalization.
wave functionsa§=1.4, af=1.2, andgs=g,=1.45. Figure 2 depicts the Hartree—Fock density of the triplet
As shown in Table Il, the convergence with basis set sizestate of the S§°He), cluster. Out of the three degenerate

is fast. Even though the converged values of éfesolute  states, the one corresponding to th&lp, configuration is
energies of the one-particle orbitals.e., states of the shown. The density reflects thesllp structure of the triplet
SF—He dime) are still 10 uhartree higher than the exact state, i.e., the superposition of s- and p-type orbitals. Note
energiegsee Table)l, the error in the stabilization energy is the delocalized character of the helium wave function around
much smaller due to cancellation of errors. For examplethe central SfEdopant, and the corresponding excluded vol-
moving from the 1811p to the 1513p basis, the uhartree  ume.
change in one-particle energy is largely compensated by a The present calculations represent the first applications
similar decrease of Hartree—Fock energy ofidartree, re- of a novel methodology for the calculation of nuclear wave

sulting in an overall change of only 1,2hartree in stabili- functions of dopedHe clusters. In future work, the follow-
zation energy. Therefore, we can estimate the stabilizationg lines of research will be pursued. The size of the systems
energy of a triplet to be equal to Zzhartree. will be increased up to several tens of helium atoms, in order

The inclusion of He—He correlation will further stabilize to complete the first solvation shell around the dopant moi-
the dimer. However, in the case of twble atoms with the ety, which plays a dominant role in solute—solvent interac-
same spin, the correlation effects turn out to be very smalltions. Drawing from the analogy with electronic structure
i.e., about luhartree. This is clearly due to the Pauli exclu- calculations, this is quite realistic. In particular, we expect
sion principle(which is correctly described at the Hartree— that the number of necessary basis functions should scale
Fock leve) keeping the two fermions of the same spin apartmildly with the number of helium atoms, due to the very
from each other. Therefore, the effect of correlation is muctdiffuse character of the nuclear wave functions. In larger
smaller for the triplet state than for the corresponding singletlusters, correlation effects are expected to play a more
state (see Ref. 37 for analogous electronic structure exprominent role. The recently proposed EOM-SF method,
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