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The aim of this paper is to elucidate the role played by the bosonic/fermionic charadteHef

atoms solvating a B(X) molecule. To this end, an adiabatic model in the molecular stretching
coordinate is assumed and the ground energy levels of the complexes are searched by means of
Hartree (or Hartree-Fock Quantum Chemistry calculations fdHe (or ®He) solvent atoms.
Simulations of vib-rotational Raman spectra point at the spin multiplicity as the main feature
responsible for the drastic difference in the rotational structures of molecules embedded in boson or
fermion helium drops as already observed by the experiments of Grebea&yS. Grebeneyv, J. P.
Toennies, and A. F. Vilesov, Scien@&9 (1998 2083. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1769369

I. INTRODUCTION “He cluster8 revealed that superfluidity persists to some ex-
tent even in the highly compressed layers close to the dopant.

d dife in the inf ¢ th In turn, Babichenko and Kagaattributed the strong distinc-
a tremendous difference in the infrar@éiR) spectra of the tion in the rotational structure of molecules in boson/fermion

oxygen carbon sulfidéOCS molecule surrounded by he- helium liquids to the difference in the spectral density of

lium atoms depending on the isotope considered, i.e., either itati the | idth of rotational levelsdHe bei
“He or®He. In that work, apart from the small shifts attrib- X¢!*a10ns, the large widih of rotational leveistne being

uted to the weak OCS-He interactions and the broadeningetermmed by particle-hole excitations, whereas the small
induced by rotational diffusion, the IR spectrum of OCS in ensity of phonon excitations gives rise to the small broad-
pure “He droplets resembles the corresponding spectrum dthing of levels in théHe case.

isolated OCS with well-define® and R branches. On the Jungwirth and Krylo¥ incorporated the well established
contrary, the spectrum obtained whéte droplets are used Mmethodology ofab initio quantum chemistry, based on the
as solvent was found to be highly unstructured and showingnalogy of fermionic He atoms and electrons, to study small
a rather broad peak. Moreover, when mixtures’iée/*He  *Hey (N=1,2) clusters doped with an atomic or molecular
are used, the evolution of the spectra with the numbéHef  impurity. Heidenreich and Jortner extended the approach also
atoms (N4) goes from a broad featurd{=0) correspond- to bosons and performed configuration interaction calcula-
ing to pure fermions, to the well structured one which istions of anthracenddey (N=1,2) clusters.In the present
characteristic of bosond\(,=60). It is as if OCS were al- \ork we follow an approach similar to that of Jungwirth and
most freely rotating inside the boson environment andyrylov but considering larger fermionic and bosonic He
hence, these results were interpreted as a microscopic maRiysters doped with a diatomic molecule. To this end, Hartree
festation of superfluidity ofHe at low temperatures. and Hartree-Fock calculations are performed within an adia-

From the thg:oreﬂc.al point of view, @t al” analyzed the batic separation of the diatomic vibration, thereby providing
structure of'He/*He mixed drops around a dopantgSfiol- . . .
. . energy levels and wave functions which allow us to simulate
ecule or a Xe atom. In the framework of density functional ) .
spectra of the perturbed diatomic molecule.

theory, using a finite-range density functiodahey found . . .
Y g ¢ y y The paper is organized as follows: Sec. Il briefly de-

that the number ofHe atoms N3, within the volume con- ) - ; ]
taining the first two solvation shells decreases whignin- scribes the simple model used to obtain energy levels of this

creases in such a way that the dopants may be already inkind Of clusters resorting to Quantum Chemistry-type calcu-

superfluid environment foN,=60. This is in good accord lations. Then, the simulation of Raman spectra, appropriate

with path integrdl and variational Monte Carlo calculations. for the case of homonuclear diatomic dopants, is outlined.

Also, path integral calculations on SEmbedded in small Results stressing the different behavior of fermion/boson sol-

vent helium atoms, as well as the case of mixtures, are pre-

dAuthor to whom correspondence should be addressed. Electronic maiﬁemed in Sec. Ill. Finally, some conclusions and prospectives
p.villarreal@imaff.cfmac.csic.es for future work are collected in Sec. IV.

The pioneering experiments of Greberetal ! detected
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Il. THE THEORETICAL MODEL momentumJ=j+L +S, with projection onto the BEZ-axis
Q=A+3%, the states of the “modified” diatom obey the

The basic equations for the approximate quantum Schralinger equation

mechanical calculations are briefly presented. First, we de-
scribe the fundamental aspects of Quantum Chemistry-type [HN €3sasp Xsas, (1) =0, (4)
treatments, i.e., Hartree or Hartree-Fock approaches which

allows us to estimate initial and final wave-functions for thewhereuv is the stretching quantum number and #fective
systems under study. These are in turn used to simulate vii#amiltonian, neglecting Coriolis couplings, can be expressed
rotational Raman spectra which clearly describe the very difas

ferent behavior of bosonic versus fermionic statistics for the 52 52 2

fi
solvent atoms. ef _ (N),
HN, m ar2+U(r)+E s+ o2 5-——G, )
A. Adiabatic approximation for pure bosonic  / ) ) . ) o
fermionic species where, neglecting adiabatic correctio,is given by
Using satellite coordinates ([R,), wherer is the vector G=JJ+1) +f(f+ 1)+S(S+1)—2(A%+32+A3).
joining the two bromine atoms arfg, are vectors from the (6)

diatomic center of mass to the different helium atoms, the.. . .
Lo . ince the orbital angular momentum is not a good quantum
Hamiltonian for the system under study can be approximate
number, an average

) )

over<I>(AN§)({Rk};req) functions, estimated at a selected equi-
+> Viu(|Re— R, (1)  librium distancer ¢4, has been included. Note that, within the
k<l present approximation, the total wave function becomes

ﬁz ﬁz j2 N L2 :<(I)(N)
H(NE):___2+U(r)+2mr2+k21h(ke)(Rk,f) (L9 S

q><AN,g> ~h2L(L+1) 7

where kinetic couplings, which are small for low-lying J* (N )
states® have been neglected. It consists of a diatomic Diualer, 0n0 P SHRN Xasiso(), ®
Hamiltonian(the first three termsplusN three-atom He-Br  whereDj,, are Wigner rotation matrices that depend on the

subsystemgfourth term) and the He-He interactiondifth angular polar componentsg(,¢,) of r in a space-fixed
term). In Eq. (1), m is the diatomic reduced massjs the  frame.

angular momentum associated tp and U represents the
intramolecular diatomic potential. In turn, the Hamiltonian
corresponding to each He-Bsubsystem is given by

2 2 2
h” 9 l When one deals wittN fermion/M boson mixtures, a
2t 2 tW(R, 00 (2 . . :

2pue IR 2Ry simple approach can be envisaged by starting at a zero-order
level corresponding to the pure case, i.e., one solves3iq.
separately for E{'s, ®{"Y), and EJy , @ ('V')) The effective
diatomic Hamiltonian can be estimated through replacement
of EQ'y in Eg. (5) with a sum of the separate energies plus
the flrst order perturbation term coming from fermion-boson

interactionsVeg=31_ M Vi, i.e., one writes

B. Fermion /boson mixtures

h{O(Ry.r) =~

with u. being the reducedHe-Br, mass €=3,4), I, the
angular momentum associatedRg, andW the weak atom-
diatom intermolecular potential depending on theR() dis-
tances and the orientatiafy, which is the angle formed by
r andR, vectors.
Choosing a body-fixedBF) coordinate system with the
Z axis parallel tor, we introduce a crude adiabatic approxi- E(AN’/SM)(r)=E(N)(r)+ E(M)(r)+(<V(F'7{3M)>> (9)
mation similar to that used to calculate vibrational frequency (NIM) (N) . (M) (M) (N)
shifts in which, at different values of the intramolecular Where((v )= <‘I’ <000 | Vel Poo Py ). Note that
distancer, one looks for the ground state by solving Sehro NOW L =3 1|k+ DL and<L2> must be recalculated
dinger equations of the type One further resorts to a SCF treatmérin which the
wave function is expressed as a prod®é{’s® 'y where the
s h(ke)+2 VkI_E(N)(r) (I)(N)S({Rk};r)zo 3) factors are quified using now iteratlve Hartree-Fock/
= k=<l Hartree calculations up to convergence,

through either Hartree or Hartree-Fock methods depending N 5 N y \ N

on the helium isotope under consideration. In Eg), the L;l h )+|<§<:| Vig+VER—ENN(r) [@ =0,
r-dependent eigenvalues, which are Iabelea\b;he projec-

tion of the orbital angular momentul:n—E Ik on the mo- M M

lecular axis, and the spi@, constitute an addltlonal potential kgl h{"+ |<§<:| Vig+ VL —ESO(r) |28g =0, (10

term for the diatomic molecule. Those levels, which in the
bosonic scenario correspond’® A =13 states, are degen- where V&™) and V(F’\’% stand for the averages
erate with respect to the spin projectiBnFor a total angular (@89 Ve/g| @) and(® Y Ve g @y, respectively.
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The corresponding energy becomes now from theS—1 calculation for the same size cluster. In either
~ ~ ~ case, spatial one-particle orbitals entering Ef4)—(16) are
(N/M) ) = E(N) M)ry— (N [y M) (N) . - .
Ehs (N =E} (N +Exo (1) —(Py g VeglPys). expanded in terms of a finite basis set composed of products
(D of radial and angular functions,
; = (N/M) N ;
By subtrz_ictlng toE_A]S _th_e zero-order separated energies, YOIM(R:F) =g, (R:F) Y, (6, b), (17)
an effective coupling similar to that of E49) can be de-
fined, whereY, (6, ) are spherical harmonics. The radig(R;r)
" — M N " basis functions are obtained by solving for the ground level
(VRN =BV () —EQYN —EP(r). (12 the Schrdinger equation corresponding to the triatomic
C. Hartree-Fock and Hartree expansions He-Br, subsystem at fixed orientatiords
2 2
As mentioned above, in order to solve E_(G) we used _ _ ﬁ_ a—2+W(R,6n;r)—En(r) 9n(R, 6,:1)=0,
Hartree-Fock or Hartree approaches depending on the helium 2pne IR
isotope under consideration. In particular, the nuclear wave (18

function of doped®He clusters is approximated as a Slaterrepeating the calculations far,, different equidistant val-

determinant, i.e. as an antisymetrized product of one-fermioges ofg,, in the rangg0,7/2], and then using an orthogonal-

spin-orbitals, ization Schmidt procedure among differeg(R, 6,,;r) ra-
dial functions.

1
= Ty del@aRusiin- iRy i) ..

X PRy SN ] (13 D. Vib-rotational Raman spectra simulation

with s; (i=1,...N) denoting the spin coordinates of the The aim is here to compute cross section profiles for a
fermions. In turn, each one-fermion wave function process of the type

¢i(Rj,s;r) is a product of a spatial one-particle orbital .

Ji(R;;r) and a spin functions(s)=a(s) or B(s). The Bro= Xn(i) +wo—Bro=Xn(f) +H (19
spatial one-particle orbitals are found through the restrictedvhere a photon of frequenay, induces on the polarizable
closed-shell or open-shell Hartree-Fock methods, dependingystem, in an initial stat¢i), an electric dipole which, in
of the spin-symmetry of the system, by using a direct mini-turn, may emit a photon of frequenay;; while the system
mization proceduré to force convergence to the global emerges in a final staté).

minimum. For a singlet spin-symmetry stat&=0), the

wave function is explicitly given by
1. “Stick” spectra

1
D= —def ¥y (Ry;r)a(s) Y1 (Ra;1) B(Sy).. Making use of the diatomic polarizability diagonal ma-
JN! trix in the BF frame,a&®" (supposed to be unaffected by
X o Ry i1 a(Sn) ¥ra( Ruy :F) B(sn) ] (14) complexation and of the polarization vector of the incident

electric fieldg, the induced dipole moment can be written in

and, for a general spin-symmetry state witt5(21) multi-  the SF frame of reference with the help of first-rank rotation
plicity, it is written as matricesR

= a(SF)é= R*laXBF)R

(20

D

1
DdMNL=——def ¢1(Ry;r)a(sy) ¥1(Ry;1) B(Sy)...
S VN! B v 2 with spherical components

X - s(Rn-2s-1;1) @(Sy-25-1)

X hnjo-s(Rn-2s31) B(Sn-29)- --
X o s 1(Ry-1:F) a(Sn-1) ¥no o Ry :F) a(sy)]. By assuming linearly polarized incident light with its
electric vector defining the space-fixgddirection and that
(15 propagates along theé axis (while the scattered light is de-
On the other hand, the nuclear wave function of doftéed  tected along theX axis) the components of the induced di-
clusters is taken as a Hartree product in which all the bosongole become
are assumed to occupy the same one-particle orbital,

Mk=2 e@ DL ¢r, 0.0 anDE (¢;,6,0).  (21)

S C1ma S (2ns1 1 1 n)
~ - n-+
O = 1 (Ry0).. (R0 gia(Ruir). (16) ez (D ang (2D

For bosons and singlet fermions, and starting friim 1 1 n
=2, the initial orbitals are those corresponding to indepen- X Do_(@r,6;,0). (22)

) o : -k 0 kK

dent particles. Here on, the chosen initial orbitals were those
obtained from the preceding calculation with-2 particles. By carrying out an integral over three Wigner matrices

For S#0 fermions, one starts with the optimized orbitals (note the absence of the azimuthal variable
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; * 2. Continuum spectra
j dr D\ o Dok Dyig . . .
£ i We turn now to providing a way of dressing the stick
oo lines. If we consider the case in which the diatomic subunit
) is promoted to a vibrationally excited state, it can transfer the
-Mi 0 M; excess of energy to some of the weak bonds thereby causing
Ji n o J break up of the complex. It is extremely difficult to appro-
(_Q_ Kk Qf)' priately estimate the broadening induced in the spectrum
I

lines by this mechanism of vibrational predissociat{®i®),

:47T5MiMf(_1)M‘<

the matrix elements of the induced dipole moment compopm a reasonable madeling of the process may, however, be

L . fli enough for our present purposes. After our previous dealings
rlents between initial and final states of ty®), u with VP for three-atomic® and tetraatomi®” species, the
=(W|u¥;), can be estimated as . . .
idea is to extend the treatment to larger systems accounting
_ . for two additional facts(1) Different cluster sizes show dif-
ML"~5AfAi5sfs,(—1)M‘2 (—1)maIﬁ'(2n+ 1) ferent angular arrangements of the rare gas atoms with re-
mn spect to the diatomic molecule, thus affecting the corre-
1 1 n\/1 1 n J n J sponding VP width, and2) at least for moderate cluster
( )(—k 0 k)(—M- 0 M-) sizes, the VP width of a system containifhgweak bonds
! : should not be very different froril times the width corre-
J; n J sponding toN=1, though it should tend to some other lim-
( 0 —k Qf) , iting value asN increases. So, our approximation starts with
! the calculation of angular-dependent VP raI§§Hvi(6),l8
Whefea:ﬁi:(Xstfn,uJam|XJis,nivi>- Note that in the boson €=3,4, for the wo three-atoriHe- and_“He—Brz species at
scenario ;= Q;=0), the only surviving component s, J=0 (slightly different values are obtained f%# 0). They
and the scattered light also emerges polarized albifjgar- ~ are being averaged over angular diStfibUti@i\%) (#) com-
allel signa). In this case, the sum overruns only over the ing from our previousD(A'\f;?({Rk};req) functions, Eq.(3). In
values 0 and 2, giving rise to standard diatomiclike selectioraddition, with regard to the second requirement of above, the
rules AJ=0,+2, which contribute to theQ and O, S number of effective bondestimated via the relatiohl‘jﬁ
branches in the spectrum. In order to stress the difference QtEf\Ng)(reu)/E(lf)(Feq)] instead of a purd\, dependence, is ac-
boson/fermion frameworks, we will consider here detectioncounted for. The VP rate is finally given by
along theX axis for linear, parallel polarization.
Ir) terms &f the.sphgrical 'and the anisotropic partsfof the (NI = N:ﬁjwd eD(ANé)(e)Fﬁ (0. 25)
polarizability;* which in this case becomer;;=(aq' Uil 0 : o
+2a}")/3 and B2, = (af'— al')?, respectively,
into account thatr™, = /"' one finds,

-m m O

and taking Note that for simplicity, the required energies and wave func-
tions were those corresponding to the diatomic equilibrium
distance, see E@3).
) The previous estimate applies to pure bosonic or fermi-
onic complexes. When dealing with a mixtureMffermions
andM bosons, one can “democratically” share the coupling
), (23)  term, Eq.(12), between the two components, getting effec-
tive numbers of fermionic or bosonic bonds,

. J; 0 J¢ Ji 0 J¢
Ko it _Mi 0 Mi _Qi 0 Qf

25”( o2 Jf)( Jo2 %

+
3 =M, 0 M;/l-Q; 0 Q

The third component o is conserved in SFAM=0) as
well as BF AQ2=0) frames. We immediately see remark-
able changes in the complexes containing fermions With M
=0¢#0, since transitions witlhJ==*1 become allowed —| =(My) N/M (1)
and, thusP andR branchegwith the exception oP(1) and Ma (E (Feg) + M+N ((VFig >>)/E (eg)
R(0)] should appear in the spectrum.

For a fixed energy of the incident photon we can intro-
duce a Boltzmann distribution over cluster states at a given (Na/My) _ N3 N M4F(M4)
temperatureT and average over initial rotational states. Ve N_gﬁ Ve Mgt e
Hence, a line of intensity

N3:

N
N
ENS (eg + 4 +N<<VQ52”>>)/E<13><req>

and the corresponding VP rate therefore becomes
(26)

Eq. (26) constitutes a generalization of H&5) and recovers
e (=i /kT) 1 _ the original result for pure clusters, i.e., fd=0 or M =0.
Iﬂ(T)ocE'e,(ai,kT) 2J-+12 |,u{,"|2 (24 By dressing the corresponding lines with Lorentzian
: : M functions and by summing over transitions, a continuum
spectrum is obtained,

would appear at an energﬁwﬁzﬁwo—(sts,lAizi,,f
—&3sA,3,,) Of the scattered photon. In E(R4), we have (o= I'¢i/2m
rep|309d83is,/\iziui by &; for simplicity of notation. ’ K ﬁz(w—wf,i)2+l“?i/4

I(T) (27)
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which satisfies the condition TABLE |. Parameters of different atom-atom interactions.
Interaction D (cm b a(A™h peq (A) y (aut)
f dwo(w;T)=2, 11(T). (28) =
i Bry(X) 24557.674 1.588 2.281
He-Br(X) 19.62 1.55 3.81

In the calculations presented here the following masses
(amu) were used:mg,=78.918 30, ms,,.=3.016 04, and corrected. In this way, the improved description of the short
Muye=4.002 60. A grid of 5000 points in the rang&.5— range(“intrashell”) correlation carries over to the high mul-
18.5] A was employed to numerically solve E(@.8), using a tiplicity states as well. Therefore the same valueyofvas
Numerov procedure, at different orientations for fixed bro-used for all pairs of He atoms irrespective of their bosonic or
mine bond-length distances of=2.20, 2.281, and 2.35 A, fermionic character. Table | collects the valuesyo&nd the
where Quantum Chemistry calculations were performedrest of parameters used to describe the different potentials for
Convergence in the fermionic cases was achieved by usingtom-atom interactions.
I ma=8: |Mmad =3, andn,,=4, see Egs(17) and(18), and
I masx=12, |Mmad=1, andn,,,,=4 for bosons. With the above B. Energetics
basis sets, the needed one-particle and two-particle integrals For pure bosonic or fermionicS=0) species, with the
were eval_uated anqutlcally in the angular variables and nug,.g distance at its equilibrium value=2.281 A, Fig. 1
merically in the radial one¥. displays the evolution of ground state energies with the size,
A. Interaction potentia|s i.e., the numberN Of He atoms in the CIUSter. DMC
calculationé* are included in order to show the accuracy of
Hartree results along the whole range of sizes considered.
The truncated core parametgof the scaled He-He potential
U(r)=D{1—exr{—a(r—req)]}2 (29 was fitted atN=2. A smooth increase of binding energies
with the size can be seen for the two kinds of isotopic spe-
cies, suggesting the tendency to a limiting value. The limited
cluster size considered in this work does not allow as yet to
reach such a value. We further see lower binding energies for
W(r,R,6)=M(R;)+M(R,), (300  fermionic than bosonic clusters, a feature of the combined
consequence of the lighter mass®fe and the spin effect,
which imposes the filling of excited spatial orbitals for fer-
M(R))=D{1-exf — a(R;—Rgg1}*-D. (31)  mionic statistics.
Figure 2 depicts the corresponding effective potentials of

N Intfculrr;, the :e}:Hglmter:actloV was moc:e(l;_ef? asa I\,<I/|ors;a Eq. (5) in the neighborhood of the Brequilibrium distance
potential from iet. when carrying out difiusion Monte together with the diatomic interaction. In the fermion

Carlo (DMC) calculations. Because of the mean-field natureand the mixture cases, the degree of energy degeneracy does
of the Hartree and Hartree-Fock treatments based on on

fot allow to distinguish among different multiplicities within
particle orbitals, the He-He repulsion at short distances i?he scale of the f?gure o or?ly the sinngtzg cases are

overestimated? In fact, for two bosons, and two fermions in . . . :
) ' . ’ . . included. In spite of the fact that the effective potentials ap-
a spin stateS=0, the potential of Ref. 21 gives binding en- P P P

ergies of only ~26cm ! and ~19cm !, respectively.
These values are to be compared with the corresponding ac
curate variationadf estimates of 36.28cnt and
30.71cm . As the systems increase in size they become 60 |
artificially unbound and Hartree/Hartree-Fock calculations -80 -

The Br(X) intermolecular interactiotd was described
by a Morse functiort?

while the ‘He-Br,(X) intramolecular potentiaWW was ap-
proximated as a pairwise addition of Morse He-Br interac-
tions in the ground stat&,

whereR;, i=1,2 are the two He-Br distances and

Hartree-Fock

using the original He-He interactiéhbecome meaningless. "g 100 .

This difficulty is overcome by introducing an effective trun- % -120 .

cated core potentiaf?2®V exd —yV] to better account for I 149 )

short-range correlation. Thg parameter selects the maxi- & 4, ]
. . . . <

mum allowed interaction at short distances, and it was ad-w

180 [ Bry(x)-CHe)y —o—
200 F Bry(X)-(*He)y —5—
200 | Bro(0)-(*He)y —m—

justed to get good agreement with the “exact” DMC ener-
gies for bosons.

The more accurate description of the short range corre-
lation, formulated for pairs of bosonic He atoms and 2% 0 .7 ¢ & 10 12 14 16 18
achieved through introduction of an effective truncated core N
potential, also applies to pairs of fermionic He atoms in the ) _
singlet spin multiplicity state, as the latter are not dif‘ferent,FIG' 1. Ground energies of cg_mplexes as a function oj the number of He

. 'atoms, calculated at the equilibrium Bbond-length,ro,=2.281 A. For
apart from the mass, from the former. Thus the lowest spin‘ye  Hartree calculations are compared with “exact” DMC ones. g,
multiplicity state, which is the most correlated, is in fact alsoHartree-Fock singlet stat&SE0) levels are reported.

DMC
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T 7 T T T TABLE IIl. Convergence study, through the SCF procedure described in
1200 v Sec. Il B, of the energy at=r ., corresponding to different multiplets in the
U + ESS () —— y mixed complex of 18 fermions/18 bosons.
8,
18
Ut + Eggt) —a— 25+1 ) &) @
_. 800 U(r) + ESS 18 —o—
‘TE 1 —286.03 —318.69 —318.70
e 3 —286.72 —319.07 —318.99
B 400 | ] 5 -287.91 —318.09 -319.71
z% 7 —294.46 —324.24 —327.40
9 —290.23 —321.09 —321.29
ol | 11 —293.41 —321.02 —319.42
13 —295.36 —321.09 —323.10
15 —293.17 —323.99 —327.05
40 . . . ‘ . 17 —293.55 —320.62 —323.36
%.1 5 2.2 2.25 2.3 2.35 24 245 19 —293.59 —319.33 —322.80

r(3)

FIG. 2. Effective potentials as functions of the,BX) bond length for
complexes containing 18He atoms(singlet statg 18 “He atoms, and a
mixture of 18°He and 18*He atoms(singlet staty together with the po-
tential for the isolated diatom.

responding Raman spectra, as will be shown later. They ex-
hibit a broad distribution ofA values, although the lowest
one (S=4) corresponds to & state. In spite of the high
degree of degeneracy shown by the mixture, the lowest level,
pear to be a simple translation from the “bare” diatomic the S= A =3 state, is found far from the rest of them and
interaction, the additional terms show a slow linear depenelose to theS=7, A=1 level.

dence onr, with decreasing values asincreases. For the For the mixture containing 18 fermions and 18 bosons,
vibrational shifts we can compare tle=0—1 vibrational and with the bromine bond fixed g, Table Il lists the set
spacing atJ=0 for the isolated diatomic molecule with the of energy values for the different spin multiplicities, obtained
three clusters which contain 18 fermion, 18 boson, and &y applying the procedure described in Sec. 1B, up to a
mixture of (18 fermion- 18 boson) He atoms, solving Eq. second step. When one compares the results of the last row

(4). In Bry(X) alone this quantity (cm') is 323.1561. It
increases smoothly to 323.34528F, S=3,4), 323.3554
(18B), and 323.539618F/18B,S=3). As for the rotational

shift, i.e.,J=0—1 atv =0, within an error of 0.0001 cht,

0.1639 cm .

them, energies, mean values of the squared orbital angular

with those of the previous one, a degree of convergence bet-
ter than 1% can be seen. Although the zero-order level
(which coincides with the first order of perturbatjois far
from having reached convergence, the distribution of ener-
there is no variation with respect to the diatomic value ofgies is maintained along the process with the single excep-
tion of the S=6 state that is the lowest one at this level. On
At the equilibrium Bg(X) bond distance and for the the contrary, a first alternate Hartree/Hartree-Fock calcula-
species containing 18 fermions, 18 bosons and a mixing dfion leads quickly to converged results.

In order to perform spectra simulations, we carried out

momenta and their projection on the intermolecular axis arealculations at different values of the bromine bond-length.
listed in Table Il. The role played by the spin multiplicity Table IV collects the results obtained for the three cluster
becomes apparent since the complexes with fermions showsazes already mentioned, and for the different spin multiplici-
density of levels which is in contrast with the single level ties, at two additional values of 2.20 and 2.35 A, covering

appearing for the bosonic case. For pure fermions, and up tinev =1 level of the isolated bromine. Within this range, a
S=5, the different levels show up within an energy rangelinear decrease of binding energies @ncreases is found for

smaller than 3 cm?, which has profound effects on the cor- every complex and at all multiplicities. So, by adding these

TABLE Il. Energies, mean value of the squared orbital angular momentum, and its projection on the interdiatomic axis of boson, fermion and mixture

complexes. They are calculated at the equilibriuma(R) bond distance and depend on the spin multiplicity.

(*He)is (PHe)is (*He)iat (*He)s
2S+1 E (L? A E (L? A E (L? A
1 -222.17 66.42 0 —188.40 111.57 8 -318.70 230.74 8
3 —188.90 84.44 6 -318.99 205.73 6
5 —189.84 105.74 7 -319.71 230.45 7
7 —190.25 75.94 3 —327.40 203.15 3
9 -191.11 69.96 0 —321.29 187.32 0
1 -188.73 64.64 0 -319.42 240.54 0
13 —185.80 55.86 0 -323.10 233.99 0
15 —180.76 34.18 1 —327.05 237.33 1
17 —175.26 49.21 2 —323.36 255.57 2
19 -169.31 57.50 0 —322.80 276.14 0
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TABLE IV. Variation of the energy (cm?) with the Br, bond lengthr (A) of the different multiplets in the
complexes considerated. Entries correspond to the sequenz®0/2.281/2.35.

25+1 (*He)ss (®He)sq (*He)1g+ (®He)yq
1 —225.06/~222.17/219.76 —191.21/188.40/ 186.08 —323.66/~318.70+314.55
3 —191.74/188.90+ 186.58 —325.98/319.00~ 314.74
5 —192.61/189.84/-187.54 —325.02/~-319.71+314.19
7 —192.99/190.25/+ 187.98 —333.14/327.40F 322.57
9 —193.82/~191.11/-188.86 —326.91/321.29/~314.15
11 —191.43/188.73+186.49 —324.52/-319.42}-314.97
13 —188.51/185.80~183.55 —327.95/323.10~319.43
15 —183.53(~180.77+178.50 —332.00+327.05/ 320.69
17 —178.01/~175.26/173.00 —326.29/323.36/319.38
19 —172.07/~169.31/ 167.06 —327.94/-322.80/~318.52

energies to the diatomic potential, E§), a decrease of the at linear and perpendicular configurations, passing through
equilibrium value would be expected when going from thezero at~60 and 120°. It has to be averaged according to the
isolated diatom to the different complexes, leading to a low-olar orientation of He atoms with respect to the, Bixis
ering of the moments of inertia. This is in clear disagreementithin the complex. Such distribution, calculated at the Har-
with the experimental factsvhich, for boson complexes and tree level, is also depicted in the figure, together with that
according to a classical model, correspond to moments afbtained by DMC(Ref. 24 calculations. Only a qualitative
inertia equal to that of the diatomic molecule plus the con-agreement between the two distributions can be obtained,
tribution of the nearest helium atoms and the additional hysuggesting the presence of three rings of He atoms around
drodynamic terms. However, one must realize that for highthe bromine axis. In fact, the Hartree results overestimate the
values of the orbital angular momentum the centrifugal ~T-shaped configurations and present a more pronounced an-
term in Eq.(5) may dominate over the additional potential isotropy than the DMC ones. However, the averaged half
term, so the combined effect may go in the reverse order, i.eWidths, Eq.(25), are almost the same, amounting to 3.563
in agreement with the experiment. For the largest boson clus< 10~° cm™* (Hartreg and 3.11% 10™> cm™* (DMC), re-
ter considered, we estimate that this effect would take placgpectively. So, within the model used here, Hartree results
for L>22. This quantity increases with the size of the clus-TMay be considered reliable for energies and broadening of
ter, reaching values ofL~345566778 forN lines which determm.e. the continuum Raman spectra.
=2,4,6,8,10,12,14,16,18, respectively. Although its actua]f 'I.'he' same quantities are depicted n F'.g' 5 for the pure
= . . ermionic complex, but the angular distributiorisorre-
value of L~8 is not large enough, one should take into aC-sponding to the two limiting spin multiplicitieswere ob-
count that for larger clusters, as is the case of moleculegyiney through Hartree-Fock calculations. The triatomic VP

embedded in helium droplets, much higher values of the org ¢ width 1ooks similar to the bosonic case, the quantitative
bital angular momentum would be expected therefore Ieaddifference coming from the different mass of the helium

ing to the correct agreement with experiments. atom. Also the angular distributions are qualitatively similar,
the singlet state showing an even larger concentration of he-
C. Simulated spectra

Considering a f=1«v=0) transition, application of

Eq. (24) to Bry(X)-(*He),g boson complex leads to a stick 0012 ' Qs ' Br' 012

vib-rotational Raman spectrum that can be compared to thai s C

for the isolated bromine in Fig. 3. To obtain the averaged %' ] Bre(Hehig = o

spherical and anisotropic polarizabilities of,Br-dependent

cubic polynomial fits toab initio calculation® have been 3 0-008 1 [ 0-08

used. In this way, and assuming a rotational temperature of zg

K, dominantQ lines are found, their intensity being one z 0.006 - 5(0) - 0.06

order of magnitude higher than tieand theS lines. As our E ;

simple model predicts, the different lines corresponding to = 0.004 - - 0.04

the complex appear0.20 cm ! shifted to the left with re-

spect to the isolated diatomic molecule. 0.002 - 0.02
In order to further include broadening of the spectral s@) S @) o

lines and obtain continuum spectra for the three species men 0 N : I I 0

tioned above, the model described in Sec. 11D 2 has been -4.5 -4 -85 -3 -2.5 2

used. For pure bosons, Fig. 4 shows the angular-depender.. Frequency Shift @ — a, (om’™)

; _1y\.4
half width for the VP process BfX,v =1)-"He— Bry(X,v FIG. 3. Stick Raman spectra £ 1—uv=0) of Br,(X) and Bp(X)-(*He)s

_ 4 ; - ;
=0)+"He Ob'tag‘Ed by gpplylng the model of Beswick .and species aT =2 K. Q lines, presenting intensities eften times greater than
Delgado-Barrid? It predicts the presence of three maxima, the other ones, are referred to the vertical axis on the right.
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FIG. 4. Orientation dependence of the half-width for the VP process
Bry(X,v=1)-*He—Bry(X,v=0)+*He and angular distributions for the
Br,(X)-(*He),s complex obtained through DMC and Hartree calculations.

FIG. 6. Q branch region showing the gradual approach from the broad
profile of the complex containing pure fermions, to the apparent single peak
for that corresponding to pure bosons, through the complex build up with a
mixture of fermions and bosons.

lium atoms in theT-shaped configuration than for bosons,
while that corresponding t8=9 decreases such concentra- (andP) branches even an order of magnitude smaller. So, we
tion and increases the population in lateral rings. Accountinhave decided to show separately these regions of the spec-
for the different spin multiplicities, the averaged half widths trum in order to perform their analysis.
are again almost independent of the spin, displaying an os- For the more intens® branch, Fig. 6 shows the spectra
cillating behavior that ranges from 1.0840 *“cm™* (S  corresponding to the three different species. The frequencies
=6) to 1.064<10"* cm ! (S=3). Note that, in any case, follow the sequence: fermions, bosons, and the mixing from
these values are three times larger than in the bosonic case right to left, as a manifestation of the vibrational frequency
To estimate the VP half widths for the species containingshift. For the mixture, and to make evident the correspon-
18 fermions, 18 bosons, and their additidghrough Egs. 25 dence, the spectrum has been shifted to the right by
and 26 the following quantities (cm') have been used: 0.15cnt?, and is reported on the upper, horizontal axis.
El4=—17.156,'3_,=3.56x10 °, EM®=—-22217,E’  Since the bosonic spectrum is again ten times more intense
=—14.385, and simple averages among spin multiplicitieghan those containing fermions, it is marked on the vertical
for T§_,=1.04x10 % E(%)=-184.84, and((VEEY)  axis on the right. Using the notatid@(Jss), the more im-
=84.83. In this way, the half widths reached the values ofportant lines are includediscaled by a factor #I') 1.
0.00133, 0.00046, and 0.00140chfor fermions, for  While for pure bosons this branch is an apparent single
bosons, and for the mixture, respectively. Lorentzian profile, mainly corresponding tb=0, for pure
At a rotational temperature of 2 K, the correspondingfermions the presence of several contributing lines from dif-
vib-rotational Raman spectra show a domin@Qritranch, the  ferent spin multiplicities and their projections gives rise to a
S (andR) branches being-ten times less intense, and B¢ much more broad and unstructured profile. In turn, and due
to the loss of degeneracy, the spectrum for the fermion/boson
mixture recovers the appearance of a single Lorentzian pro-
0.0004 ' ' ' ) 002 file getting similar, albeit wider, to that shown by pure
bosons. It is clearly narrower than the fermionic one.
Using a similar convention for the less intense part of the
0.015 Raman spectrum, Fig. 7 displays t@e P branches. Again
they are more intense for pure bosons, which present©nly
branches, and are referred to the vertical axis on the right.
However, as predicted, those complexes containing fermions
exhibit alsoP branches, which sometimes are more intense
than theO ones[compare, e.g.P(2) andO(3)]. For pure
fermions, the O lines are superimposed td® ones
[O(2)/P(3), O(3)/P(5), etc], although the former domi-
h " nate over the latter. Due to the presencePobbranches, the
0 30 s so 120 10 180 effect is a congestion of the spectrum for those complexes
Orientation (degrees) containing fermions with respect to the pure bosons case. For
complexes containing a larger number of fermionic He at-

FIG. 5. Dependency on the orientation of the half-width for the VP process e
Bry(X,v=1)-*He—Br,(X,u=0)+3He and angular distributions for the oms, an amplification of such an effect may therefore be

Br,(X)-(®He),s complex for the two limiting spin case§=0 andS=9,  envisaged. _ o _ _ _
obtained by Hartree-Fock calculations. For the intermediate intensity, and using the conventions

0.0003

0.0002 0.01

Half-Width (cm™)
Distribution

0.0001 0.005
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FIG. 7. O, P profiles for the three specie® branches are absent for
complexes containing only bosons. The same conventions than in Fig. 6
have been used.

FIG. 9. EnlargedS(1) region from Fig. 8.

of the two previous figures, we plot in Fig. 8 the correspond

g‘g R’h S profiles fOf tt::e Ramgn Spectrum.h,é\lga}|r1t, orgl dcalculations for sizes up to 1%#e atoms, using a truncated
ranches appear for In€ pure boson case, while Interpraced., , o potential for the He-He interaction. This potential de-
branches do appear for complexes containing fermions, giv-

o o . gends on a single parameter which has been fitted\for
ing rise to congestion in the spectrum. For pure fermions, th:2 and then used along all sizes, also for fermions. A
S branches present again some contamination fromRhe simple SCF procedure has also been designed to deal with
ones[S(0)/R(2), S(l)/R(.4)’ etg.]. . . . fermion/boson mixtures.

As an example, we dlsplay_ln Fig. 9tl$§1) region with Using an adiabatic model for the intramolecular bond
the assignment of_the more Important lines. It presents Qistance, and assuming a simple model of VP to introduce
single (1) Lorentzian profile for bosons, a rather unStruc-broadeni,n effects, vib-rotational Raman spectra have been
tured profile for pure fermions with main contributions from simulated ?or thosé complexes containin 1% bosons. 18 fer-
S(1) and alsdR(4), andagain a more simplified profile for P 9 '

! : . . i d the mixture of both.
the boson/fermion mixture coming essentially froBi1) mions, an . . .
lines with negligibleR(4) contributions. The more intens& branch already exhibits the main

characteristics experimentally found by Grebeeewal! for
the IR spectra of OCS embedded in He droplétsA simple
profile for pure bosons, which apart from a little broadening
We have presented in this work quantum chemistry-typeand frequency shift results close to that corresponding to the
calculations for complexes of Bwith He (boson or fer-  jsolated molecule(2) a broad structure coming from the
mion) atoms. They were treated at the same level of accupverlap of several lines corresponding to different spin mul-
racy, i.e., through Hartree and Hartree-Fock calculations, regpjicities for the pure fermionic case, artd) recovering of
simpler structure for the boson/fermion mixture as a conse-
quence of loss of degeneracy.

spectively. The former has been tested against DMC

IV. CONCLUSIONS

-4.4 -4.275 -4.15 -4.025 -3.9 -3.775
0.4 : : : : 4 While for pure bosons onlyS and O branches are
s EASE $(0) presentR and S interplaced structures do appear for com-
8B —— plexes including fermions, giving rise to a congestion in the
0.3 4 3 spectrum. In any case, the same behavior is also obtained for
£ Q branches for the sequence of pure bosons, mixture, and
1) pure fermions in order of increasing complexity.
z 02 M2 Possible extension of this work are twofold. On the one
é hand, we plan to study polar diatomic molecules, as CO, HF,
- 01 . etc. to perform infrared simulations able to compare with the
‘ 8(1) At) recent experimentésee e.g. Refs. 26 and Rincreasing at
l RG) ; the same time the size of the clusters. On the other hand, we
0 N 2N AW & N plan to use high-level Quantum Chemistry packafes
-4.25 -4.125 -4 -3.875 -3.75 -3.625 MoOLPRO (Ref. 28] through replacement af;, Coulomb po-

Frequency Shift a-wq (™) tential terms by the appropriate ones involved in the present

FIG. 8. R, S profiles for the three specieR. branches are absent for com- prOblem' This also suggests the pOSSIbIIIty of deallng with

plexes containing only bosons. The same conventions than in Figs. 6 andqiﬁerent many'bOdy intera_ctions which appear in relate_d
have been used. fields, e.g., elementary particles or condensed matter physics.
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