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High resolution infrared spectra of Re-CO, clusters withV up to about 20 have been studied in the region
of the CQ, v3 fundamental band. ThB rotational constant initially drops as expected for a normal molecule,
reaching a minimum fotV. = 5. Its subsequent rise faN = 6 to 11 can be interpreted as the transition
from a normal (though floppy) molecule to a quantum solvation regime.NFos 13, the B value becomes
approximately constant with a value about 17% larger than that measured in much larger helium nanodroplets.
Quantum Monte Carlo calculations of pure rotational spectra are in excellent agreement with the mBasured
this size range, and complement the experimental study with detailed structural information. For larger cluster
size (N = 30 — 50) the simulations show a clear sign of convergence towards the nanodBopidtie.

PACS numbers: 61.46.+w, 36.40.Mr, 02.70.Ss

Helium clusters offer the possibility of studying manifes- several respects similar to OCS. Whether this is related to the
tations of superfluidity at a microscopic scale, and more genanomalously low value oB of the N,O molecule measured
erally effects of confinement in quantum fluids [1]. Super-in large droplets [12] is presently not undestood.
fIUIdIty can be defined and measured in terms of the re- In the present paper, we use 5:& the probe mo|ecu|e' and
sponse to an external perturbation [2, 3]. While Path Intefyrther extend the study of small helium clustergByecord-
graI Monte Carlo calculations found superfluidity behavior in mg infrared spectra in the region of the €@; fundamental
*He droplets with as few as 64 atoms [4], direct experimentand (2350 cm') and(ii) calculating the rotational spectrum
tal evidence of superfluidity in pure He clusters has remainegh the vibrational ground state by means of QMC simulations.
elusive. In recent years He nanodroplet isolation (HENDI) | many respects, COis similar to NO and OCS. But
spectroscopy [5] has made a probe to rotational motion in He¢ ¢ rse. there is also a significant difference: ;.G©sym-
droplets ::_1va|lable. Spectroscopic |nterrogat.|on of molecule%etric and nonpolar. Because of symmetry, only half of the
solvated in*He droplets reveals free-rotor-like spectra [6], o mal rotational levels of ground-statéC'60, molecules
although with an increased moment of inertia. Theoreticaly o o0\ nied (odd J-values are forbidden), with the result that
descriptions, based on demotion of superfluidity in the f|rsq_|eN_C02 cluster spectra are simpler and less congested than
solvation shell induced by the anisotropy and strength of th?hose of Ha-N,O and Hey-OCS. But these missing rota-

molecule-He potential [7, 8] and on hydrodynamic responsgq ) yransitions also mean that the spectra contain less infor-
of the modulated superfluid density around the molecule [Q]mation. The net effect is that we can more easily follow the

give a fairly good account for the increased moment of inertiapattern of He,-CO; transitions to highV—values (V = 18+
observed in large droplets (from a few hundreds to order of tefy pi 1, is considerably higher than for KeN,O and H@:

thousands He atoms), especially for relatlvely_ he\_avy and SIOVbCS), but the resulting rotational assignment and analysis is
rotors such as SFand OCS. However the relative importance joqq secure and precise. While confirmation of infrared as-

of different effects is still under debate. signments from observations of analogous pure rotational mi-
Recently, measurements of the evolution of rotational concrowave transitions is not possible for €@s it was for NO
stants with the size of the cluster have been reported [10, 11fnd OCS, the agreement with the theoretical simulations re-
For *Hey—OCS, B decreases in the rangé < 8, under- ported here strongly support the experimental analysis.
shooting its nanodroplet value, which implies a subsequent The apparatus was similar to that used previously in our
turnaround at larger cluster sizes [10]. Quantum Monte Carlavork on He clusters [10, 16]. A tunable infrared diode laser
(QMC) calculations of rotational excitations of the clusteris used to probe a pulsed supersonic jet expansion. The gas
confirm the observed undershoot, locating the minimumB of mixtures consist of very small concentrations (0.1 to 0.002%)
at N = 6 [14] or 8-9 [15]. Experimentally, such a turnaround of CO, in ultra—high purity helium. We use both pinhole— and
has been observed fitey—N,O, with a first minimum ofB  slit-shaped jet nozzles, with temperatures varied fret to
at N = 6, followed by an oscillatory behavior [11]. Fori®, —160 °C, and rather high backing pressures up to about 45
however, the value oB obtained for all clusters folv up  atm. TheN-value assignments were primarily based on the
to 12 is significantly above its nanodroplet limit [12]. Slow order in which the lines appear as clustering is increased in the
convergence oB3 has been predicted for light rotors such assupersonic expansion by raising backing pressure and lower-
HCN [13], but it is somewhat unexpected fos®, which isin  ing jet temperature. The assignments were also supported by



the rotational analyses, as described below. Finally, they were 12 Shagg T
partly based on achieving a smooth behavior of line position T osl £ no
as a function ofV. 3 i oats,

Details of the assignments will be reported elsewhere [17]. <>‘1° 041 o4 et RRog oy €O,
We discuss here the rotational analysis. Three transitions, 00 ocs ®oo
R(0), P(2), and R(2), were assigned for each cluster with 04 ) o2l . . .

N between 3 and 17 [18]. These limited data can be fitted _ I o ——
in terms of at most three parameters. The only practical ap- TE 03 e 01 L¥ . .
proach is to use the simple linear molecule energy expression, s 0 20 40

E = vy + BJ(J + 1) — D[J(J + 1)]?, to determine the w 020 g8%°%%0g00x >
band origin,v, rotational constant3, and centrifugal distor- o1l e %

tion constant,D, assuming thaB and D are the same in the 0.004 I ‘ ‘ ‘
ground and excited vibrational stateg(CO,)=0 and 1. T; © o’ ° ;’ % o000

The variation of the vibrational band origim,, with cluster S 0.002 - o x X x X
size is shown in Fig. 1(a), which includes a comparison with e ': oom® X S o x
Hen—OCS and Hg—N,O. All three cluster systems show the 0.000 0 5 10 15 20
same turnaround in vibrational shift & = 5, which can N

be explained by the donut m_o_del in which the first five HeFIG. 1: Variation with the cluster size of (a) the vibrational band
atoms occupy equivalent positions around the equator of thrigin, A, (b) the rotational constani, and (c) the centrifugal
CO,, OCS, or NO, where each exerts a similar blue-shifting distortion constantpD. Circles and crosses indicate respectively the
effect. Subsequent He atoms occupy positions closer to theresent experimental and theoretical results forHEO,. Panel
ends of the molecule, where they exert a red-shifting effecta) includes for comparison the value afi, for Hex—OCS [10]

on the vibration. The very close match between the@d ~ @nd Hev—N>O [11]. The inset of panel (b) shows the calculated
OCS shifts forV = 110 8 in Fig. 1(a) is quite remarkable, - vaues i an exended range. The dashed fnes indicate the nan-
and this helps to support the present analysisNoe= 3 to '

8. Unfortunately, we cannot compare the present vibrational ) ) )
shifts with that of CQ in helium nanodroplets since our ob- and CQ molecules behave rather differently in small helium
servations were in the fundamental band region, while the clusters in spite of their close family ties, as already known

only available nanodroplet observations apply to thevs for larger clusters from HENDI spectroscopy [12]. In gen-
and2v,+v5 bands [12]. eral terms, the fact that HeCO, shows the earliest and most

The variation ofB rotational constant withV is shown in  Pronounced3 value turnaround, compared to the other family
Fig. 1(b). Starting at the value for the isolated O@olecule, MeMbErs, is not surprising in view of its higher symmetry and
0.39 cnT'!, B drops to a minimum of 0.11 ¢ at N = 5, the weaker anisotropy of its interaction with helium [20-22].
and then rises through a broad local maximum of 0.20 tm Figure 1(c) shows the variation witlv of the centrifu-
around N = 11, signaling a transition to a regime where a fracgal distortion parameterd). We can compare these values
tion of the helium density is decoupled from the rotation of thewith those determined previously for eOCS and He -
molecule [11, 14, 15]. FaN = 14to 17, B decreases slightly N,O clusters [10, 11]. The He-OCS distortion parameters
to an almost constant value of 0.18 tha The limiting large-  are considerably smaller, while those of f#&, O are mostly
N value for helium nanodroplets [12B = 0.154 cm™!, is  smaller but fairly similar to those of HeCO, for N = 3 to
indicated by a dashed line in Fig. 1(b), and it appears that thig. This is consistent with the fact that He—¢£@termolec-
value will be approached from above Asgoes from 17 to ular forces [20] are significantly weaker than those for He—
5000. For Heg-OCS, B decreases steadily frold = 0to  N,O [22]. But it is not so easy to understand why the\He
8, passing through the nanodroplet value at about N = 5, and,O distortion parameters are significantly larger than those
its eventual turnaround has not yet been observed experimenf Hey—OCS, since the depth of the intermolecular potential
tally [10]. For Hey-N-O, the variation ofB is rather sim-  well is smaller in the latter case [21]. Overall, we can say that
ilar to that of Hey-CO,, but with the significant difference the similarity between He-CO, and Hey-N,O distortion pa-
that B always remains above its nanodroplet value fowHe rameters forlV = 3 to 7 tends to support the present analysis;
N2O [11]. The Hey-CO, and Hey-N,O rotational parame- some other possible assignments would give much less rea-
ters are almost identical fa¥ = 1, 3, 4, and 5. A significant sonableD values. FotN = 8 and larger, the presel values
deviation starts fotN = 6, where theB value of Hey-CO, jump into the range 0.0020-0.0035 thwhich is quite large
rises while that of Hg -N, O continues to fall [11]. Itistempt- compared to Hg-N,O [11], or to CG in nanodroplets [12],
ing to relate this difference to symmetry: the donut ring hav-both of which haveD ~ 0.001 cm~!. In defense of these
ing been filled with five He atoms, the sixth atom can go to thearge D values, we can make the following points. First, we
preferred end of BO. But has no such easy choice with £0 do expect very floppy behavior because of the weak He—~CO
where it must divide itself between the two ends. This hasntermolecular forces. Second, the present experimdntal
the effect of destabilizing the ring. Evidently, the OCSO\N  values may not be so meaningful because of the sparse nature



3

6 : ‘ ‘ ‘ ‘ ‘ and 6 are compared in Fig. 2 with those of\4#6OCS [27] and
Hen—N2O [26]. The structural information (donut model)

31 1 ] contained in the turnaround of the measured vibrational shift

o 4H65;Coz /m at N = 5 for all these clusters is clearly demostrated: the first
five atoms fill an equatorial ring around the molecule, and the

3t 1 ] sixth spills out towards the poles of the molecule, leaving the

“Heg - N,O THeg - N,O N dens?ty in th_e ring essentially unchapge_d. Fog#@pz the
0 ‘ ‘ ‘ ‘ ‘ ‘ density outside the donut is evenly distributed, owing to both
3l 1 | the symmetry and the shape of the PES (for,C&&condary

minima of the potential at the molecular poles are shallower
than for OCS [21] or NO [22] on the oxygen side). The ef-
fect of the sixth atom in destabilizing the ring, experimen-
tally observed as a reduction of the moment of inertia, can
_FIG. 2: Contour plot c_)f the helium density profile in a plane contain- e characterized in terms of the molecule—atom angular mo-
ing the molecular axis, for clusters of 5 and 6 helium atoms. The; correlations(r) = —(L - 1(r)), whereL indicates the

molecule (either C@ N.O [26], or OCS [27]), has its center of .
mass at the origin and an oxygen atom on the positiirecton. angular momentum of the GOnolecule, and(r) is the an-

Distances are in Angstrom, and contour levels start at 0.002 with ingular current operator of He atoms at p0i1_1[15]. A large
crements of 0.010, in units of inverse cubic Angstrom. value of¢(r) means that the local He density tends to follow

the molecular rotation. We find that for the H&O, clus-

of the data and the simple three parameter fits. If more datger ¢(r) is zero, within statistical noise, outside the ring, and
were available and higher order distortion and vibrational designificantly lower than foiV = 5 in the donut region. There-
pendence oB andD were included, then th® values might  fore the “wings” of density which appear fd¥ = 6 do not
change significantly. And third, other reasonable assignmergive any local contribution to the moment of inertia; further-
schemes that we tried resulted in similarly lafgevalues. more their presence has the effect of decoupling from molec-

We turn now to the presentation of the QMC calculation.ular rotation some of the density present in the donut region
The simulations are performed with the reptation QMC al-(making permutation cycles with a large projected area more
gorithm [23], using recenab initio results for both the He— likely [8]). For Hes—OCS and Hg-N,O, on the other hand,
He interaction [24] and the He—G@otential energy surface localization of the density in the polar angular coordinate ac-
(PES) in the vibrational ground state of the molecule [20].counts for the observed increase of the moment of inertia from
Details of the simulations are similar to those of Ref. [15] /N = 5to 6 [10, 11].
and need not be repeated here. The estimates of the groundFurther structural information is obtained from the ground
state energy of the clusters and the He density profiles  state energy of the cluster&(V). Fig. 3 shows the incre-
are exact, for given interparticle interactions, within knownmental binding energy per added He atdij)N) — E(N —1)
statistical errors. The calculation of the rotational spectrum igapproximated agf(N;) — E(N;)] /(N; — N;) when simu-
less straightforward. For a cluster with a givénthe simula-  lations for consecutive values 8f have not been done). Once
tion gives unbiased estimates for the imaginary-time correlaagain, the fact that the first five He atoms occupy equivalent
tion functionsc; (1) = (Py(n(7) - n(0))), whereP;(cos(#))  positions is manifest. Also clear, both in the incremental bind-
are Legendre polynomialsy(7) is the versor of the molecu- ing energy and in the radial distributiefip(r) of the He den-
lar axis at imaginary time-, and( ) denotes a ground state sity, shown in the inset of Fig. 3, is the signature of the first
average. The energies of the eigenstates of the cluster witolvation shell completion befo¥ = 20.
total angular momentund, involving molecular rotation, are  Finally we compare in Fig. 1(b),(c) the measured and calcu-
then obtained from a fit to;(7) [15]. Finally, excitation en-  |ated values of the rotational constahand centrifugal distor-
ergies at different values of are analyzed in terms of a lin- tion D. For all the cluster sizes where both experimental and
ear rotor model, yielding the rotational constdmtand the theoretical values have been determined, the agreement for
distortion parameteD. The analytic continuation of imagi- B is almost perfect —the main difference being a small theo-
nary time correlation functions is in general an ill-conditionedretical underestimate of the broad maximum arodhe: 11.
problem [25]. However the experimental observation that theNote that the simulations fa¥ up to 15 were performed with-
rotational spectrum of the cluster is well represented by a fregut prior knowledge of the experimental results. The calcu-
linear rotor implies that for gived there is a strong peak well lated centrifugal distortions are generally smaller than those
separated in energy from other spectral features. In these copbtained from the rotational analysis of the measured spec-
ditions, the position of the peak inferred from imaginary timetra. However both the general trend of the dependence on
correlations is fairly robust against details of the fitting proce-the cluster size, and the very large valueldfcompared to

dure. Success of a similar analysis for{#6OCS and He—  the OCS- and NO—doped cluster, are well reproduced. In
N2O clusters [15, 26] further supports the reliability of the view of the uncertainties inherent in a rotational analysis with
procedure. rather sparse data, we consider the overall agreement quite

The He density profiles for He-CO, clusters withV =5 gratifying. For larger cluster sizes, the theoretical value of
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