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Abstract: Experiments where impurities were incorporated into helium nanodroplets have shown that the impurity freely rotates, and this has been
attributed to the superfluidity of the nanodroplet [1]. Results from experiments with smaller helium clusters suggest that the onset of superfluidity is
linked to system size and bosonic exchange effects [2]. We have used path integral techniques to investigate these systems and predict their
spectroscopic behaviour in the microwave and the infrared regions of the spectrum. We are particularly interested in observing the superfluid
response in clusters where the helium atoms have been substituted with parahydrogen molecules. Molecular hydrogen has been suggested as a
potential candidate for the observation of superfluid response but this substance crystallizes before reaching a temperature low enough for
superfluidity to appear. We will show theoretical and experimental results of a molecular superfluid response at the nanoscale via the formation of
doped hydrogen clusters with a carbon dioxide probe molecule [3]. Properties such as density distributions, spectroscopic features, and effective
rotational inertia can be extracted from the smulations. We will show new results for the case of asymmetric top molecules embedded in superfluid
para-hydrogen clusters. A perspective on the current challenges of the field will be presented. [1] Grebenev, Toennies, and Vilesov, Science 279,
2083 (1998); Toennies and Vilesov, Angew. Chem.-Int. Edit. 43, 2622-2648 (2004). [2] Tang, Xu, McKellar and JAager, Science 297, 2030 (2002)
[3] Li, Le Roy, Roy, and McKéllar, Phys. Rev. Lett. 105, 133401 (2010)
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Motivation

® Experiments on helium droplets and clusters

® [mportant observable: B constant
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Motivation

® Experiments on helium droplets and clusters

® |[mportant observable: B constant
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Motivation

® Experiments on helium droplets and clusters
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Theoretical Tools

H = BI’ +—+2p—'+2v(‘r —r[)+2V(r,,R Q)

dopant mt. i<

rotaton dopant bosons: helium atoms dopant helium
translation coupling

3 Anisotropic
— /bl
Z— kg

Path integrals with exchange (Bose-Einstein statistics)
Sampling using Monte Carlo (PIMC)

Properties:

Energy, Structure (densities)

Correlation functions (imaginary time): dipole-dipole
Response properties: effective inertia

Using worm algorithm: M. Boninsegni, N.V. Prokof'ev and B.V. Svistunov, Phys. Rev. E 74, 036701
(2006). M. Boninsegni, N.V. Prokof'ev and B.V. Svistunoy, Phys. Rev. Letr. 96, 070601 (2006).
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Can we obtain spectral features?

Rotational spectrum: Fourier transform of the real time dipole auto-
correlation function (difficult to calculate for large systems)

We opt for its imaginary time counterpart and model fit:
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Paths for helium atoms
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Paths for helium atoms
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Recurrences in rotational dynamics
theory: Moroni, Blinoy, Roy JCP (2004) experiment:Y. Xu et al, JCP (2006)

0_7__.___._. it B e - —
“He —N Oclusters

s "B_ "_g_r'él'jh"d' state MC |
A B expenment

'cg

B - rotational

O
(&)

constant

A

[K. Nauta and R. Miller, I - moment of

B ﬁnanodroplet limit J- Chem.-Phys 115 (2001)]
e

nertia

Theoretical prLdicdon of Moroni and
new experlmental results of Xu and
Turnaroun |

x
=
i
I
8
=
=
S
=
=
@
=
=
@
=
(8

Number of helium atoms

previous experiment: Xu et al, PRL (2004)

Pirsa: 12050038 Page 12/23



Proposal: dopant molecule as a probe of
superfluidity at the microscopic level
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He\~-OCS complexes: oscillations in B

Differendal densities

Exp. McKellar, Y. Xu and W. Jager, PRL 2006
: Hydrodynamics model
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Reduced Dimension PES

Rotational constant CO; vs. Hy: BH2 > 59.322
B0y 0.390

=152

Li, Roy,and Le Roy, |. Chem. Phys. J. Chem. Phys. 132,214309 (2010);ibid133, 104305 (2010).
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Structure and magic numbers:
partial, fractional filling
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Conclusions

Confirmed superfluid response to probe rotation in doped para-H clusters
Turnaround in B constants is a direct sign of the onset of decoupling

First experimental determination of superfluid fraction in 2 molecular
superfluid. Theory was necessary to interpret this experiment.

But superfluid response seems to die out as N increases because of
solidification
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Molecular Superfluid: Nonclassical Rotations in Doped Para-Hydrogen Clusters
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Clusters of para-hydrogen (pH;) have been predicted 0 exhibnt superflud behavior, but direct

observation of this phenomenon has been elusive. Combiming cxpenments and theoretical simulations,
we have 1 the sire evol of the superfluid response of pH; clusters doped with carbon
dionide (00,). Reduction of the eflective inertia is observed when the dopant 1 surmounded by the pH,
solvent. This marks the onset of molecular superflusdity in pH;. The fractional occupation of solvation
rings amund CO, fates with enky d superfluud rew for cenain cluster sizes.
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CO a Ilghter and gentler probe
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A persistent molecular superfluid response
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Beyond linear dopants!’
Water

*a lighter and faster rotor
easymmetric top molecule
etheoretical challenge and important coding

work
ofirst PIMC simulation of a solvated asymmetric
top with bosonic exchange for the environment.

Zeng, Li, and Roy, Phys. Rev. Lett., submitted
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Many waters, a few hydrogens:
clathrate hydrates

2 parahydrogen
molecules in a
water cage at 00K
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