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Direct observation of superfluid response in para-hydrogen (p-H,) remains a challenge because of the
need for a probe that would not induce localization and a resultant reduction in superfluid fraction. Earlier
work [H. Li, R.J. Le Roy, P.-N. Roy, and A.R. W. McKellar, Phys. Rev. Lett. 105, 133401 (2010)] has
shown that carbon dioxide can probe the effective inertia of p-H, although larger clusters show a lower

superfluid response due to localization. It is shown here that the lighter carbon monoxide probe molecule
allows one to measure the effective inertia of p-H, clusters while maintaining a maximum superfluid
response with respect to dopant rotation. Microwave spectroscopy and a theoretical analysis based on
Feynman path-integral simulations are used to support this conclusion.
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Apart from helium, para-hydrogen (p-H,) is the only
substance that is expected to exhibit superfluid behavior
under laboratory conditions [1]. While bulk p-H, freezes
at 14 K, nanoclusters remain liquidlike [2] down to at
least the estimated superfluid transition temperature of
1.1 K [3]. Direct observation of superfluidity in small
p-H, clusters has remained a challenge, however, be-
cause of the need for a probe that would not induce
localization and a concomitant reduction of the super-
fluid fraction. Initial efforts have shown that carbon
dioxide can probe the effective inertia of p-H, clusters
although larger clusters exhibit a depressed superfluid
response due to the strong interactions with the guest
molecule [4]. Here we show that the lighter carbon
monoxide molecule allows one to probe the superfluid
response of p-H, clusters while maintaining a maximum
superfluid fraction. In a broader sense, using a lighter
probe can be viewed as a way to tune the quantumness
of the response properties. Such concepts have recently
been used to explain dynamical reentrance phenomena in
glassy quantum systems [5].

To probe quantum clusters such as (p-H,)y and Hey
spectroscopically, it is convenient to dope them with a
single chromophore molecule. Microwave and infrared
studies of Hey-molecule clusters have revealed that sig-
natures of superfluidity become apparent at relatively low
numbers () of solvating helium atoms, such as N = 10 in
the case of Hep-OCS [6,7]. Nonclassical increases in the
values of the rotational constants B (inversely proportional
to the cluster moment of inertia) were found at and above
these critical cluster sizes. This implies a significant de-
coupling of helium density from the rotational motion of
the molecule, and was interpreted to mark the onset of
microscopic superfluidity [6], an idea that has been con-
firmed by simulations [8,9].
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Toennies, Vilesov, and co-workers have measured infra-
red spectra of (p-H,)y-OCS clusters embedded within
helium nanodroplets [10-12]. Their initial study focused
on clusters with N = 14-16 p-H, molecules, which re-
vealed a disappearance of the Q branch (rovibrational
transitions with selection rule AJ = 0; J is the rotational
angular momentum quantum number) upon cooling the
droplet from 0.38 K to 0.15 K. This implies that angular
momentum is no longer excited about the OCS axis, and it
was interpreted that (p-H,)y turns superfluid in the dimen-
sion that is parallel to this axis [10]. However, it was later
found that the Q branch was also absent for N = 5 and 6
and present for N = 1-4, 7, and 8 [11], which markedly
differs from the bare (p-H,)y-OCS clusters for which no Q
branch was observed up to at least N = 7 [13,14]. This
suggests that the spectral anomalies for the N = 14-16
clusters may also be related to the helium nanodroplet
environment rather than to superfluidity of p-H,. Several
alternative explanations for these anomalies have been
proposed [15-17].

The spectroscopic studies of (p-H,)y-OCS clusters em-
bedded in helium nanodroplets also showed that the cluster
moment of inertia increases steadily up to at least N = 16
[11,12]. This indicates that p-H, density does not appreci-
ably decouple from the rotation of OCS in this size range.
This classical behavior is qualitatively consistent with
path-integral Monte Carlo (PIMC) simulations of isolated
(p-H,)y-OCS clusters which do not predict significant
superfluid fractions for N up to and including 17 [(super-
fluid helium density, p,)/(total helium density, p) = 0.2]
[18]. In contrast, simulations of small (N = 3-25) undoped
p-H, clusters predict them to be almost entirely superfluid
[19-21].

Superfluid response to dopant rotation has recently been
confirmed in (p-H,)y-CO, clusters [4] although the
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phenomenon appears to subside as clusters increase in size
due to localization caused by relatively strong interactions
between CO, and p-H,. The localizing effect of the probe
molecule on surrounding p-H, molecules depends largely
on the strength and anisotropy of the interaction, as well as
on the rotational constant of the probe. Carbon monoxide is
a better probe molecule for the following reasons: (1) the
binding energy of H,-CO (35 K) is much lower than that of
most other possible systems, such as H,-OCS (110 K), and
it is comparable to the chemical potential of small pure
p-H, clusters (= 20-40 K) [22]; (2) the H,-CO potential
energy surface is very weakly anisotropic; and (3) the
rotational constant of CO is relatively large. These factors
all favor significant delocalization of p-H, around CO, a
system for which superfluid behavior is expected to occur
[23,24]. Additional impetus for the study of (p-H,)y-CO
clusters comes from the recent report on Hey-CO clusters,
where significant decoupling of Hey density from CO
rotation was observed at low N [25].

In order to obtain the necessary experimental data for the
analysis discussed below, we have reexamined the previ-
ously reported infrared spectra of (p-H,)y-CO clusters
[26] using the results from the microwave spectra reported
here. In the infrared study, both a- and b-type R;(0)
transitions (v = 1 «— 0, J = 1 <« 0) of clusters with N =
14 were detected and assigned with the aid of simulations.
Separation of the rotational and vibrational contributions to
the line positions was, for the most part, not possible. The
frequencies of pure rotational transitions in the a-type
series, measured in the current study, enabled us to extract
from the infrared spectra [26] the vibrational band shift of
CO as a function of N, and subsequently the rotational
frequencies in the b-type series. We follow the PIMC
approach used and described in Refs. [4,27,28]; bosonic
exchange is sampled using the worm algorithm [29].

Two sets of predicted a-type rotational frequencies for
(p-Hy)y-CO clusters were available from the infrared
study to aid in the search for microwave transitions. The
first was obtained from the experimental data under the
assumption that the vibrational band shift decreases line-
arly from N =1 to 7, utilizing the known shift for
(p-H,);-CO [30]. Another set of predictions was available
from rotational dynamics simulations which employed the
reptation quantum Monte Carlo algorithm [26]. Seven lines
were found in the frequency range from 10 to 26 GHz
which correspond to the a-type J = 1 — 0 rotational tran-
sitions of (p-H,),-CO through (p-H,)3-CO (see Table I).

TABLE I. Measured a-type transition frequencies (in MHz)
for (p-H,)x-CO clusters.

N J=1<0 N J=1<0 N J=1<0
2 22200.9333 5 14 633.3349 7 17723.2247
3 16455.9571 6 13243.9010 8 23 867.2029
4 15107.5316

The N number assignment relied largely on the transition
intensity variations with the p-H, concentration in the
sample gas mixture. Also used to aid the assignment was
a requirement for consistency in the isotopologue data, the
trend in the measured transition frequencies in comparison
to that obtained from the simulations, the scarcity of other
lines, and the smoothness of the vibrational shift. The
vibrational band shift of CO is determined by subtracting
the microwave transition frequencies from those of the
a-type infrared transitions [26], thus assuming that the
rotational frequencies are the same in the ground and
first-excited vibrational states. The vibrational shift is not
smooth, however, unless some of the tentatively identified
a-type lines in the infrared study are reassigned; we pro-
pose that the original “N = 7 line actually corresponds to
N = 6 and 8, and that the “N = 6’ line is in fact N = 7.
The vibrational shift then becomes very smooth and agrees
with the calculated values (see Fig. 1). The calculated
values are obtained from PIMC using the approach de-
scribed in Ref. [28] where one averages the difference in
interaction potential between the ground and first-excited
vibrational state of CO. Note that the experimental results
are for transition frequencies between quantum states and
therefore independent of temperature. Moreover, the initial
state for those transitions is the ground rovibrational state
of the complex. This is why we perform our simulations at
very low temperature. The PIMC results for 0.25 K and
0.5 K presented in Fig. 1 are nearly identical and agree very
well with experiment.

The vibrational shift becomes increasingly nonlinear
with larger N, to a much greater magnitude than was the
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FIG. 1 (color online). Vibrational band shift of (p-H,)y-CO
clusters with respect to the value for free CO (Ref. [26]).
Experimental values for the original (open circles) and switched
(solid circles) infrared assignments, and theoretical values at two
different temperatures (squares at 0.5 K and triangles at 0.25 K).
The dashed line shows an assumed linear shift from N = 1 and is
for reference only.
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case for Hey-CO for the same cluster sizes [25,31]. This is
reasonable since the binding energy of H,-CO is larger
than that of He-CO by a factor of 3.5. From the vibrational
shift, we then determine the rotational frequencies in the
b-type series. We note that these values are approximate,
but they should be accurate to within 1% of the actual
values by comparison with Hey-CO. The J =1 — 0O fre-
quencies are given by 2B in the a-type series and 2b in the
b-type series, assuming that centrifugal distortion effects
may be neglected. Here B and b are the end-over-end
(overall complex rotation) and free-molecule rotational
constants and are plotted in Fig. 2(a). With increasing N,
the a-type series evolves in character from the end-over-
end rotation of the complex, and the b-type series evolves
from the free-molecule rotation of CO. It is the weak
angular anisotropy of the p-H,-CO interaction coupled
with the large rotational constant of CO which allows for
the b-type series to occur. This behavior is unlike that for
the other (p-H,)y molecule systems studied thus far and
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FIG. 2 (color online). (a) Experimental a-type series (dia-
monds), b-type series (squares), weighted average (filled
circles), and theoretical two-fluid (triangles) and classical
(open circles) rotational constants for (p-H,)y-CO.
(b) Experimental (filled circles) and theoretical two-fluid (tri-
angles) and classical (open circles) moments of inertia of
(p-H,)w. (c) Experimental (circles) and theoretical (triangles)
superfluid fraction of p-H,. Experimental (squares) and theo-
retical (down triangles) results for (p-H,)y-CO, from Ref. [4].

requires a modified approach for determining the experi-
mental superfluid fraction, as outlined below.

We obtain an average effective moment of inertia
Iett cluster due to both the end-over-end rotation (I3) and
free-molecule rotation (/,) using second-order perturba-
tion theory. The perturbed Hamiltonian is

H=H,— u,E, cosa (1)

where H is the free-cluster Hamiltonian, cosa is the
projection of the cluster axis onto the z-axis of the space-
fixed frame, u, is the dipole moment magnitude along z,
and E, is the z-component of the electric field strength. The
change in ground-state energy due to the field (Stark shift)
may be written as

AE; ==Y

n

(0] coser|n)|? w2 E2
En - EO .

2

For a rigid rotor in the ground state, the change in energy is
Q) — _ mE [32]
0 6B :

the energy change can be written as AE(()Z) =

related to the rotational constant B as AE,

h2

Since B = 75,

212 K
— M3h€ I. This suggests that we can use the second-order

Stark shift to determine the effective inertia of doped
clusters, and hence their superfluid fraction. Indeed, within
this model the effective inertia of the cluster will be

— %AEE)Z), and using Eq. (2) we obtain an

expression in terms of transition frequencies and dipole
moment matrix elements,

I eff,complex =

3)(0| cosar|n)|*h?

Iefpcomplex = 2, — 7 3
eff,complex ; En _ EO

The two major contributions to the above sum are the
end-over-end rotation and free-molecule rotation transition
frequencies that appear in the denominator. The dipole
matrix elements add up to 1/3 in a complete basis, and
the 3|(0| cosa|n)|*> factors are the normalized spectral
weights of Ref. [26]. The above expression also suggests
a way to obtain effective rotational constants B¢, which
we show in Fig. 2(a). The most interesting aspect is the fact
that B is much larger than the values predicted by a
classical model [open circles in Fig. 2(a)], thus implying
significant decoupling of p-H, density from the cluster
rotation.

For systems undergoing rotation, the superfluid fraction
is defined in terms of nonclassical rotational inertia. To
define the superfluid fraction, one adopts a two-fluid model
where it is assumed that the total density of the fluid is the
sum of the contributions from a normal and a superfluid
component P, = P, + ps- The superfluid fraction is
fs = Ps/Pwota  While the normal fraction is f, =
0Pn/ Prota- The normal fraction is calculated as the ratio of
the effective over the classical inertia of hydrogen f, =
Lot/ Lassical- We used the area estimator [33] to calculate
the superfluid fraction with respect to dopant rotation
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within our PIMC simulations. This is different from the
space-fixed frame response usually used to study pure
hydrogen clusters as in, for instance, Ref. [19]. The rota-
tional constants were calculated under the assumption of
this two-fluid model for superfluidity and are shown in
Fig. 2(a). These values correspond to the perpendicular
response with respect to the dopant axis and are quite
high for all cluster sizes. The agreement with the B
values from the experimental data is excellent and justifies
our approach in obtaining the average effective moments
of inertia from the experimental data. The corresponding
values are related to the normal fraction of hydrogen as
predicted by linear response theory. We are in the presence
of a “‘composite” superfluid response. Two kinds of ex-
citations are possible and have to be accounted for when
analyzing the superfluid response. The intensities (spectral
weights) are used to obtain a weighted average inertia. It
appears that linear response theory probes the same inertia.
The calculated classical- and effective-inertia values are
shown in Fig. 2(b). The superfluid fraction is then obtained
as fy = 1 — f,,. The superfluid fraction calculated from the
PIMC simulations is shown in Fig. 2(c). We now compare
the calculated /.4 and f values to experimental estimates.
To obtain the experimental superfluid fraction we use the
approach proposed in Ref. [27]. The idea is to use the
experimental B constants to obtain the total moment of
inertia of the system by inverting the relation B.; =
12 /(U gt complex)- The effective inertia of the hydrogen
environment is then obtained by subtracting the inertia of
the CO molecule from the total inertia of the complex,
Lett = Letf,complex — Ico- The results are shown in Fig. 2(b)
where they are seen to agree excellently with theoretical
predictions and to differ greatly from the monotonically
increasing classical values; this is a clear sign of a pro-
nounced decoupling between the dopant rotation and the
hydrogen environment. Results for the experimental super-
fluid fraction are shown in Fig 2(c). The superfluid frac-
tions, as determined by experiment and theory, agree well.
The theoretical predictions extend to large clusters and
show nearly maximum f; values. The CO probe quickly
becomes fully solvated (see Supplemental Material [34]),
and the clusters remain liquidlike as N increases, a result
consistent with the enhanced f values shown in Fig. 2(c).
Beyond N = 10, the superfluid fraction with respect to CO
rotation is essentially 1. This means that B.; will be the
same as that of a free CO molecule’s and that the effective
inertia will be 0. This is why the two-fluid values are not
shown in Figs. 2(a) and 2(b). This behavior is quite differ-
ent from what was observed in clusters doped with heavier
linear molecules that have much smaller rotational con-
stants. As mentioned above, simulations of (p-H,)y-OCS
clusters predict only partial decoupling of (p-H,)y density
from cluster rotation for N = 14 and associate this with an
increase in the superfluid p-H, fraction [18]. The situation
is much improved for (p-H,)y-CO, clusters [4], although

larger clusters lose most of their superfluid response due to
localization. Those f, values are shown in Fig 2(c) to
highlight the difference between the CO and CO, probes.
The minimum at N = 6 for CO is due to a structural
change at N =7 where the hydrogen particles start to
completely surround the CO dopant leading to more bo-
sonic exchanges and therefore a greater superfluid re-
sponse. For CO,, N =15 is a superfluidity minimum
because the hydrogen particles are localized on a ring [4].

In summary, we measured the J = 1 « 0 microwave
transitions of carbon monoxide solvated with N = 2-8
p-H, molecules. We propose a novel theory for the inter-
pretation of rotational transition frequencies in order to
determine the experimental effective cluster moments of
inertia and superfluid response with respect to molecule
rotation. The resulting average effective moment of inertia
is significantly smaller than that predicted by a classical
model, thus indicating significant decoupling of hydrogen
from probe rotation. With the aid of PIMC simulations, it is
deduced that in contrast to (p-H,)y-CO, where superfluid
response dies off for large N [4], the CO-doped clusters
exhibit persistent and maximum superfluid response with
respect to probe rotation as they grow. It will be interesting
to see if larger clusters remain liquidlike in the presence of
a light probe, and how their superfluid response to probe
rotation will differ from the usual space-fixed frame
response.
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