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Rotation of molecules embedded in helium nanodroplets is explored by a combination of fs laser-induced
alignment experiments and angulon quasiparticle theory. We demonstrate that at low fluence of the fs
alignment pulse, the molecule and its solvation shell can be set into coherent collective rotation lasting long
enough to form revivals. With increasing fluence, however, the revivals disappear—instead, rotational
dynamics as rapid as for an isolated molecule is observed during the first few picoseconds. Classical
calculations trace this phenomenon to transient decoupling of the molecule from its helium shell. Our results
open novel opportunities for studying nonequilibrium solute-solvent dynamics and quantum thermalization.
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Usually, molecules dissolved in a liquid are not rotating
freely due to the intermolecular forces exerted by the
surrounding solvent. An important exception is molecules
embedded in liquid helium nanodroplets where high-
resolution infrared [1] and microwave [2] spectroscopies
display discrete rotational structure. These observations
along with theoretical modeling has established a picture
that molecules inside helium nanodroplets can rotate with-
out friction although followed by a local solvation shell of
helium atoms. This shell increases the effective molecular
moment of inertia compared to the gas-phase value [3,4].
These unique properties build the expectation that it

should be possible to induce frictionless rotation of mole-
cules inside helium droplets and follow it in real time. For
isolated molecules versatile techniques based on moderately
intense fs or ps laser pulses have been developed to control
the rotational degrees of freedom [5–9]. In particular, such
methods have been extensively used to confine molecular
axes to laboratory-fixed axes—methods referred to as align-
ment and orientation [6]. Recently, the first time-resolved
experiments of molecular rotation inside helium droplets
revealed that moderately intense laser pulses can induce
alignment of molecules [10,11]. The measurements showed,
however, no sign of frictionless rotation. Notably, the
transient alignment-recurrences (revivals) characteristic of
freely rotating molecules in a gas phase were absent. These
observations seemed at odds with the prevailing conception
of rotational structure obtained through spectroscopy [3,4].
Here we experimentally demonstrate that a sufficiently

weak fs pulse can initiate coherent rotation of iodine
molecules together with their helium solvation shell–lasting
long enough to form revivals. Our observations are ration-
alizedbyaquantum theory basedon the angulonquasiparticle

[12–18]. For strong alignment pulses the revivals disappear
and, instead, strikingly fast rotational dynamics appears
immediately after the pulse. Classical estimates indicate that,
in this regime, heliumatoms of the solvation shell detach from
the molecule due to the centrifugal force generated by the
rapid rotation. This can be seen as a sudden decoupling of the
molecule from its solvent and for a short time the rotational
motion resembles that of a free molecule.
In our experiment, 10-nm-diameter helium droplets—

each doped with at most one iodine (I2) molecule—are first
irradiated by a 450 fs linearly polarized laser pulse at
800 nm. The purpose of this kick pulse is to induce
alignment of the molecules, i.e., confine their I–I internuclear
axis along the polarization direction [6]. Next, the molecules
are Coulomb exploded by a delayed, intense probe pulse
(40 fs, 3.7 × 1014 W=cm2) which produces IHeþ ion frag-
ments with recoil directions given by the angular distribution
of the molecular axes at the instant of the probe pulse. By
detecting the emission directions of the IHeþ ions with a 2D
imaging detector at many different kick-probe delays, t,
the time-dependent degree of alignment, hcos2 θ2Di, can be
determined—θ2D being the angle between the alignment
pulse polarization and the projection of an IHeþ ion velocity
vector on the detector [19]. More details on the experimental
setup are provided in the Supplemental Material [20], which
includes Refs. [3,6,10,21,22].
Figure 1 shows hcos2 θ2Di as a function of time for a series

of different fluences of the kick pulse,Fkick.At lowFkick there
is a distinct maximum in hcos2 θ2Di shortly after the kick
pulse [Figs. 1(a)–(d)]. The prompt peak grows in amplitude
and appears earlier as Fkick is increased [Figs. 1(a2)–(d2)].
This behavior is the result of faster rotation andmore efficient
alignment induced by a stronger kick pulse and appears
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similar to previous measurements on CH3I molecules in
helium droplets [10]. The current data exhibit, however, new,
previously unobserved features. First, at Fkick ¼ 1.2 J=cm2

the prompt alignment peak is followed by pronounced
yet decreasing oscillations out to ∼200 ps. Second, for
Fkick ¼ 0.25, 0.50, and 1.2 J= cm2 an oscillatory structure
is observed in the interval 550–750 ps. The structure is very
similar for the three fluenceswith localmaximaandminimaat
essentially the same times. Third, on average the hcos2 θ2Di
curves are gradually decaying in the range ∼100–1500 ps
for Fkick ¼ 0.50, 1.2, and 2.5 J=cm2.
For Fkick ≥ 2.5 J=cm2 the structure in the 550–750 ps

interval disappears. Also, the oscillations after the main

peak are strongly reduced for Fkick ¼ 2.5 J=cm2 and
essentially absent at larger fluences. Instead a substructure
in the prompt alignment peak starts to appear at Fkick ¼
3.7 J=cm2 [Fig. 1(e2)]. As the fluence is increased the
substructure grows to a prominent sharp peak ending with a
maximum already at t ∼ 1.3 ps for Fkick ¼ 8.7 J=cm2

[Figs. 1(i) and 4].
We interpret the oscillations after the prompt peak and

the 550–750 ps structure as manifestations of coherent
rotation of the molecules and their local helium solvation
shell—hereafter termed helium-dressed molecules. To sub-
stantiate this interpretation we first model helium-dressed
molecules as classical rigid rotors driven by the polar-
izability interaction with the kick pulse. A helium-dressed
molecule initially at an angle θ0 to the kick pulse polari-
zation [Fig. 2(a3)] gains an angular velocity, ω, of [23]:

ω ¼ 1

2

ΔαFkick sinð2θ0Þ
Ieffε0c

; ð1Þ

where Δα is the polarizability anisotropy of I2 and Ieff is
the effective moment of inertia of I2 in the droplets. No
experimental value exists for Ieff sowe determined it by a path
integral Monte Carlo calculation [24–27], which included all
degrees of freedom, including molecule rotation, and the 4He
Bose symmetry (for details see the Supplemental Material
[20], which includes Refs. [24,28–33]). This gave Ieff ¼
1.7 × I0 where I0 is the moment of inertia of the bare I2
molecule. The calculated helium density around the I2
molecule is shown in Fig. 3. In our classical calculations a
helium-dressed molecule is treated as an I2 molecule rigidly
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FIG. 1. The degree of alignment, hcos2 θ2Di, as a function of
time at different fluences of the kick pulse (centered at t ¼ 0); blue
curves: experimental results; red curves: results from the angulon
theory (revivals indicated by red arrows). In panel (f1) the time
interval 750–1500 ps and in panels (g1) and (h1) the time interval
200–1500 ps are shown as straight lines because, for experimental
reasons, hcos2 θ2Di was not recorded in these regions. The right
column of panels expands on the first 100 ps to highlight the
structure that starts to appear at Fkick ¼ 3.7 J=cm2 immediately
after the kick pulse and grows to a sharp peak with maximum at
t ¼ 1.3 ps for Fkick ¼ 8.7 J=cm2. Panels (j) show the survival
probability of the initial state, as defined in the text.
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FIG. 2. Schematic illustration of laser-induced rotation of I2
molecules inside helium droplets, based on the classical model
described in the text, for a weak [(a1)–(a3)] and a strong
[(b1)–(b3)] kick pulse. (a4) and (b4) relate the illustrations to
the data recorded. (a2) illustrates parameters used in the classical
model. θ0: The angle between the molecular axis and the kick
pulse polarization just prior to the laser-molecule interaction. rHe:
Distance from the helium atom at the ends to the axis of rotation.
vHe: The linear speed of the helium atoms at the ends of the
molecule gained from the laser-molecule interaction.
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attached to eight helium atoms placed in the minima of the
I2–He potential [1,32] (six helium atoms in the central ring
around the molecule and two at the ends); see Fig. 2. The
value of Ieff determined from this structure (Fig. 2) is
essentially equal to the Monte Carlo one.
Equation (1) predicts that the helium-dressed molecules

are set into end-over-end rotation (Fig. 2) leading to a prompt
alignment peak as observed experimentally. Continued
rotation for extended times requires that superfluidity of
the droplets is undistorted. A simple classical criterion for
this is that the linear speed of the outer components of the
helium-dressed molecules should not exceed the Landau
velocity, vL ¼ 56 m=s [34]. The highest linear speed is
calculated as vHe ¼ ωrHe, where rHe is the distance from a
helium atom at the ends to the axis of rotation (see Fig. 2).
Table I displays the values of ω and vHe for the nine different
fluences used in the experiment. For Fkick ¼ 0.25 and
0.50 J=cm2 vHe < vL, whereas at Fkick ¼ 1.2 J=cm2 vHe

is just above vL. At higher fluences, vHe ≫ vL for almost all
of the helium-dressed molecules—independent of their
initial orientation. These simple classical considerations
indicate that long-time coherent rotational dynamics of
the helium-dressed molecules is only possible for the three
lowest fluences—in accordance with the observations—and
illustrated by panels (a1)–(a3) of Fig. 2.
To elucidate the quantum dynamics of the system, we

apply the recently developed angulon theory [13–18],
which was shown to provide a reliable description for
molecules in superfluid 4He [12]. The details of the
angulon theory are presented elsewhere [12–15]; here we
outline the approximations involved in the treatment. The
angulon theory describes the interaction of a rotating
molecule with an infinite bath of bosonic degrees of
freedom with a given dispersion relation [35]. The
molecule-boson coupling is considered to be linear
[13,14], with the coupling constants proportional to the
anisotropy of the two-body potential energy surface
[12,32]. We use the strong-coupling angulon theory [15],
which applies when the following conditions take place.
(i) Beff ≪

ffiffiffiffiffi

α1
p

, where Beff is the effective rotational
constant in the presence of helium, and α1 parametrizes
the anisotropic molecule-helium interactions [20]. This was
shown to be a fair approximation for I2 molecules in helium
droplets [12]. (ii) The molecule-laser interaction energy
η≲ ffiffiffiffiffi

α1
p

. If this criterion is not satisfied, the molecule can
detach from the surrounding helium atoms due to the laser
pulse. To calculate the time evolution, we used the Suzuki-
Trotter expansion [36] to order O(t3ðBeffα1 þ B2

eff
ffiffiffiffiffi

α1
p Þ).

The case of I2 in helium belongs to the strong-coupling
regime, where the molecular kinetic energy is small
compared to the molecule-helium interactions [12]. In this
regime, the angulon theory furnishes a closed-form expres-
sion for the alignment cosine:

hcos2θ̂2DiðtÞ
¼

X

j;j0;j1;j2;m

c�j0cje
itðEj2

þEj0−Ej1
−EjÞ=2hj2mjcos2θ̂2Djj1mi

×
Z

dΩ1

Z

dΩ2Y�
j0m0

ðΩ2ÞYj2mðΩ2ÞYjm0
ðΩ1ÞY�

j1m
ðΩ1Þ

× eα1t
2½ð4π=5Þ

P

μ
Y2;μðΩ2ÞY�

2;μðΩ1Þ−1� ð2Þ

(in units of ℏ≡ 1), where Ej ¼ Beffjðjþ 1Þ, and the
coefficients, cj ¼ hj; m0j expðη cos2 θ̂Þjj0; m0i, describe
the rotational wave packet created from the initial molecu-
lar state jj0; m0i by a short laser pulse with a dimensionless
intensity η. In order to compare the theory to experiment,
the results of Eq. (2) were averaged over the thermal
distribution of the initial states and the finite width of
rotational lines due to dephasing was accounted for. More
details on the theoretical approach are provided in the
Supplemental Material [20], which includes Refs. [37–46].

TABLE I. Classical calculation of the maximum angular
velocity using Eq. (1) with θ0 ¼ 45° for the nine different
fluences used in the experiment. From ω the linear speed, vHe,
and the rotational energy, ErotðHeÞ, of the helium atoms at the
ends of the molecules are calculated; see text.

Fkick, J=cm2 ω, 1010 Hz vHe, m=s ErotðHeÞ, cm−1

0.25 2.7 13 0.029
0.50 5.5 26 0.12
1.2 14 65 0.71
2.5 27 130 2.8
3.7 41 195 6.4
5.0 54 260 11
6.4 70 338 19
7.4 81 390 26
8.7 95 454 35

FIG. 3. Helium density, ρ, around I2 in the molecular frame in
equilibrium. It is obtained from a path integral Monte Carlo calcu-
lation [20] and corresponds to the situation prior to the kick pulse.
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The fluences shown in Figs. 1(a) and 1(b) correspond
to η=

ffiffiffiffiffi

α1
p ≈ 1.4 and 2.7, respectively, which justifies the

strong-coupling angulon theory. Both calculated hcos2 θ2Di
curves (red) are dominated by a prominent peak at early
times. For Fkick ¼ 0.25 and 0.50 J=cm2 the prompt align-
ment peak agrees with the experimental curves although the
peak amplitude is somewhat higher for the calculated curves.
We ascribe this to an underestimation of the measured degree
of alignment due to nonaxial recoil effects in the Coulomb
explosion process, caused by the helium environment [47].
The fluence of Fkick ¼ 1.2 J=cm2 corresponds to η=

ffiffiffiffiffi

α1
p ≈

7 and therefore lies beyond the reach of the strong-coupling
angulon theory which predicts a faster initial dynamics
compared to the experiment. In particular, the theory predicts
rapid oscillations of alignment at small times, similar to the
gas phase (cf. Fig. 4), which is absent in the experiment.
Nevertheless, the long-time decay of alignment observed
experimentally is reproduced.
For Fkick ¼ 0.25 and 0.50 J=cm2 low-amplitude struc-

tures just before 400 and 800 ps are visible. The angulon
model identifies these as the half and full revival of the
helium-dressed molecule, marked by red arrows for the
theoretical curves. The locations of the revival structures
match h=ð4BeffÞ and h=ð2BeffÞ, with Beff ¼ ℏ2=ð2IeffÞ,
similar to the well-studied case of isolated molecules.
The magnitude of the revivals decreases for larger fluences,
and they are no longer visible for Fkick ≥ 2.5 J=cm2.
Importantly, the angulon theory predicts that rotational

revivals are possible for molecules strongly interacting with

superfluid helium. Therefore, we interpret the observed
oscillatory structure in the 550–750 ps interval as a full
rotational revival of the helium-dressed molecule. We note
that the position of the experimentally observed recurrence
structure deviates from thepositions of the calculated revivals.
We attribute this discrepancy to the fact that in our model the
rotational structure of a helium-dressedmolecule is described
by a single parameter Beff. To obtain a better agreement with
the experiment including higher-order corrections to energy
might be necessary [3]. Furthermore, we note that the model
captures theoverall decay of hcos2 θ2Di observedmost clearly
for Fkick ¼ 0.50 and 1.2 J=cm2. We quantify this decay by
the survival probability (closely related to theLoschmidt echo
[48]), SðtÞ ¼ jhψðtÞjψ0ij2 ≡ jhψ0jeiHtjψ0ij2, of the state
jψ0i immediately after the kick pulse excitation during time
evolution under the angulon Hamiltonian H [20]. The time
dependence of the survival probability is shown in Fig. 1(j).
While the gas-phase survival probability (dashed line) exhib-
its revivals similar to the gas-phase molecular alignment, for
I2 in helium we predict a Gaussian decay SðtÞ ∼ expð−α1t2Þ
[20]. The latter comes from redistribution of the angular
momentum between the molecule and the superfluid. Note
that this decay occurs on a faster time scale compared to the
exponential decay common for Markovian reservoirs [49].
In the high-fluence regime, η=

ffiffiffiffiffi

α1
p ≫ 1, the strong-

coupling angulon theory is not applicable. However, classi-
cally, a high-fluence pulse can induce such a fast rotation of
the helium-dressed molecule that helium atoms detach due to
the centrifugal force—a mechanism which, we believe, is
responsible for the sharp structure appearing in the prompt
alignment peak. A simple criterion for detaching one helium
atom isErotðHeÞ>EbindingðHeÞ,whereErotðHeÞ¼1

2
mHe r2Heω

2

is the rotational energy of a helium atom and EbindingðHeÞ ≈
16 cm−1 is the ground-state binding energy of the HeI2
complex [32,50]. Table I displays ErotðHeÞ calculated for
the different fluences. At Fkick ≳ 6 J=cm2 the criterion is met
implying that one or indeed several helium atoms detach
from the molecule (lower panels in Fig. 2) since the binding
energies of the first few helium atoms are similar [51].
Figure 4 compares the short-time alignment dynamics of

molecules in helium droplets to that of isolated molecules at
Fkick ¼ 8.7 J=cm2. In droplets, hcos2 θ2Di evolves almost
as fast as hcos2 θ2Di of isolated molecules during the first
∼2 ps. In classical terms, this indicates that I2 rotates
almost freely, detached from the helium atoms. We
observed the same rapid short-time alignment dynamics
for OCS and CS2 molecules in helium droplets. At t > 2 ps
the free rotation is quenched, which indicates a dynamical
reformation of the helium-dressed molecule. It is important
to note the absence of revivals for the results presented
in Figs. 1(d)–(i), which indicates the loss of rotational
coherence during the detachment-reattachment process.
Our results demonstrate that for molecules embedded in

helium droplets a moderately intense laser pulse can induce
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coherent collective rotation of a molecule and its solvation
shell for times long enough to form rotational revivals. These
findings reconcile femtosecond laser-induced molecular
alignment and high-resolution infrared and microwave spec-
troscopy. Our angulon quasiparticle theory rationalizes the
observations for the low-fluence experimental results. Future
generalization of the theory may lead to a quantitative
agreement with experiments in a broad range of laser fluences
and is expected to provide new insights into the superfluid
behavior of helium droplets. Finally, the observed decoupling
of the molecule from its helium-solvation shell at high
fluences draws parallels to the nonlinear response in the
solute-solvent interaction of rapidly rotating CN molecules
dissolved in ethanol [52,53]. Our results open unique oppor-
tunities for real-time studies of nonequilibrium solute-solvent
dynamics, for instance, by gradually modifying the solvation
shell through insertion of other noble gas atoms or evenwater
molecules [4]. Furthermore, experiments on molecules in
small helium droplets might yield insight into quantum
thermalization of finite many-particle systems [54,55].
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