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Quasiparticle approach to 
molecules rotating in quantum solvents



What am I doing here? 
(I actually have no idea)

• Some people are interested in solvents

• Phonons are similar to photons (“phonon-QED”)

• Rotations are (at least) as interesting as vibrations
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Electrons in solids Molecules in solvents

Ultrafast magnetism, Data storage, 
Spintronics, Quantum computation, …

Controlling chemical reactions, 
Catalysis, Energy research, …
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Condensed-matter systems: is it possible at all?

The problem

Quantum angular momentum  
Small systems: extremely challenging  

(electrons in an atom)



Initial motivation: 
molecules in superfluid helium nanodroplets 

Angew. Chem. Int. Ed. 43, 2622 (2004) Andrew M. Ellis webpage

Reasons people do it: 
• Spectroscopy (0.4 K, no doppler shift) 
• Studying unstable species (radicals)
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“Clean” rotational spectra,
 but renormalized rotational constant
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There are qualitative explanations (two-fluid model, etc.),
Quantum Monte Carlo calculations for several molecules (Zillich, Whaley, …)
However, no general microscopic understanding

Initial motivation: 
molecules in superfluid helium nanodroplets 



Far-from-equilibrium dynamics of molecules in helium:
even qualitative understanding was absent

Revivals of rotational wavepackets Bloch sphere analogy

Create

MeasureStapelfeldt group, PRL 110, 093002 (2013)

Initial motivation: 
molecules in superfluid helium nanodroplets 



Molecule in He droplet 
as a quantum impurity problem
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Electrons in solidsMolecules in solution

M
olecular M

odelling Basics (2010)

Atoms in BEC

Impurity problems: 1 particle + its many-body environment

Still ~10    degrees of freedom – challenging to understand23



Can molecules in superfluids 
be described as quasiparticles?

Free

in  He4

Molecules in He:
effective rotational constant

Angew. Chem. Int. Ed. 43, 2622 (2004)

Electrons in solids: effective mass
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Polaron quasiparticle ‘Angulon’ quasiparticle?



Why do we need another one?



It’d describe (in principle) any many-body 
system with angular momentum

Rydberg atoms / cold molecules 
in a BEC / Fermi gas

Pfau group, Nature 502, 664 (2013)

Hybrid organic/inorganic perovskites

+

+

+ + + +

+

+

+ + + +

+ +

+ +
–

Electrons in solids

Angew. Chem. Int. Ed. 43, 2622 (2004)

Chemistry in solvents

(Einstein-de Haas effect)

Bakulin et al., J. Phys. Chem. Lett. 6, 3663 (2015)



The angulon Hamiltonian

molecule phonons molecule-phonon interactions
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• Was derived exactly for a molecule  

 in a weakly-interacting superfluid (BEC) 

• Can be used as a phenomenological model 
   for any bosonic bath 

    R. Schmidt and ML, Phys. Rev. Lett. 114, 203001 (2015)
 R. Schmidt and ML, Phys. Rev. X 6, 011012 (2016)

ML, Phys. Rev. Lett. 118, 095301 (2017)



The angulon Hamiltonian

molecule phonons molecule-phonon interactions

z ( ,̂ ˆ)
z

x

y

y

x 

angulon quantum
rotor

many-body field

The “angulon” quasiparticle



ML, Phys. Rev. Lett. 118, 095301 (2017)

Existence of angulons 

Viewpoint: Yu. Shchadilova, Physics 10, 20 (2017)
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ML, Phys. Rev. Lett. 118, 095301 (2017) Viewpoint: Yu. Shchadilova, Physics 10, 20 (2017)
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Heavy molecules: strong-coupling 
(real deformation of the superfluid)

 R. Schmidt and ML, Phys. Rev. X 6, 011012 (2016)

Light molecules: weak-coupling 
(rotational Lamb shift)

    R. Schmidt and ML, Phys. Rev. Lett. 114, 203001 (2015)

Existence of angulons 
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(instead of expensive MC computations)

ML, Phys. Rev. Lett. 118, 095301 (2017) Viewpoint: Yu. Shchadilova, Physics 10, 20 (2017)

Existence of angulons 
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phenomenological parameters
(expressed through He properties, 

same for all molecules)

ML, Phys. Rev. Lett. 118, 095301 (2017) Viewpoint: Yu. Shchadilova, Physics 10, 20 (2017)

anisotropy of molecule-He potential (|| minus  |  ) —

Existence of angulons 
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ML, Phys. Rev. Lett. 118, 095301 (2017) Viewpoint: Yu. Shchadilova, Physics 10, 20 (2017)

Strong evidence that
angulons are formed in experiment

anisotropy of molecule-He potential (|| minus  |  ) —

Existence of angulons 



Ro-vibra)onal	spectra	of	CH3	(ν3)	[8]	and	NH3	(ν3)	[9]	in	4He	nanodroplets.	

The	RR1(1)	line	corresponds	to	the	molecular	transi)on	11	→	22.	

gas	phase	

He	droplets	

CH3	

He	droplets	

NH3	

Angulon instabilities

Explain ‘anomalous broadening’ in molecular spectra in He droplets 

isotropic

First-kind

0–0,0

0+0,0
1–1,0

1–0,1

Second-kind

anisotropic

Are those the angulon instabilities?

Douberly group, J. Phys. Chem. A 117, 11640 (2013) 



Angulon instabilities

Douberly group, J. Phys. Chem. A 117, 11640 (2013) Vilesov group, Chem. Phys. Lett. 412, 176 (2005)

Igor Cherepanov

We have developed a theory for symmetric-top angulon 
I. Cherepanov and ML, Phys. Rev. Materials 1, 035602 (2017)



New emergent phenomena

E. Yakaboylu and ML, Phys. Rev. Lett. 118, 085302 (2017)

‘Anomalous screening’

Enderalp Yakaboylu

E. Yakaboylu, A. Deuchert, and ML, Phys. Rev. Lett. 119, 235301 (2017)

Non-Abelian magnetic monopoles

E. Yakaboylu, M. Shkolnikov, and ML, Phys. Rev. Lett., 121, 255302 (2018)

Quantum groups



Far from equilibrium dynamics 
of molecules in superfluid helium



Igor 
Cherepanov

Giacomo 
Bighin

I. Cherepanov, G. Bighin, L. Christiansen, A.V. Jørgensen, R. Schmidt, H. Stapelfeldt, ML, arXiv:1906.12238

Far from equilibrium dynamics of molecules in helium

(also see PRL 118, 203203 (2017))
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1. “Equidistant band” of states

What is the physics behind it?



1. “Equidistant band” of states 2. Dynamical transfer of angular momentum

What is the physics behind it?
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Far from equilibrium dynamics of molecules in helium

(also see PRL 118, 203203 (2017))
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I. Cherepanov, G. Bighin, L. Christiansen, A.V. Jørgensen, R. Schmidt, H. Stapelfeldt, ML, arXiv:1906.12238
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Far from equilibrium dynamics of molecules in helium

(also see PRL 118, 203203 (2017))
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I. Cherepanov, G. Bighin, L. Christiansen, A.V. Jørgensen, R. Schmidt, H. Stapelfeldt, ML, arXiv:1906.12238



Angulons in 'real' solid state systems

B
Einstein-de Haas effect (1915)

VOLUME 76, NUMBER 22 P HY S I CA L REV I EW LE T T ER S 27 MAY 1996

FIG. 1. (a) Experimental pump-probe setup allowing dynamic
longitudinal Kerr effect and transient transmissivity or reflectiv-
ity measurements. (b) Typical Kerr loops obtained on a 22 nm
thick Ni sample in the absence of pump beam and for a delay
Dt ≠ 2.3 ps between the pump and probe pulses. The pump
fluence is 7 mJ cm22. (c) Transient transmissivity [same exper-
imental condition as (b)].

transient transmission curve DTyT is displayed in
Fig. 1(c). For both techniques, we used 60 fs pulses
coming from a 620 nm colliding pulse mode locked dye
laser and amplified by a 5 kHz copper vapor laser. The
temporal delays between pump and probe are achieved
using a modified Michelson interferometer. The signals
are recorded using a boxcar and a lock-in synchronous
detection. In the case of differential transmission mea-
surements, the synchronization is made by chopping the
pump beam, while for the MOKE measurements it is
done on the probe beam.
The information about the spin dynamics is contained in

the time evolution of the hysteresis loops recorded for each
time delay Dt. Typical loops obtained for Dt ≠ 2.3 ps
and in the absence of the pump beam are presented in
Fig. 1(b). Each hysteresis loop is recorded at a fixed delay
by slowly sweeping the magnetic field H. For each H

value, the MOKE signal is averaged over about 100 pulses.
The most striking feature is an important decrease of the
remanence (signal at zero field) Mr when the pump is
on. The complete dynamics MrsDtd for a laser fluence
of 7 mJ cm22 is displayed in Fig. 2. The overall behavior
is an important and rapid decrease of Mr which occurs
within 2 ps, followed by a relaxation to a long lived
plateau. This figure clearly shows that the magnetization
of the film drops during the first picosecond, indicating a
fast increase of the spin temperature. It can be noticed
that for negative delays Mr does not completely recover
its value measured in the absence of pump beam. This
permanent effect is not due to a sample damage as checked
by recording hysteresis loops without the pump beam after
the dynamical measurements. Possible explanations for
this small permanent change are either heat accumulation
or slow motion of the domain walls induced by the
pump beam.
In order to determine the temperature dynamics, we

analyze Fig. 2 using the static temperature dependence
of the magnetization found in text books. This analysis
relies on a correspondence between the variations of the

FIG. 2. Transient remanent longitudinal MOKE signal of a
Ni(20 nm)/MgF2(100 nm) film for 7 mJ cm22 pump fluence.
The signal is normalized to the signal measured in the absence
of pump beam. The line is a guide to the eye.

spontaneous and remanent magnetization, as is usually
done in thin film magnetism. This leads to the time
variation of Ts in Fig. 3(a) (dotted points). Regarding the
determination of the electronic temperature, we assume
that it is proportional to the differential transmittance
shown in Fig. 1(c) as expected for weak DTyT signals.
Let us emphasize that this procedure is valid only when
a thermalized electron population can be defined. Since
this effect was never discussed for the case of d electrons
in metals, it deserves some comments. As discussed by
various authors [4–6], the optical pulse creates in the
metal film a nascent (nonthermal) electronic distribution
that relaxes due to electron-electron interactions, leading
to a fast increase of the electron temperature. This process
can be described in the random phase approximation
(RPA) defining nonthermal and thermal (in the sense
of the Fermi-Dirac statistics) electron populations. The
nonthermal electron population is therefore created during
the pump pulse and disappears with a characteristic time
tth (¯500 fs for Au), whereas the temperature of the
thermal population increases in the same time scale. The
contribution of the nonthermal electronic distribution to
the transient optical data is therefore expected to present
a sharp peak around zero probe delay (with a rise time
given by the temporal resolution) and the thermal electron
contribution should present a delayed extremum around
tth [5]. A detailed analysis of the transient effects in Ni
for short delays is beyond the scope of the present paper
and will be presented in a future publication. Let us only
mention that with the present experimental conditions
the transient reflectivity of the Ni film presents a single
contribution which is extremum for Dt ≠ 260 fs showing
that the contribution of nonthermal populations is weak
and that the thermalization time is tth ¯ 260 fs. This
short thermalization time for Ni as compared to Au is

4251

Ultrafast magnetism

Beaurepaire et al., PRL 1996

Spin-phonon relaxation and phonon spin 
Chudnovskii, Garanin PRL 2005; Niu, Zhang, PRL 2014; 
Garanin & Chudnovskii PRB 2015 

Nano-magneto-mechanical systems 
Wernsdorfer group Nature Comm. 2016 

Spin mechatronics 
Matsuo, Saitoh, and Maekawa Frontiers of physics 2015
…and many many more 

RU Nijmegen: Johan Mentink & Mikhail Katsnelson



Angulons in 'real' solid state systems

At every step 
Compare to fully controlled experiments on molecules
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Rotational angular momentum Orbital angular momentum

Superfluid excitations Lattice phonons
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Angulons in solids

Angulon Multi-orbital atom Phonon field

Total angular momentum
Spin+orbital

angular momentum Phonon angular momentum

W. Rzadkowski and ML, J. Chem. Phys. 148, 104307 (2018)
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Landé g-factor 
increases 

due to phonons

Experiments on OH molecules in   He show exactly the same effect 
(Douberly group, unpublished)

4

J. Mentink, M. I. Katsnelson, and ML, Phys. Rev. B 99, 064428 (2019)

Example: 
renormalisation of Landé g-factor



Summary
• Our claim: angulons provide a general framework to study 

angular momentum dynamics in quantum many particle systems
• We have shown: it works for molecules in superfluids
 Tutorial chapter: ML, R. Schmidt, arXiv:1703.06753

Future directions
• Many-body techniques for the angulon problem: 

path integral, diagrammatic Monte Carlo, …
G. Bighin and ML, Phys. Rev. B 96, 085410 (2017) 
G. Bighin, T. Tscherbul, and ML, Phys. Rev. Lett., 121, 165301 (2018)

Any ideas and suggestions are welcome!

• Applications to chemical reaction dynamics

• Molecules in cavities?
• Applications to transport in hybrid organic/inorganic perovskites
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