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                 Let’s recall that .... 
The liquefaction of helium from the gas below 5.2 K by Heike Kamerling Onnes 
on the 10th of July 1908 was a milestone in experimental physics, the conquest 
of the final “permanent” gas, that marked the end of an era and opened up a new 
world of low temperatures. 
•  Two stable isotopes: 

–  3He: (2p, 1n), 2 electrons: spin ½: fermion. 
–  4He: (2p, 2n), 2 electrons: spin 0: boson.    

•  Abundances: 
–  3He/4He:  14 atoms per 10 millions. 
–  In commercial, “drugstore”  3He,   4He/3He = 1/100 
–  ... 3000 Tones /year disintegration of U, Th, ... (natural radiactivity) 
A highly incompressible liquid whose density saturates. 



He dimers? 

•  4He2 does exist! 
•   Binding energy: 1.1+0.3/-0.2 mK  (recall that  1eV ≈11604 K). 
•  Size: 52 ± 4 Å [Grissenti et al, PRL 85, 2284 (’00)]  

     à droplets of any size appear in the experiments  
3He2  does not  
A minimum number of  3He atoms needed for forming a 

droplet,  N3 mín ~ 30 

[Barranco et al, PRL 78, 4729 (1997); Guardiola & Navarro, PRA 
71, 035201 (2005); Sola et al, PRB 73, 092515 (2005)]  
 



Some peculiar properties of Helium  

•  It’s a true liquid  at  T=0 K for pressures up to  25-30 bar (4He-3He) 
(Large zero point motion and weak He-He interaction)  

•  Superfluid: Below 2.17 K, 4He flows without viscosity.  
•  3He becomes superfluid below 2.7 mK. 
•  Both properties are macroscopic manifestations of quantum effects:  

helium is the paradigm of a quantum liquid.  
 
                                               3He-4He liquid mixtures: 
 
•  Below 0.87 K, limited solubility of 3He into  4He  
•  At T = 0 K, the maximum solubility is  ≈ 6.6 % à phase seggregation 

à In mixed droplets, 3He goes to the droplet surface occupying the so-
called Andreev states (again  a zero point motion effect).  



Why to study He droplets? 
•  Jan Northby wrote in a review paper [J.A. Northby, JCP 115, 10065 

(2001)]: “let’s see what happens –it’s certain to be interesting and 
probably surprising” (human curiosity). I would add: It’s funny!  

•  He clusters are indeed “droplets” (recall, weak He-He interaction and 
large zero-point motion): “true” Fermi and Bose liquids (bulk liquid and 
droplets); interesting mixtures.  

•  They are able to capture any possible dopant. Key role played by doped 
droplets in this field some 35 years old.  

•  Due to its week interaction with any other substance, they can be used as a 
gentle matrix for atomic and molecular spectroscopy. Weak but not 
negligible (molecular complexes of different morphology than in gas 
phase). 

•  Dynamical evolution of an excited impurity in a He droplet, first step 
towards a better understanding of chemical reactions in this quantum 
environment. 

•  Superfluidity at the nanoscale? 
 
 



Experimental setup: “Helium machine” (Cartoon version) 

Fuente Tobera Selector
de tiempo
de vuelo
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Un láser ilumina
la nanogota para
obtener el espectro
molecular de la impureza.
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Where could vortices be nucleated? 

1 ½ m apparatus!!! 

(20 bar, 10-20 K) 



Actual experimental setup 

(by courtesy of Frank Stienkemeier, Freiburg) 
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Time-evolution of the temperature of 
a He1000 droplet: 

[Brink and Stringari, Z. Phys. D 15, 257 (1990); 
A. Guirao et al, Z. Phys. D 21, 185 (1991)] 
 

What is the droplet temperature in a typical experiment? 

Hence,  
4He droplets are superfluid (0.4 K) 
3He droplets are “normal” (0.1 K) 

Predictions confirmed by experiments 
[Hartmann et al, PRL 75, 1566 (1995); 
Sartakov et al, JCP 138, 044321 (2013)] 



Another crucial question for doped droplets: 

•  Where are the impurities sitting?  
•  The most attractive ones (the majority) in the bulk of the 

droplet. 
•  The less attractive  (alkali atoms), at the surface. 
•  The alcaline-earth, it depends...  

Experimentally determined from the absorption spectrum of the impurity 



[Hernando et al, PRB 77, 0245513 (’08)] 

Some examples: 



N=300, 500, 1000, 
2000, 3000, 5000 

(notice that the particle density saturates) 

[Hernando et al, JPC A 111, 7303 (2007)] 



N=1000 

[O. Bünermann et al., JPC A 111 , 12684 (‘07)] 

[F. Stienkemeir et al., PRB 70, 214509 (’04)] 
 

N~5000 

N=2000 

(Experiment) 



  Some studies aiming at determining 
 the superfluid character of 4He droplets  

In search of ‘relics’ of bulk superfluid behavior: 
 
-  Spectrum of elementary excitations  
-  Lambda point transition  
-  “Free” molecular rotations   
-  Critical Landau velocity (somewhat related to the previous item) 
-  Quantized vortex appearance 

Hard to carry out theoretically, some impossible to check experimentally! 

Size (atom) dependence: how many are enough? 
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ing the Bijl-Feynman wave functions
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for the excited states. The excitation energies in this for-
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FIG. l. (a) The I 0 compressional spectra of /V 20 (open
circles), 70 (open squares), and 240 (open triangles) helium
clusters, calculated using Eq. (16). The solid line is the Bijl-
Feynman spectrum for bulk He!I. The solid circles show the
lowest breathing-mode energies of these clusters predicted by
the classical SSLD model (Ref. 10). (b) The first four I 0
compressional excitation energies of the same clusters, calcu-
lated using Eq. (20). The spectrum of He240 from (a) is also
reproduced here for comparison purposes.

spectra show rapid evolution towards bulk behavior in
the region of the roton excitations as the cluster size in-
creases, with the He24n cluster showing a pronounced ro-
ton minimum, while He2n shows no minimum. A classi-
cal sharp-surface liquid-drop (SSLD) treatment of the
excitations would yield a pure phonon spectrum linear
in k for all cluster sizes, and hence would be qualitatively
completely incorrect. The quantum liquid-drop energies
are also considerably lower than the SSLD predictions
based on the velocity of sound in bulk liquid helium. '

The SSLD values for the lowest breathing mode are
shown in Fig. 1(a) as solid symbols.
An important feature of the quantum liquid-drop

theory developed above is the ability to obtain the entire
excitation spectrum with the same amount of eA'ort as
that needed for the lowest-energy mode, and to obtain
size dependence of the crucial features such as the roton

1128

without any sharp-surface assumption. We evaluated
these energies by Monte Carlo sampling over
For the nth excited state, F is chosen to be F„
P;jo(kn„r;). Since such a simple operator does not

project out orthogonal excited states, we further employ
a Gram-Schmidt orthogonalization procedure to obtain
fully orthogonal excited states. The energies of the first
four excited states are plotted in Fig. 1(b), where they
are seen to show a similar trend with size as the liquid-
drop energies. Agreement of the lowest energy is within
0.3 K for N 240, and within 1.5 K for N 70 and 20.
For N 240, the quantum liquid-drop lowest breathing-
mode frequency of 3.16 K is in excellent agreement with
both the theoretical estimates based on a different Bijl-
Feynman wave function, ' and recent density-functional
RPA calculations. " In particular, we note that all three
methods show the same size dependence of the lowest
breathing-mode energy. Overall we found that the re-
sults based on the quantum liquid-drop model are in
good agreement with those based on the Bijl-Feynman
approach. The Bijl-Feynman approach is more flexible
than the quantum liquid-drop theory and is relatively
straightforward to apply for the first excited state. '
However, the computational complexity involved in suc-
cessive orthogonalization of the excited-state wave func-
tions grows extremely rapidly for higher states, so that
obtaining a complete spectrum becomes very difficult.
An important feature of the liquid-drop theory is there-
fore its prediction of the entire excitation spectrum from
the microscopic ground-state information.
Despite the presence of the boundary surface, these

spectra for clusters with as few as 70 atoms do show the
roton excitations characteristic of liquid helium. From
the excitation spectrum of He24Q one can determine a
Landau critical velocity for exciting this cluster of =49
m/s. The existence of such a velocity barrier analogous
to that in bulk He it leads us to expect superfluid behav-
ior to be manifested in these clusters. Similar con-
clusions have been reached in a recent finite-temperature
path-integral Monte Carlo simulation. '

Establishing superfluidity in He~ is a difficult prob-
lem experimentally, requiring a weak microscopic probe.
The combination of microscopic wave-function calcula-
tions and quantum liquid-drop theory for excitations
demonstrated here for pure He~ now presents a power-
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Collective Kxcitations of Helium Clusters
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The excitation spectra of compressional modes of Hejv, N 20, 70, and 240, clusters at 0 K are calcu-
lated by treating the cluster as a quantum liquid drop. The spectrum of N 240 strongly resembles that
of liquid helium with a visible roton structure, while for N 20 no roton minimum is seen and N 70
shows a weak minimum. Implications of these findings for superfluidity in helium clusters are discussed.

PACS numbers: 67.40.Mj, 05.30.Jp, 36.40.+d, 67.90.+z

The possibility of observing superfluidity in isolated
Hetv clusters has generated some experimental activity,
but the evidence so far is inconclusive. ' Such experi-
ments are important because superfluidity has been ob-
served in He thin films, finite pores, and other restricted
geometries, and hence may occur in clusters too. An im-
portant difference, however, is that true superfluid be-
havior has so far been discovered in systems in which at
least one dimension is macroscopic, whereas all three di-
mensions are finite in clusters. However, considerable
experimental difficulties lie in the search for superfluidity
in helium clusters, because these are very weakly bound
species. Experiments with high-pressure helium confined
to nonconnected cavities in copper foil showed anoma-
lous specific-heat-capacity behavior at about 2 K.
These thermodynamic measurements constitute the most
suggestive experiments so far, although they do not give
direct evidence for superfluid flow in these systems. In
macroscopic systems a crucial criterion for superfluidity
is the existence of a finite-velocity barrier for exciting the
fluid. Knowledge of the excitation spectrum of a cluster
is thus an essential prerequisite for determining if
superfluidity is possible in these finite systems, and how
this may be probed.
Previous theoretical studies of helium clusters have

yielded extensive information on the ground states. ' In
this first study of the excitation spectra of these quantum
liquid clusters, we model the cluster as a liquid drop of
radius R and constant density po. The liquid-drop model
has been successfully employed in nuclear physics for the
study of collective modes. This model is much more ap-
propriate for liquidlike helium clusters, which are bound
by weak interatomic forces closely resembling those in
molecular liquids. In addition, the ground-state energies
of Heq for N ~ 20 are accurately fitted by liquid-drop
formulas and the calculated density profiles are uniform
inside a surface region. The theory described below uti-
lizes the liquid-drop model together with ground-state
wave functions determined from fu11 microscopic calcu-
lations. We also report microscopic calculations for the
first few excited states using a Bijl-Feynman approach,
which confirm the liquid-drop results.
The low-lying excitations of these clusters are treated

as quasiparticles characterized by momenta kl„and en-

+ —, p(r~, r2)bp(r~)bp(r2)d'r~ d'r~,
where v is the velocity field, po is the equilibrium
ground-state mass density, Bp is the zero-point density
fluctuation, and p is the deformation potential energy as-
sociated with the density fluctuations at two different
points. We have retained terms up to second order in bp
in Eq. (l). We now expand Bp, v(r), and p in terms of
spherical Bessel functions,

bp(r) g pt „jt(kt„r)Yt (r),
bnn

v(r) g Ui „Vjlt(kt„r)Yt (r)),
Imn

1
p(r~, r2) = g tttonj o(kon ~ ri4x

(2)

(3)

(4)

We are neglecting the effect of the boundary surface by
approximating the deformation potential as a function of
~ r~
—r2 ~, while retaining its nonlocal character. This is

consistent with the liquid-drop assumption. Since
~ r~
—r2 ~

takes values from 0 to 2R, ko„ is given by the
boundary condition jt(2ko„R) =0. We now use hydro-
dynamic continuity in the interior to relate the
coef5cients U/mn and pimn:

2
&'Imn plmn &pokln ~ (5)
To calculate the kinetic-energy (KE) part of Eq. (1),

e'rgy et, where l, ttt, and n are the radial and angular
quantum numbers characteristic of the excitation. The
quasiparticle momenta kt„are defined by the conditionjt (kt„R) 0, where R is the equivalent sharp radius.
This ignores the very slight movement of the surface
while defining kt„. If the quasiparticles are noninteract-
ing, the complete excitation spectrum consists of one
branch for each l, tn pair, each branch being character-
ized by a unique relationship between kt„and et „. The
ground-state energy of a helium cluster is the static po-
tential energy of the unperturbed cluster, together with
the zero-point energy associated with these quasiparti-
cles. The general cluster Hamiltonian is expanded as a
functional of the density, '

Hlp) -Hipoj+ —,
' po„v'(r)d'r

1126 l990 The American Physical Society

Helium Nanodroplets: an Overview

Formally, the particle-hole interaction V ph is given by the second func-
tional derivative of the total energy with respect to densities taken at the
Hartree or HF solution. Expressions for Vph whose complexity depends on
the DF employed, can be found in Refs. 113–115 for 4He, and in Refs. 116,117
for 3He. The solution of the RPA integral equation is greatly simplified for
spherically symmetric droplets. In this case, V ph and GRPA admit a straight-
forward multipolar decomposition and the resulting equations can be solved
separately for each multipole.

Within DF theory, a very powerful method has been recently imple-
mented to calculate the response of helium droplets to external probes that
allows one to handle interesting physical situations such as helium systems in
confined geometries, and in general, deformed helium systems, in an easier
way than either previous ones. It is based on the solution of the time-
dependent DF (TDDF) equations obtained from the application of a vari-
ational principle to a suitable action. The method, often called real-time
RPA, has been also applied to obtain the spectrum of simple metal clusters
and of quantum dots118,119.
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Fig. 2. (Color online) Bulk 4He excitation spectrum !(q). The points are the
calculated spectrum23, and the solid line shows the experimental dispersion
relation (by courtesy of F. Ancilotto).

In the 4He case, one starts from an action integral A written in terms
of a complex ‘wave function’ !(r, t)

A[!] =
!

dtdr
"

E [!,!!] ! ih̄!!
"!

"t

#

, (12)

where E is the energy density,
$

dr E = E[#,v]. Writting !(r, t) " $ei!

one gets the time-dependent density #(r, t) = $2 and the fluid velocity field

15

Spectrum 

Critical Landau velocity for the  
appearance of excitations: 
vL= (ω/q)min 
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cluster's response to slow rotation of the field with an an-
gular frequency, m cou. The setup closely resembles
He enclosed in a cylinder; a situation that has been ex-
tensively discussed in the literature. ' As in that case,
the superfluid fraction can be determined by the depar-
ture of the moment of inertia tensor I from its classical
value I or from the angular momentum density correla-
tion function &L(r) L(0)&, where L denotes the total an-
gular momentum.
The properties of the cluster are determined by p, the

density matrix of the system in the rotating field. The
density-matrix operator in a frame at rest with respect to
the field (primed frame) is determined by the Hamiltoni-
an, H' H—L co. Since, the scalar operator L m is un-
changed in going to the laboratory frame, p„p'
Tr{exp[—PH'lf. The expectation value of L u is

&L&„Tr[LpJ/Tr{p j and, by definition, the moment of
inertia with respect to u is given by I (ti&L& /Bro) -o.
For a classical system with density distribution p(r),

the moment of inertia is given by I m fdrp(r) ~
u

iver

~
. The normal fraction is the part of the cluster that

responds as a classical system, namely,

tend the integration limits to infinity and find

P(n) =exp[—n (mA, /2I )/(1 —4A m/k I*)1.
Thus, bosons will show fewer fluctuations in angular
momentum than classical particles by an amount propor-
tional to the superfiuid fraction

(I~—I)/I~ ~4$7t &/ &/Pg I~ .

By direct computation, we find ln{P(n)l to be a linear
function of n for n (30. Moreover, values for the nor-
mal fraction are essentially indentical using either ap-
proach.
We employed the full density matrix which allows for

much larger values of i than the primitive end-point ap-
proximation and choose a value of ~ corresponding to a
temperature of 40 K; a procedure which is known to
yield satisfactory results for bulk. The lo~est-
temperature simulations required more than 200 h of
central-processing-unit time on an IBM 3090/200 E with

To proceed further, an appropriate estimator for the
path-integral evaluation of I is required. This is ob-
tained by twice differentiating Tr{p j with respect to co.
With the abbreviation X h P/m we find

where

I -m gg (u x r; „)(u x r; „+1)/M

-1.0

hC

U) -2.OIC
LU

-3.0 &

and

A gg(r; „xr; „~1)/2.
-4.0

7/K

The position of particle i at the time slice x is r; „and
r; ~ Pr; o. On the average, &A& 0 and &I &-I*. For
a given axis, the deviation of the moment of inertia from
its classical value is related to the expectation value of
the square of the surface area A enclosed by the Feyn-
man paths projected onto a plane perpendicular to that
axis.
The moment of inertia, and therefore the normal frac-

tion, may also be computed from P(n) &8(L—nh)&, the
probability that the angular momentum has the value nh.
A path-integral estimator for P(n) is

5.0

4.0—
~~0
6$ 3.0
CO

O
2.0

COIX
1.0

P(n) (1/2x) J d8g(8)exp[ in8], —
where the integration extends from —x to m. For small
r (large M),

g(8) &exp[{2A8—I 8 /2m]X I&.

Since g(8) is strongly peaked around 8 0, we can ex-

0
T/K

FIG. 1. Path-integral results for the (a) energy and (b) heat
capacity of ~He clusters with N 64 (open circles) and 128
(solid circles). The T 0 K energy values were taken from
Green's-function Monte Carlo calculations (Ref. 2). The solid
line refers to the bulk heat capacity (Ref. 11) and other lines
are drawn as a guide to the eye.
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Path-Integral Monte Carlo Study of Low-Temperature He Clusters
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Path-integral Monte Carlo calculations have been used to study He clusters at low temperatures. %e
develop a fluctuation formula for the superAuid fraction in terms of a projected area swept out by a path.
Manifestations of superfluid behavior are shown to exist in a cluster of 64 atoms and a remnant of the A.

transition persists in a cluster of 128 atoms. The temperature dependence of the superfluid fraction is
similar to that observed in the liquid.

PACS numbers: 67.40.—w, 36.40.+d

The properties of He clusters have attracted much
experimental and theoretical interest. ' Superfluidity
has been reported in small ((110k.) bubbles of He
con6ned in Cu foils. One might therefore expect gas-
phase He clusters of analogous size to show superfluid
behavior. However, attempts to provide experimental
evidence of superfluid behavior in clusters has so far
proved to be inconclusive. ' By contrast, there has been
considerable progress in theoretical work which has
largely focused on the calculation of ground-state prop-
erties. Energy and density pro61es have been computed
using quantum Monte Carlo methods and density-
functional theory. One remarkable result that emerged
from these studies was the predicted smooth evolution of
the ground-state energy as a function of the number of
atoms in the cluster; i.e., there is an absence of magic
numbers in neutral clusters. The ground-state conden-
sate fraction has been investigated as a function of clus-
ter size using variational calculations. But, no 6nite-
temperature investigations have yet been carried out.

Here, we report the results of a 6nite-temperature
path-integral Monte Carlo study of He clusters that in-
cludes the effect of Bose statistics. The method we em-
ploy, and the calculational procedures, have achieved
notable success in probing the superfluid transition of the
bulk liquid ' and the two-dimensional counterpart. '

Our main flnding is that manifestations of superfluidity
exist in a cluster of 64 atoms and that even in a cluster
this small, at a given temperature the magnitude of the
superfluid fraction is surprisingly similar to that in the
bulk liquid. "

The statistical mechanical properties of an ¹ tom
system are determined by the density matrix which, in
the Feynman path-integral representation, is factored
into M time slices

p(R, R';P) „„dR| dR~-i p(R, R|,r)
x p(Ri, R2, r) p(R~ —|,R';r) .

Here, r P/M, the variables R are points in a 3N-
dimensional space, and (R,R|,Rz, . . . , R') denotes a
discretized path. This device, along with an accurate ap-
proximation for the high-temperature (small-r) density
matrix, allows calculation of p(R, R';P) at a temperature
a factor of 1/M lower than P. As in the studies of the
bulk liquid, the small-r approximation used here is of the
pair product form

p(R, R';P)

+pi (r;,

r;;r)+exp[ U(ri, r J;r—)),
where, ij 1,N; pi is the free-particle propagator and
the nonideal part is contained in the second term. For a
Bose system, the density matrix is obtained by summing
over all permutations P of particle labels

p(R, R';P) (I/N!)Qp(R, PR';P) .
P

Both the integration over paths and the summation
over permutations are performed by a generalized
Metropolis algorithm whose implementation is discussed
in detail elsewhere. The N atoms comprising the cluster
interact via an accurate interatomic pair potential. '

In the two-fluid model description of liquid He, the
normal and superfluid parts can be deflned (and experi-
mentally measured) by their different responses to an
external perturbation. Indeed, this fact allows the
derivation of microscopic expressions for the superfluid
or normal fractions. The superfluid fraction for a system
with periodic boundary conditions (i.e., a homogeneous
bulk liquid) can be computed either from the so-called
winding number of the discretized paths or from the
momentum density correlation function (p(r) p(0)).
Usually, one de6nes the normal fluid fraction from the
response of a system to boundary motion or to an exter-
nal 6eld. In the present case, we imagine that the cluster
has been placed in an external 6eld, which is assumed to
have cylindrical symmetry about an axis passing through
the center of mass of the cluster. We then consider the
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Lambda transition 



RJ:  J à J+1 

PJ: J à J-1 

N4=6000 

N3=12000 

OCS [Grebenev et al, Science 279, 2083 (1998)] 

Quasi free molecular rotations 

(Long vs short rotational lifetimes) 

play important roles in many biological processes.
Another striking advantage of He droplets for spec-

troscopy derives from their large capture cross sections.
These facilitate the pickup of foreign atoms and mole-
cules, so that only very low vapor pressures of about 10–5

mbar (1 mPa) are required. Consequently, samples can be
kept well below their decomposition temperatures, an
important factor for biological molecules. The alkali and
alkaline earth metals have been investigated in the visi-
ble by the Princeton group and by Frank Stienkemeier at
the University of Bielefeld in Germany.10 These atoms
appear to be located at the droplet surface. High-resolu-
tion spectral studies of alkali dimers and trimers in
Princeton have shown a surprising enhancement of the
weakest bound triplet and quartet states, which are not
easily accessible in the gas phase (figure 6). Experiments
carried out in Göttingen show that other metal atoms,
such as europium and silver, are located in the interior,
and that large clusters—for silver, up to Ag65—not only
can be grown and detected inside He droplets, but also
show sharp spectral features.11 Helium droplets also offer
a route to the creation and analysis of novel multicompo-

nent aggregates constituted from mixtures of metals or
semiconductors.

There is now evidence that weakly bound van der
Waals and hydrogen-bonded complexes may self-assemble
inside He droplets to different structures than those pro-
duced in seeded beams. This has been vividly demon-
strated recently by Klaas Nauta and Miller.12 Free HCN
clusters containing four or more HCN molecules show
nonpolar, cyclic structures. In He droplets, however, pre-
dominantly linear chains of up to eight HCN molecules
are found; the chain length seems to be limited only by the
radius of the droplet. This abundance of chains is attrib-
uted to the very low temperatures, which enable the long-
range dipole forces to line the molecules up over large dis-
tances. These results suggest strategies for growing
nanoscale oligomers with novel structures.

In addition, chemical reactions at ultralow tempera-
tures may be studied in He droplets, as recently demon-
strated13 with the bimolecular reaction Ba + N2O O BaO
+ N2. The unusual features associated with solvation in
He droplets may provide interesting new opportunities for
control of reaction pathways.

The future
Given that the first spectroscopic evidence for sharp spec-
tral lines was found only in 1994, the progress since has
been quite impressive. A significant recent technical
advance is the use of double resonance techniques by the
groups at Princeton, Göttingen, and the University of
Bochum in Germany led by Martina Havenith, which
reveal additional fine structure in the spectra having only
100 MHz spacings.14 The next generation of experiments
is now poised to explore more subtle issues, such as the
effect of the finite size of the droplets on spectroscopic 
features. Of particular interest is the interplay between
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FIGURE 4. INFRARED SPECTRA of single carbonyl sulfide
(OCS) molecules. (a) Rotational transitions accompanying the
vibrational transitions of the asymmetric stretch vibrational
mode of a single OCS molecule in a helium-4 droplet consist-
ing of 6000 atoms. Several P- and R-branch lines are seen. (b)
The same spectrum but for OCS in a 3He droplet consisting of
12 000 atoms. The smearing in b indicates that the sharp lines
in a are unique to the superfluid 4He droplets. (c–f) As increas-
ing numbers of 4He atoms are added to 3He droplets, the OCS
spectrum sharpens. The 4He atoms form layered, shell-like
structures around the OCS molecule, as shown in the insets.
(Adapted from ref. 5.)
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FIGURE 5. LOCAL PERTURBATION of the superfluid density.
The nonsuperfluid density, calculated from a path-integral
analysis for a helium-4 droplet at 0.3 K, is shown here with
cuts along different symmetry axes of the embedded octahedral
sulfur hexafluoride (SF6) molecule. The strong interaction
between SF6 and the surrounding He atoms removes some den-
sity from the superfluid component and increases the non-
superfluid density in the layer of He atoms closest to the mole-
cule. The angular structure reflects the anisotropy of the inter-
action. Outside this layer, there is little effect on the superfluid
density. (Adapted from ref. 6, courtesy of Patrick Huang.)
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Nils B. Brauer,1 Szymon Smolarek,2,* Evgeniy Loginov,1,† David Mateo,3 Alberto Hernando,3,‡ Marti Pi,3

Manuel Barranco,3 Wybren J. Buma,2 and Marcel Drabbels1,§
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The best-known property of superfluid helium is the vanishing viscosity that objects experience while

moving through the liquid with speeds below the so-called critical Landau velocity. This critical velocity

is generally considered a macroscopic property as it is related to the collective excitations of the helium

atoms in the liquid. In the present work we determine to what extent this concept can still be applied to

nanometer-scale, finite size helium systems. To this end, atoms and molecules embedded in helium

nanodroplets of various sizes are accelerated out of the droplets by means of optical excitation, and the

speed distributions of the ejected particles are determined. The measurements reveal the existence of a

critical velocity in these systems, even for nanodroplets consisting of only a thousand helium atoms.

Accompanying theoretical simulations based on a time-dependent density functional description of the

helium confirm and further elucidate this experimental finding.

DOI: 10.1103/PhysRevLett.111.153002 PACS numbers: 33.80.!b, 36.40.!c, 67.25.dw

Analogous to superconductivity, superfluidity is a mac-
roscopic manifestation of quantum mechanics. It derives
its name from the frictionless flow of a liquid [1,2]. While
superfluidity has been observed for Bose-Einstein conden-
sates [3] and more recently for polaritons, [4] helium is
undoubtedly the best-known example of a superfluid. The
peculiar dispersion curve of He dictates that an object
moving through superfluid helium can only create elemen-
tary excitations if its speed exceeds the so-called critical
Landau velocity of "58 m=s [5,6]. Whereas the critical
Landau velocity could be experimentally verified in bulk
helium, [7] its manifestation in finite size helium systems is
still matter of debate [8–10]. Knowledge of such a funda-
mental property becomes essential as finite size helium
systems, in the form of helium nanodroplets, are increas-
ingly being used as a matrix for a wide variety of studies
[11–13].

Many properties of helium nanodroplets have been
characterized during the last two decades using solvated
molecules as spectroscopic probes [14]. Vibrational spec-
troscopy of solvated carbonyl sulfide (OCS) has provided
evidence for microscopic superfluidity in these finite size
systems [15]. While a clearly resolved rotational structure
was observed in the IR absorption spectrum of OCS in 4He
droplets, this structure was markedly absent in 3He drop-
lets, which are not superfluid due to their fermionic char-
acter. In contrast, the temporal evolution of rotational wave
packets of methyliodide molecules dissolved in helium
droplets has recently been found to differ dramatically
from that of isolated molecules [16]. This raises the ques-
tion to what extent microscopic superfluidity can be related
to the frictionless flow of superfluid helium. Here, we

present an approach that uses the translational motion of
electronically excited atoms and molecules to probe super-
fluidity in helium nanodroplets and to establish the exis-
tence of a critical velocity in these finite size systems.
Most atoms and molecules in their electronic ground

state experience a weakly attractive interaction with
helium. As a result, these species are located in the interior
of helium droplets [17]. Since electrons experience a repul-
sive short-range interaction with helium, the interaction of
an atom or molecule with helium can become repulsive
upon electronic excitation. In such a case, an excited
impurity will be accelerated towards the surface and might
eventually be expelled from the droplet. Rydberg states of
atoms and molecules, having extended electron orbits, are
prototypical examples of states having such repulsive inter-
actions [18–22]. Because of the relatively small repulsive
interaction energies associated with the excitations of the
atoms and molecules, the velocity distributions of the
ejected impurities might carry a signature of the critical
velocity in these finite size systems. This was not possible
in previous experiments using photofragments as probes
because of the large energy released by the dissociation
process [23]. In the present investigation a wide variety of
probes have been used, ranging from atomic Ag, to dia-
tomic NO, to nearly planar trimethylamine (TMA), to the
three-dimensional cage amines 1,4-diazabicyclo[2.2.2]
octane (DABCO) and 1-azabicyclo[2.2.2]octane (ABCO),
as to ascertain that the characteristics of the velocity dis-
tribution are universal and not specific to one type of
system.
The experiments have been performed using a setup that

has been described in detail before [24,25]. A schematic
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Speed limit on a 
superfluid He 
nano-highway 

properties of these speed distributions, i.e., mean speed and
width, are presented in Fig. 4. The data in this figure indicate
that both properties decrease with the mass of the dopant.

Drift experiments on negative ions in bulk helium have
identified two different dissipation processes, i.e., vortex
nucleation and the creation of roton pairs [7,42,43]. The
critical velocities associated with these processes are quite
similar. In contrast, their rates differ by orders of magni-
tude. While the vortex nucleation rates are below 106 s!1,
the rates for roton pair creation readily exceed 1010 s!1.
Assuming that the properties of finite size and bulk helium
are similar, [41] this large difference can be used to dis-
criminate between the two processes in the present experi-
ment. Time-resolved pump-probe experiments reveal that
excited Ag atoms leave the droplets on a sub-nano-second
time scale, even for the largest droplets considered in this
study. Simulations on the AgHe1000 system are in line with
this observation, as they indicate that the excited Ag im-
purity desorbs from the helium droplet on a sub-100 ps
time scale. Based on these results, vortex nucleation is
ruled out as the origin of the critical velocity in helium
droplets of the sizes used in this study. We therefore
propose that the existence of the critical velocity is the
result of roton pair creation by the moving impurity. Since
the roton pair creation process is fully determined by the
dispersion curve of superfluid helium, a direct comparison
between experiment and theory becomes possible.

The velocity of an object in superfluid helium under the
influence of a force will increase with time until it reaches
the critical Landau velocity, vmax, at which point a pair of
rotons is created and the velocity reduces to vmin [7]. This
process will repeat itself, in our case until the object has
left the droplet. Assuming that roton pair creation occurs

instantaneously when the critical velocity is reached,
conservation of energy and momentum dictates that the
velocity is limited to the range defined by

v max=min "
"@k# @k

m
; (1)

wherem is the mass of the object and vmax and vmin are the
speeds just before and after the creation of two rotons, each
with energy " and momentum k [7]. Equation (1) has been
evaluated using parameters corresponding to a temperature
of 0.5 K and pressure of 2 bar, [6] as these conditions match
most closely the properties of the helium droplets [14].
Taking into account that the flux of ejected impurities is
speed dependent, one finds that the theoretical average
speed of the detected species is given by
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and the full width at half maximum of the speed distribu-
tions by
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Inspection of Fig. 4 reveals that while the calculated widths
of the distributions are in quantitative agreement with
experiment, the calculated mean speeds are slightly larger
than experimentally observed.
The time-dependent density functional calculations on

AgHe1000 provide insight into this difference. The phase
space trajectory of excited Ag 2P1=2 shown in Fig. 5 reveals

that following the initial acceleration of the Ag atom its
speed slightly decreases in the surface region of the drop-
let. While the interaction of the excited Ag atom with the
helium droplet is repulsive inside the droplet, it becomes
weakly attractive at the surface region; see Fig. 5. The
maximum speed is not reached when the silver atom is at
the position corresponding to the minimum of the potential
well, but while it is still in the interior of the droplet. This

FIG. 4 (color online). Experimental (circles) and theoretical
(lines) mean speed and width (FWHM) of the speed distributions
as a function of dopant mass using helium droplets with a mean
radius of 22.2 nm.

FIG. 5 (color online). Energy of 2P1=2 excited Ag as a function
of position with respect to the center of a He1000 droplet and
calculated speed of Ag following excitation to the 2P1=2 state.

The shaded area indicates the helium density profile of a pure
He1000 droplet.
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Excitation 2P1/2 : 
100% ejection of Ag 2P1/2,  
 speed distribution peaks  
 at  ~ 55 m/s. 
 
 

2S1/2 → (2P1/2, 2P3/2) 
 

Ag: Experimental observation 



Implementation of the Ag dynamics 

•  Due to its large mass, the Ag atom is treated classically.  
•  It is suddenly excited to the 6-dimensional 2P manifold, where it is allowed to 

evolve without restrictions 
•  Spin-orbit interaction taken into account. We work in cartesian coordinates 

i=x,y,z and consider the two spin states s=↑ and ↓.  

 
•  Total energy: 
 
 

[Mateo et al, PCCP 15, 18388 (2013)] 



Starting 2P configuration 

•  We start from one of the “internal λ-states” obtained  diagonalizing 
 
 
 
 
Ag-He pair potentials: Cargnoni, Mella et al, JCP 129, 204307 (2008), 

and JPCA 115, 7141 (2011). 
 

Dynamical variables:  
Ψ(r): He complex effective wavefunction, with ρ(r)=|Ψ(r)|2 

rAg : Vector position of Ag 
λ : 6-D complex vector describing the internal state of Ag 



R = 10 Å,   2P1/2   R = 14 Å, 2P1/2 

Ag  excited while at rest at a distance R from the center of the droplet,  
time evolutions for about 50-60 ps 

Some dynamical evolutions from the 2P1/2 state:  
 

Tsunamies … 



… and Puffballs! 

“Pet de llop” 



Quantized vortices in 4He 

•  Whirpools, as in viscous liquids.   
Difference: circulation of  the velocity is 
quantized 
 
•  Plausible existence in droplets, in view 

of the low working temperatures.  
 
•  Especially for doped droplets because 

of the doping process 

“Any container of superfluid 4He, treated in 
conventional fashion, will be permeated ab 
initio by numerous quantized vortices by 
surface pinning”  
[D.D. Awschalom & K.W. Schwarz, PRL 
52, 49 (1984)] 

Girona, Temps de flors (2005) 



HCN N4=500, N3=100 

[DFT: F. Dalfovo et al,  
PRL 85, 1028 (2000); 
R. Mayol et al, PRL 87,  
145301 (2001)] 
 

[QMC: Sola et al,  
PRB 76 052507 (2007)] 
 

Vortices in small droplets 
4He 

3He 



Search of vortices in small He droplets: a very frustrating activity 



A plausible scenario por efficient vortex  
      ring nucleation in 4He droplets: 

The solvation of Ba+ ions created by photoionization of neutral  
Ba at the surface of a droplet 
 
-  A quite general and very efficient process under standard  
experimental conditions: 
 
-  The process is initiated from a well-defined, experimentally  
reproducible condition, namely the equilibrium of Ba atoms at 
a surface “dimple” 

 



Equations of motion for the He and Ba+ 1
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The quantum  
panettone:  
Ba+@4He1000 
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Na@4He1000 

Thanks for your attention! 
 

El Periódico de Catalunya (ed. català), 5-12-2012 p. 32: 
“L’heli s’esgotarà en 30 anys si segueix el consum actual” 


