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Doping helium nanodroplets with high temperature metals:
Formation of chromium clusters

Martin Ratschek, Markus Koch,a) and Wolfgang E. Ernst
Institute of Experimental Physics, TU Graz, Petersgasse 16, A-8010 Graz, Austria

(Received 11 January 2012; accepted 18 February 2012; published online 13 March 2012)

A new method for stable and continuous doping of superfluid helium nanodroplets (HeN) with
high-melting elements such as refractory metals is presented. The method exploits the advantages
of electron bombardment heating and avoids stray fields induced by high currents or high frequency
fields. It is thus especially suitable for magnetic studies of atoms and clusters in HeN. The source is
characterized by means of mass spectroscopic investigations of HeN doped with chromium atoms and
clusters. Source temperatures of up to (1650 ± 50) ◦C were reached and Cr clusters up to Cr9 could
be formed in HeN. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3692330]

I. INTRODUCTION

Knowledge about the electronic and magnetic prop-
erties of nanoclusters is essential as they are considered
as building blocks of novel materials. The distribution of
charges as well as orbital and spin angular momenta in
clusters may be observed in electric and magnetic dipole
moment measurements.1 While isolated atoms of almost all
elements show a non-vanishing magnetic moment (described
by Hund’s rule), in the solid state only very few elements
preserve a magnetization. This is a consequence of electron
delocalization, favoring equal population of states with
antiparallel spin orientation. The understanding of property
change in the transition from a high electron density in
isolated atoms to a dilute electron gas in solids is thus one of
the main goals in cluster theory.2

Chromium (Cr) is of high fundamental interest be-
cause of the large magnetic moment of single Cr atoms
(6 Bohr magnetons), caused by their ground state electronic
configuration ([Ar] 3d5 4s; 7S3). The Cr dimer exhibits a
metal–metal multiple bonding character. In contrast to its
high number of six electron pairs that occupy the region
between the two bonded atoms—the highest multiplicity
that can be achieved between two equal atoms—the binding
energy of (1.54 ± 0.06) eV (Ref. 3) is surprisingly low. This
discrepancy is attributed to the differences in size between
the 3d and 4s orbitals and is less pronounced in the heavier
group 6 elements due to relativistic effects.4 Clusters of
transition metals with nearly half filled shells, such as Cr and
manganese (Mn), are of particular interest due to the large
number of unpaired electrons per atom and the related pos-
sibility of huge local spin polarization. This is demonstrated
in Stern–Gerlach deflection experiments of Crn (n = 20
–133), where superparamagnetic response is found and clus-
ter magnetic moments per atom often far exceed the moment
per atom present anywhere in the bulk antiferromagnetic
lattice.5

a)Author to whom correspondence should be addressed. Electronic mail:
markus.koch@tugraz.at.

In rare gas matrices (Ar, Kr, and Xe) Cr atoms,6, 7 Cr2,8, 9

and Cr3 molecules10 have been investigated. The transition
from atomic properties to bulk properties was studied both
experimentally5, 11 and theoretically.12, 13 Because of the mag-
netic properties of Cr, magnetic resonance techniques such
as electron spin resonance (ESR) are particularly suitable for
probing the electronic structure. Cr atoms and clusters were
studied by means of ESR in Ne, Ar, and Kr matrices.14

Seeded beam and matrix isolation experiments, however,
show some disadvantages. Metal clusters produced by seeded
beams can usually be considered as hot with temperatures
of 25 K and higher. In solid matrices, the perturbation by the
host is strong and depends on the lattice site, while in liquid
matrices a non-steady state dopant distribution is caused by
diffusion. Also, in both solid and liquid matrices the local-
ization of the dopants cannot be controlled on atomic scale.
These problems can be overcome with helium nanodroplet
isolation spectroscopy (HENDI), which is described in detail
in Refs. 15 and 16. Helium nanodroplets (HeN) are transpar-
ent from the far IR to the vacuum UV. Almost any species
brought into gas phase can be picked up and confined in the
droplets. The dopants are immediately cooled to the droplet
temperature of 0.37 K by evaporative cooling and are thus
in the ground state. High versatility in doping, the possibility
of successive particle pickup, and high dopant mobility due
to the superfluidity of HeN allows tailoring of desired com-
plexes, especially the formation of metal clusters.17 Recently,
large silver (Ag) clusters have been formed in HeN and inves-
tigated by photoabsorption18 as well as transmission electron
microscopy upon surface deposition.19 The low-temperature
superfluid environment of a HeN affects the cluster forma-
tion process, especially regarding magnetic properties of
the formed clusters. Alkali-metal oligomers are found in
high-spin states on HeN (Refs. 20 and 21) since the formation
of low-spin states will release enough energy to detach the
molecules from the droplets. Silver dimers inside HeN form
triplet states.22 This indicates also the possibility of the
formation of a high-spin state of Cr clusters in HeN. In terms
of characterization, ESR of single alkali-metal atoms on HeN

has recently been achieved for the first time.23 The absence
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of spin-relaxation mechanisms results in long spin lifetimes
and coherent population transfer (Rabi oscillations) could be
demonstrated. The weak perturbation by the HeN causes only
minor line shifts in the hyperfine-resolved ESR spectra.24 Ad-
ditionally, magnetic dichroism studies give information about
the magnetic properties of atoms and oligomers on HeN.25–27

To dope HeN with single or multiple Cr atoms, the
metal has to be brought into the gas phase. In spite of the
relatively high vapor pressure compared to other metals
with a similar melting point, elevated temperatures between
1300 ◦C and 1700 ◦C are required. While temperatures
up to 800 ◦C can be easily achieved in resistively heated
ovens,28 higher temperatures require induction heating (e.g.,
2500 ◦C and higher29) or laser ablation.30 Both techniques
have, however, certain disadvantages in combination with
the experimental needs of our ESR experiment. Resistive and
induction heating cause magnetic stray fields, either due to
the high currents used or due to the emitted radio frequencies,
respectively. For example, a current of 100 A at our pickup
region causes a stray field in the microwave cavity31 that
is twice as high as the ESR linewidth.23 Laser ablation, on
the other hand, is a pulsed source with a non-steady-state
distribution of the ablation signal.30 For the preparation of a
seeded beam of high temperature radicals, Steimle et al. used
a cw electron bombardment source.32 The development of
such an electron bombardment evaporation source (EBES)
expands the variety of dopants to refractory materials which
is the first step towards optical and magnetic resonance
studies of high-melting elements and their clusters isolated
in HeN. The continuous source and the low magnetic stray
field are important requirements for such experiments.
Also, our crossed beam configuration (see below) avoids
surface deposition of single atoms effusing from the pickup
source. We note that evaporation sources based on electron
bombardment are commercially available but do not fulfil our
requirements in terms of flux rate and metal ion formation.

As a first demonstration we dope HeN with Cr. We ob-
serve the formation of Cr clusters with up to 9 Cr atoms
and characterize the pickup process with mass spectroscopic
methods.

II. EXPERIMENTAL SECTION

A. Helium nanodroplet beam apparatus

The setup follows the typical design of a HENDI
apparatus.15 Our machine including all measurement
schemes is described in detail in Ref. 31. The apparatus is
divided into four differentially pumped sections: the source–,
pickup–, measurement–, and quadrupole mass spectrometer
(QMS) chamber. In the source chamber, the HeN beam is
formed by a supersonic expansion from a cooled nozzle
(5 μm diameter, p0 = 40–80 bar stagnation pressure, and
T0 = 10–30 K temperature). The resulting HeN size dis-
tribution is described by a log–normal function33 and the
distribution maximum N̂p0,T0 can be calculated.34–36 Typical
values, as used for the experiments presented here, are N̂50,15

= 5900 and N̂75,14 = 8700 (the corresponding mean droplet
sizes are N̄50,15 = 11 500 and N̄75,14 = 21 700, respectively).

The HeN beam is collimated by a skimmer (300 μm diameter)
and subsequently passes into the pickup chamber for doping.
Usually, HeN are doped by passing through a pickup cell
containing vapor of the desired species (typically 10−5 mbar
in a ∼3 cm long cell for single particle pickup). Here, the
EBES forms an effusive atomic beam which crosses the HeN

beam perpendicularly for doping (for construction details
see Sec. II B). Multiple particle pickup can be achieved by
increasing the flux rate and approximately follows a Poisson
distribution.37 The doped HeN can be studied in the third
chamber. Between electromagnet pole shoes, two laser inter-
action zones and a photomultiplier allow optical spectroscopy
including pump–probe experiments and magnetic circular
dichroism studies on dopant atoms and molecules.25, 38

In combination with an ESR cavity in between the laser
intersections optically detected magnetic resonance studies
were carried out on potassium and rubidium.23, 24, 31, 39 We
intend to apply these techniques to Cr doped HeN. In the last
chamber, a QMS combined with electron impact ionization
(Balzers PPM 422) is used to analyze dopant products.

B. Electron bombardment evaporation source

A schematic drawing and a photograph of the EBES are
shown in Fig. 1. The oven is mounted on three stainless steel
threaded rods (M4 size) which are kept in place by a fixa-
tion ring. A tantalum (Ta) crucible (16 mm outer diameter)
is clamped between two ceramic tubes (aluminum oxide),
which are placed in a notch of the crucible. The crucible is
covered with a slit aperture (slit: 2 mm × 10 mm) made of
a Ta sheet. The ceramic tubes provide electrical and thermal
insulation. Each tube is fixed between two conically shaped
screws, which are connected to the threaded rods. Electrons
are thermally emitted from two resistively heated tungsten

FIG. 1. Top and side view (left) and photograph (right) of the electron
bombardment source: electrons are thermally emitted from two filaments
mounted beneath the Ta crucible, which contains Cr metal. The electrons are
accelerated in an electric field onto the crucible, thereby heating the Cr. The
HeN beam is crossed by the evaporated Cr atoms perpendicularly to facilitate
the pickup.
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FIG. 2. Control circuit of the EBES: a PID controller provides constant heat-
ing power (PEBES ∝ Ie). The emission current Ie is stabilized by controlling
the filament voltage Ufil. The high voltage UHV is constant (1 kV) and the
filament current Ifil can be monitored. The dashed line indicates the vacuum
chamber. The PID controller is connected to a computer (PC) for data acqui-
sition.

filaments beneath the crucible (standard 12 V halogen bulb
lamps, nominal power 20 W, glass bulb removed) and accel-
erated to the crucible. The filaments are inserted into the fila-
ment mount (a combination of stainless steel and Macor R©),
which also provides electrical contacting. The distance be-
tween filaments and crucible (typically ∼2 mm) is crucial for
stable operation. Smaller distances increase the heating power
but facilitate electrical breakdowns. The EBES is enclosed in
a water cooled copper radiation shield, which is also equipped
with a slit on the upper side. The slit aperture of the crucible
and the slit of the radiation shield are both aligned parallel
to the HeN beam. The distance between the crucible and the
radiation shield has to be larger than ∼10 mm for stable op-
eration. This leads to a crucible to HeN beam distance of ∼15
mm. It is also important that the pressure in the pickup cham-
ber is at least in the 10−6 mbar regime.

The filaments are usually operated simultaneously
and connected in parallel, as shown in Fig. 2. Emitted
electrons are accelerated in an electric field at a fixed
voltage of UHV = 1 kV (power supply: Kaiser Systems
Inc. Series 5000; max: 1 kV, 1 A) onto the Ta crucible. A
proportional integral derivative (PID) controller (Eurotherm
3204) stabilizes the emission current Ie and thus the EBES
heating power PEBES by controlling the filament voltage Ufil.
Typical values are Ufil = 10 V and Ifil = 3 A (standard dc
power supply with analog input; max: 32 V, 10 A). With Ie

= 200 mA, corresponding to PEBES = 200 W, we reach EBES
temperatures TEBES of (1650 ± 50) ◦C. Stable conditions are
established with maximum emission currents between
100 mA and 150 mA per filament. The temperature of the Ta
crucible was measured with a two channel pyrometer (Raytek
MRS1) through an acrylic glass window operating the EBES
without the water cooled radiation shield. The pyrometer in
combination with the acrylic glass window was calibrated
with a black body radiation source.

At these elevated temperatures thermal radiation both
from the Ta crucible and the filaments leads to increased
background signals at optical detectors. Therefore, we use the
EBES in an own vacuum chamber well separated from the

photomultiplier. Apertures and optical filters can be used to
further reduce the stray light.

The maximum temperature of the source is in principle
limited by alloying and reactions of the test species with
the crucible material, which is typically happening between
2000 ◦C to 2200 ◦C depending on the materials. To reach
higher temperatures than 1700 ◦C further steps are to be
taken: (1) An additional radiation shield around the crucible
will reduce the radiation loss and thus increase the oven tem-
perature for the same heating power. (2) An increase in the
acceleration voltage will directly affect the heating power. Up
to 10 kV can be used29 but higher acceleration voltages will
increase the X-ray emission. (3) The emission current, also
directly proportional to the heating power, can be increased
by raising the filament’s temperature. (4) Reducing the work
function of the filament’s material will increase the emission
current. The work function can be decreased by replacing the
pure tungsten filaments with, for example, thorium or rhe-
nium coated filaments. (5) Additional filaments will increase
the area for electron emission and thus the emission current.

III. RESULTS AND DISCUSSION

We show the first doping of HeN with Cr atoms and
the formation of Cr clusters in HeN up to Cr9. In these
experiments, the HeN source parameters (stagnation pressure
p0 and nozzle temperature T0) and the EBES heating power
PEBES are optimized for few and multi-Cr atom pickup,
respectively. For the pickup of few Cr atoms, we use a high
flux rate of relatively small HeN. With p0 = 50 bar and T0

= 15 K we obtain a droplet size distribution maximum
of N̂50,15 = 5900 atoms per droplet.34–36 These source
conditions are used for the measurement of pickup statistics
(Fig. 3), where PEBES is increased continuously, and for
the measurement of a Crn (1 ≤ n ≤ 6) mass spectrum at
PEBES = 160 W (Fig. 4). To show the formation of larger Crn

(n up to 9, Fig. 5), the HeN source parameters were changed
to p0 = 75 bar and T0 = 14 K to optimize for a high flux of
larger droplets with N̂75,14 = 8700 atoms. The corresponding
value of PEBES was 180 W.

The pickup statistics shown in Fig. 3 illustrate the de-
pendency of the QMS ion signal on PEBES. We monitor the
masses 8 u (He+

2 ), 52 u (Cr+), 104 u (Cr+2 ), and 260 u (Cr+5 ),
while raising PEBES continuously up to 225 W. The He+

2 sig-
nal is used as indicator for the overall HeN beam intensity.
The maxima of the Cr+, Cr+2 , and Cr+5 signals appear at in-
creased heating powers, as expected. We note that electron
impact ionization of the doped droplets may cause fragmen-
tation of larger Cr oligomers. The Cr+ monomer ion signal
may thus be higher than the actual flux rate of HeN doped
with single Cr atoms, especially in regions of PEBES where
multiple Cr pickup is favored. Nevertheless, the appearance
of Cr+2 and Cr+5 signal maxima clearly demonstrates that a
certain fraction of Cr oligomers is not fragmented.

The He+
2 signal drops rapidly at PEBES > 150 W. We

allocate the appearance of He+
2 signal at 8 u to the existence

of bare, undoped HeN. The drop can thus be explained by
the decreasing probability of HeN to remain undoped.40

Also, smaller HeN may be deflected out of the HeN beam. In
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FIG. 3. Cr pickup statistics: dependency of the QMS ion signal of the masses
8 u (He+

2 ), 52 u (Cr+), 104 u (Cr+2 ), and 260 u (Cr+5 ) on the EBES heating
power PEBES. The droplet size distribution maximum is N̂50,15 = 5900 He
atoms per droplet. The signal of each mass is normalized individually.

the following, the droplet shrinkage due to both Cr pickup
and cluster formation is estimated. The pickup process can
be approximated by an inelastic collision at right angles,37

which is governed by the velocities of the colliding part-
ners. The Cr atoms are assumed to leave the EBES with
velocities that follow a Maxwellian distribution. Their root-
mean-square velocity is given by vCr = √

3kBTEBES/mCr,
where kB is the Boltzmann constant, TEBES is the EBES
temperature, and mCr = 52 u is the atomic mass of Cr.
With TEBES = (1600 ± 50) ◦C we obtain vCr = (950 ± 20)
m/s. The HeN velocity is calculated from conservation of
enthalpy,41 vHeN = √

2(h0 − hλp), where h0 and hλp are the
specific enthalpies at stagnation conditions and at the lambda
point, respectively.42 For p0 = 50 bar and T0 = 15 K one
obtains vHe = 389 m/s. Considering momentum conservation

FIG. 4. Mass spectrum showing Cr+n (1 ≤ n ≤ 6) ion yields. Additionally,
the combination of Cr+n with water and its fragments (H2O, OH, O), and
the typical He+

N fragments are visible. The spectrum is recorded with N̂50,15
= 5900 He atoms per droplet and PEBES = 160 W.

FIG. 5. Mass spectrum showing the most abundant part of the isotopic mix-
ture of Cr+9 , as obtained with large HeN (N̂75,14 = 8700). The simulated mass
distribution according to the Cr isotopic abundances is indicated by crosses.
The inset shows the simulated composition of the most prominent peak at
468 u.

of the inelastic scattering process at right angle, the difference
in kinetic energy of the colliding partners before and after the
inelastic collision gives the dissipated energy Edis and thus
the number of He atoms which are evaporated from the HeN.
With the given parameters we estimate Edis for the pickup of
one Cr atom to be (281 ± 6) meV (corresponding to (3270
± 80) K; 1 K

∧= 8.62 × 10−5 eV
∧= 1.38 × 10−23 J). The

binding energy of He atoms to the droplet depends on
the droplet size and we take an average value of 6.2 K
(

∧= 0.53 meV) per He atom.43 Thus, the HeN are expected to
shrink by 530 ± 20 He atoms for each Cr atom pickup.

Droplet shrinkage due to the formation of Crn inside
HeN upon multiple Cr atom pickup is more difficult to
estimate, because the type of bonding of Crn in HeN is
unclear. Resonant two-photon ionization studies of Cr2

find a singlet ground state44 with a binding energy of (1.54
± 0.06) eV.3 When a Cr2 singlet state is formed inside a HeN

2900 ± 100 He atoms are evaporated. Adding the evaporated
He atoms for the pickup of two Cr atoms this amounts to
3960 ± 140 for the pickup and formation of Cr2. However,
since oligomers of alkali metals and silver were found in
high spin configurations 20–22 the bonding of Cr2 in HeN

remains to be determined. We note that the binding energy
per Cr atom in the bulk is 4.1 eV (Ref. 45) so that for larger
Crn clusters an increasingly higher value than 1.54 eV has
to be taken. For small clusters produced in this work we
take the number of 2900 ± 100 evaporated He atoms for the
attachment of single Cr atoms as constant.

Figure 4 shows a QMS scan in the mass region of Cr+ to
Cr+6 . In addition to Cr+n , a comb–like structure of equidistant
peaks separated by 4 u appears in the spectrum. These peaks
represent HeN fragment ions. The Cr+n peaks stick out of this
comb separated by 52 u, which is the mass of the most abun-
dant Cr isotope. The peaks seem to be broadened at higher n,
which can be explained by the different isotopic mixtures of
Crn (this is shown in more detail in Fig. 5 for Cr+9 ). Ion sig-
nals in the range of 16 u to 18 u above each Cr+n peak indicate
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the existence of CrnH2O+ and their fragments (CrnOH+ and
CrnO+). H2O is present in the residual gas and thus acciden-
tally picked up by the HeN.

The appearance of Cr6 is reasonable considering the
droplet size distribution with N̂50,15 = 5900 in combination
with the estimation of droplet shrinkage upon pickup and
cluster formation given above. In this worst case approxima-
tion, the pickup of six Cr atoms plus five times the Cr2 binding
energy sums up to 17 700 ± 600 He atoms, which are evapo-
rated. According to the log-normal distribution 16% ± 2% of
the droplets are big enough to survive the pickup and forma-
tion of Cr6. However, we note that it is not possible to deduce
the actual Crn flux rate from measured Cr+n ion yields due to
several reasons such as (1) droplet size dependent electron
impact ionization of Crn–HeN complexes, (2) droplet size de-
pendent ionization of Crn inside HeN, and (3) fragmentation
of Crn upon ionization.

With the current setup the mass range of our QMS (1–
500 u) limits the largest detectable Cr cluster to Cr9. In or-
der to observe Cr9 we used droplets of N̂75,14 = 8700 atoms
and PEBES = 180 W. The most prominent region of the Cr+9
mass spectrum is shown in Fig. 5, together with the simu-
lated mass distribution of different isotopic combinations (in-
dicated by crosses). Each of the observed masses is a result
of different isotopic combinations; the natural abundances
are: 50Cr: ∼4.3%, 52Cr: ∼83.8%, 53Cr: ∼9.5%, and 54Cr:
∼2.4%. The simulated mass distribution and the composi-
tion of each peak is described by a multinomial distribution.46

For example, the composition of the peak at 468 u is indi-
cated in Fig. 5: 52Cr9 (78%), 50Cr + 52Cr6 + 53Cr2 (13%),
and 50Cr + 52Cr7 + 54Cr (8%), and the sum of all other com-
binations ∼1%. In the same manner as for Cr+6 in Fig. 4, the
probability of the appearance of Cr+9 and the survival of cor-
responding droplets can be estimated. The pickup of nine Cr
atoms plus eight times the Cr2 binding energy results in the
evaporation of 28 000 ± 1000 He atoms. According to the log-
normal distribution with N̂75,14 = 8700 it can be estimated
that 24% ± 2% of the droplets survive this scenario.

IV. SUMMARY

In conclusion, we demonstrate a new source for stable
and continuous doping of HeN with high-melting refractory
metals. Heating is achieved by means of electron bombard-
ment and temperatures of up to (1650 ± 50) ◦C are reached.
Several modifications to reach higher temperatures are dis-
cussed. The source is characterized by means of mass spec-
troscopic investigations of HeN doped with Cr atoms and clus-
ters. The heating power of the Cr source and parameters of the
HeN source are optimized for few and multiparticle pickup.
The formation of Cr clusters with up to 9 Cr atoms in HeN is
demonstrated and the probability of the appearance of Cr9 is
estimated for the given HeN size distribution.
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