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Abstract

The helium droplet technique has been established as a powerful tool for the spectro-
scopic investigation of cold atoms, molecules and clusters during the past decades. Only
recently it further evolved towards an instrument for the inert synthesis and soft surface
deposition of nanoclusters and nanowires. Since then, the applicability of the technique
to the tailored production of metallic nanostructures of various size and composition has
been proven by several experiments. However, there has still been a considerable lack of
knowledge on the details of the growth process, which starts with the incorporation of
metal atoms into a single helium droplet and �nally yields the nanoparticles.
The present work addresses this issue by comparison of nanoparticle morphologies ob-
tained from highly resolved electron micrographs to theoretical models. It turns out that
the growth process is in�uenced by the doping rates, with which metal atoms are added
to the helium droplets, as well as by the droplet size. Small helium droplets favor the
growth of one cluster by addition of single atoms. High doping rates and large helium
droplets on the other hand, preferably lead to a multicenter growth scenario, where sev-
eral clusters are formed simultaneously at di�erent nucleation sites within one droplet
and subsequently coagulate to the �nal nanostructures. In the presence of quantized
vortices this leads to the directed growth of nanowires, which conserve the morphologies
of the initial building blocks.
In the course of the conducted simulations, the dimer collision times of coinage metal
atoms in helium droplets of various size are determined by molecular dynamics simu-
lations combined with helium density functional theory. The obtained values enter a
rate-based model describing the growth process in large helium droplets. Further, the
universal validity of continuous nanowire growth is proven for the special case of silver,
which formerly has been subject of controversy in the literature.
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Kurzfassung

Die Heliumtröpfchenmethode hat sich in den letzten Jahrzehnten als mächtiges Werkzeug
für die spektroskopische Untersuchung von kalten Atomen, Molekülen und Clustern
etabliert. Erst kürzlich entwickelte sie sich zu einem Instrument für die inerte Synthese
und sanfte Ober�ächendeposition von Nanoclustern und Nanodrähten. Seither wurde
die Anwendbarkeit der Methode auf die maÿgeschneiderte Herstellung von metallischen
Nanostrukturen unterschiedlicher Gröÿe und Zusammensetzung in zahlreichen Experi-
menten nachgewiesen. Trotzdem blieben nicht zu vernachlässigende De�zite im Wissen
um die Details des Wachstumsprozesses, welcher mit der Einlagerung von Metallatomen
in ein einzelnes Heliumtröpfchen beginnt und schlieÿlich zu den Nanopartikeln führt.
Die vorliegende Arbeit behandelt diesen Aspekt durch den Vergleich der aus hochau-
�ösenden Elektronenmikroskopieaufnahmen erhaltenen Morphologien der Nanopartikel
mit theoretischen Modellen. Es stellt sich heraus, dass der Wachstumsprozess sowohl
durch die Dotierraten, mit welchen Metallatome in die Heliumtröpfchen eingebracht wer-
den, als auch durch die Tropfengröÿe beein�usst wird. Kleine Heliumtröpfchen begün-
stigen das Wachsen eines einzigen Clusters durch Hinzugabe einzelner Atome. Hohe
Dotierraten und groÿe Heliumtröpfchen wiederum führen bevorzugt zum Szenario eines
Vielzentrenwachstums, in welchem sich mehrere Cluster gleichzeitig an verschiedenen
Nukleationszentren eines Tröpfchens formieren und anschlieÿend zur schlussendlich vor-
liegenden Nanostruktur zusammenwachsen. In der Gegenwart von quantisierten Wirbeln
führt dies zum gerichteten Wachstum von Nanodrähten, welche die Morphologien der
ursprünglichen Bausteine enthalten.
Im Zuge der durchgeführten Simulationen werden die Dimer-Kollisionszeiten von Münzmet-
allatomen in Heliumtröpfchen verschiedener Gröÿe durch Molekulardynamiksimulatio-
nen in Kombination mit Helium-Dichtefunktionaltheorie bestimmt. Die erhaltenenWerte
gehen in ein raten-basiertes Modell ein, welches den Wachstumprozess in groÿen Heli-
umtröpfchen beschreibt. Weiters wird die universelle Gültigkeit eines kontinuierlichen
Nanodrahtwachstums im speziellen Fall von Silber nachgewiesen, was bisher Thema von
Kontroversen in der Literatur darstellte.
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1 Introduction

The synthesis and subsequent surface deposition of nanoparticles inside of helium droplets
(HeN) has been proposed for the �rst time in 2007.1 Since then, the technique has experi-
enced increasing interest. Although probably not suited for the production of industrial
quantities, HeN exhibit unique properties which are out of reach for most other nanopar-
ticle production routes.
The inert and cryogenic environment given by the droplets allows for sequential doping
with foreign species, which subsequently coagulate into nanoparticles. In absence of any
chemical agent, template, or electric �eld, this enables the tailored production of pris-
tine nanoparticles and conservation of the initial compound purities. It is well known
that at the very nanoscale, single foreign atoms or molecules can alter the properties of
such particles dramatically. Therefore, the HeN technique is especially favorable in all
cases where the material properties of nanoparticles should be investigated without any
in�uences from chemical residues. Another peculiarity of the method is the possibility of
using virtually any material combination in the nanoparticle synthesis process. Together
with a sequential pickup scheme, this could enable the building of e.g. core-shell struc-
tures of exotic composition. In recent works, the attractive forces of vortices in large
HeN have been exploited for the directed growth of nanowires, making the synthesis
process even more versatile.
However, although there have been numerous experimental studies exploiting the HeN
technique for synthesis and surface deposition of nanoparticles2�7 and nanowires8�10 up
to now, the growth process of these structures inside the droplets has not been well
understood in many cases. When moving to the production of more elaborate composi-
tions, the increasing complexity of the synthesis process makes control over the particle
growth process indispensable. The present thesis and related articles11�18 can be seen
as the �rst step towards closing this gap.
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1 Introduction

1.1 Organization of this Thesis

The present work has cumulative character. Chapters 1�3 give the reader a basic overview
of the used techniques and should serve as an introduction to the topics covered in the
following chapters. Chapters 4�7 are reprinted articles, which are published in peer-
reviewed journals and represent the scienti�c results of this thesis. The contributions
of all co-authors to these publications are disclosed at the beginning of the respective
chapters. Finally, chapter 8 summarizes the novel �ndings of this work.
A more detailed description of the laboratory infrastructure and the experimental setup,
both of which were designed and assembled in the course of this thesis, can be found
in chapter 10. This manual has been written to treat technical aspects in greater detail
and can be seen as a self-contained document.

1.2 The helium droplet system

Of the two stable helium (He) isotopes 3He and 4He, only the latter is of importance in
this work. In the following, "He" and "4He" are used interchangeably, unless otherwise
stated.
Since its discovery in 1868 by Pierre J. C. Janssen, helium has repeatedly proven its
extraordinary status among the elements. Although relatively rare in the earth's at-
mosphere (≈ 5 ppm), He is the second most abundant element in the universe. The
diatomic 4He2 molecule exhibits only one bound state with an approximate binding
energy of 1.176mK and a calculated mean internuclear distance of ≈ 54.6Å.19 These
numbers are in good agreement with experimental �ndings,20 which makes 4He2 both,
the largest and weakest bound dimer known.19

In its liquid state, He exhibits the lowest boiling point of all liquids at ≈ 4.2K and
does not turn solid at atmospheric pressure for temperatures approaching 0K.19 Below
2.18K, helium undergoes a phase transition to the so-called He II phase,21 in which it is
super�uid as discovered by Pyotr L. Kapitza in 1938.22 Vanishingly small viscosity and
extraordinary high heat conductivity,23 are only two examples of the unusual properties
of He II.
In 1961, Becker et al. produced the �rst He droplet beam in a free jet expansion.24 As
determined from rotationally resolved spectra of immersed SF6 molecules,25 the droplets
cool to a temperature of 0.37K in vacuum via the evaporation of surface atoms. The-
oretical calculations further revealed that these temperatures are reached within times
shorter than 1ms,21,26 which is less than the HeN �ight-time in a typical droplet beam
apparatus. At these low temperatures, HeN adopt the super�uid phase for N & 60 as
shown experimentally.27

The capability of HeN to pick up foreign species was demonstrated by Gough et al. in
1985.28 It turns out that helium droplets pick up literally any species at collision with
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1.2 The helium droplet system

the pickup cross-section equaling the geometrical cross section of the droplet. Nearly all
atomic dopant species are immersed in the droplet volume, except hydrogen, the alkali
metals and some of the alkaline earth elements, which are heliophobic and reside in a
dimple on the droplet surface.21,29,30 A general prediction whether dopants exhibit helio-
philic or heliophobic behaviour can be obtained by evaluation of the so-called Ancilotto
parameter λ.31 This parameter is given by the ratio between the energy gain upon sol-
vation of the dopant in the droplet and the energy cost caused by the creation of the
associated bubble in the helium. Full submersion is predicted for λ > 1.9, while he-
liophobic behaviour can be expected for λ < 1.9.31 The HeN con�nement potential for
heliophilic dopants is very shallow inside the droplet volume (see e.g. Fig. 6.2), which
allows for free dopant motion below the Landau velocity.32

Nowadays, the use of HeN -beams for pickup and subsequent investigation of atoms,
molecules and small clusters is well established in spectroscopy.21,29,33,34 Dopants embed-
ded in HeN are e�ciently cooled to the droplet temperature, while otherwise remaining
rather undisturbed. The evaporative He-loss associated with the dissipation of the en-
ergy introduced by the dopants, is approximately 1600 atoms per 1 eV.21 This sets a
natural size limit for nanoparticles synthesized in HeN . The recent advent of a new gen-
eration of closed-cycle refrigerators allows for a very e�ective cooling of the He nozzle,
which enables the production of larger sized HeN (see Sec.1.2.1). This has triggered the
exploitation of the He droplets' extraordinary environment for nanoparticle production.

Remark: Although helium droplets are strictly speaking clusters of He
atoms, they are entitled as "droplets" throughout this work. This should
not only highlight their super(-�uid) state, but also enables a linguistic dif-
ferentiation between HeN and the embedded nano-clusters.

1.2.1 Creation of the He-droplet beam

Usually, HeN -beams are produced by expanding He gas of high purity through a small
ori�ce into a vacuum region at cryogenic temperatures (for more details on the experi-
mental realization refer to Chap. 2.1). Depending on the nozzle temperature T0 and the
applied He-stagnation pressure p0, a wide range of droplet sizes is accessible. Fig. 1.1
illustrates how the mean number N̄ of He-atoms in a droplet depends on the nozzle
conditions. It is evident that larger droplet sizes, as needed for nanoparticle production,
can only be obtained by lowering the nozzle temperature.
These temperature changes also a�ect the type of droplet formation. As indicated in
Fig. 1.1, droplet growth is determined by atomic collisions in an adiabatic gas expan-
sion for T0 & 10K. At temperatures below ≈ 4K, droplet formation is caused by the
so-called Rayleigh breakup of a liquid He stream leaving the nozzle. Intermediate nozzle

3



1 Introduction

Figure 1.1: Dependence of the HeN size N̄ on stagnation pressure p0 and nozzle temper-
ature T0. Di�erent types of droplet formation are indicated at the respective
temperatures. This graph is reprinted with permission from ref. 21, Copy-
right (c) 2004 Wiley-VCH Verlag GmbH & Co. KGaA.
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1.2 The helium droplet system

temperatures result in droplet formation via cavitational breakup of liquid He, induced
by enclosed portions of the gaseous phase.21

It seems as if the type of droplet formation can in�uence the obtained HeN system, as
shown in the following section.

1.2.2 Quantized vortices in helium droplets

The vanishing viscosity in He II prohibits the transformation of angular momentum,
which is transferred to the �uid, into solid body rotation. Instead, angular momentum
conservation is assured by the generation of vortices in the �uid. A detailed mathemat-
ical treatment of vortices in He II can be found in ref. 35. The most important �ndings
are summarized in the following.
It turns out that vortices can only be created or annihilated at the �uid boundary and
that their ends can only be located perpendicular to the �uid surface boundary. In
case of a super�uid, vortices are quantized and can carry one quantum of circulation
κ each. Vortices carrying 2 × κ are energetically unfavorable to two vortices carrying
one quantum, i.e. the transmission of large angular momenta to the �uid leads to the
formation of multiple vortices ordered in a hexagonal array. Foreign species immersed
in the super�uid are attracted and eventually captured by the vortex cores due to a
surrounding pressure gradient.35

Experimentally, these properties of quantized vortices have been exploited for their de-
tection by Williams et al. in 1974.36 In the respective work, electrons were injected
into He II in a rotating bucket experiment. The electrons were captured by the vortex
cores. As their motion is not suppressed along the vortex cores, and the cores termi-
nate on the �uid surface, electrons could be detected on a �uorescence screen above
the He II surface. At the position of vortex cores, the amount of electrons leaving the
super�uid was considerably higher, leading to bright spots on the screen. At increasing
rotational velocity of the bucket, the number of spots rose in discrete manner, in agree-
ment with the quantized nature of the vortices. The �rst observation of vortex lattices
was achieved by Yarmchuk et al. in 1979, using a similar experimental setup.37 It was
not before 2006, when the �rst imaging of vortices in He II succeeded by using hydrogen
tracer particles.38 Lately, vortices in bulk He II have been extensively exploited for the
production and characterization of nanowire bundles and meshes.39�48

In HeN the existence of vortices has been predicted theoretically (see e.g. ref. 49�
52), but was not observed in the experiments until 2012.8 In the respective work, HeN
were doped with silver atoms and the droplet beam was subsequently terminated on a
transmission electron microscopy (TEM) grid. The electron micrographs revealed silver
clusters aligned along distinct lines, which was led back to the presence of growth guid-
ing vortices. The reason for their late discovery most probably lies in the di�erent type
of droplet formation compared to previous experiments. In ref. 8, aligned silver struc-
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1 Introduction

tures in HeN were obtained at nozzle temperatures around 5-6K, which is well within
a temperature region where liquid helium is present already inside the nozzle in the
expansion process (see Sec.1.2.1). Through evaluation of the corresponding Reynolds
number, it can be shown that the �ow of He through the nozzle is turbulent. Further,
the interaction of the liquid with the nozzle wall can transfer an angular momentum
to the droplets. This is di�erent from the growth of droplets from atomic collisions in
the gas phase as associated with experiments at higher nozzle temperatures and most
probably facilitates the e�ective creation of vortices in HeN . The existence of vortex
lattices in large HeN has been proven in X-ray di�raction experiments recently.53

Triggered by these �ndings, several experiments have exploited vortices in HeN as tem-
plates for the synthesis of nanowires lately.4,9,14,16

1.2.3 Deposition of nanoparticles under soft landing conditions

Surface deposition of the nanoparticles contained in HeN can be achieved by terminating
the droplet beam on any suitable substrate. The helium droplets disintegrate upon
impact,54 thereby leaving the enclosed particles on the substrate surface.
Gentle deposition which does not lead to a breakup or to surface implantation of the
nanoparticles, is termed as "soft landing" process. As a general rule of thumb, these
conditions are likely ful�lled if the binding energy of the atoms making up the particle
is larger than the kinetic energy per atom during the impact.55 For metal dopants,
HeN easily meets these criteria under the assumption that the droplet velocity of ≈
200 − 400m/s equals the deposition velocity of the enclosed clusters.2 On the other
hand, recent molecular dynamics (MD) simulations indicate that in case of an attractive
interaction between the dopant species and the substrate, the nanoparticles may be
reasonably accelerated towards the surface.15 The in�uence of the helium surrounding
the clusters was neglected in this work. Density functional theory (DFT) calculations
in turn, suggest an additional cushioning of the nanoparticle impact by the HeN.54,56

Generally speaking, the full dynamics of the deposition process are far from understood.
However, the �nding of metastable cluster morphologies which have to be preserved from
the synthesis process during surface deposition (see Chap. 4), as well as the preservation
of nanowire structures upon impact (see Chap. 5&7), substantiate the assumption of a
soft landing process for the HeN technique.

1.3 Investigated nanoparticles

Throughout the experimental work covered by this thesis, gold (Au) and silver (Ag) were
used as dopants. Both metals exhibit good chemical inertness, can be brought into the
gas phase easily by evaporation at moderate temperatures (see Sec. 2.2) and adopt the
fcc lattice with nearly equal lattice constant in the bulk. Further, the binding energies
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of atoms to the respective metal clusters Agn and Aun are very similar.57

The properties mentioned above make Au and Ag not only easy to handle in the experi-
ments, but ideal candidates for the exploration of fundamental ideas concerning the HeN
technique, such as the synthesis of core-shell particles in a sequential pickup scheme. In
general the properties of nanoparticles can remarkably deviate from those of their atomic
constituents as well as from the behaviour in the bulk limit (see e.g. ref. 58�60). There-
fore, it is opportune for investigations on a new synthesis process, to use systems which
have already been studied intensively in the literature, as in the case of gold and silver
nanoparticles.

Remark: While elongated nanostructures are termed as nanowires through-
out this work, the term "cluster" is reserved for (quasi-) spherical arrange-
ments of atoms. In cases where no distinction is necessary, both types of
shape are referred to as "nanoparticles".
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2 Experimental Methods

In the course of this thesis a new helium droplet apparatus has been set up, which is
especially suited to synthesize nanoparticles. The layout of the apparatus is schemati-
cally depicted in Fig. 2.1. The generation of the HeN -beam, the doping of the droplets
with foreign species and the analysis and/or deposition of the nanoparticles grown in-
side of the droplets take place in separate vacuum chambers. In the following we denote
these vacuum chambers as source chamber (SC), pickup chamber (PC) and measure-
ment chamber (MC), respectively. The setup is described in great detail in the attached
manual (see Chap. 10) and further information can be found in the doctoral thesis of
Philipp Thaler61 as well as in the master's thesis of Johannes Steurer62. The following
sections are intended as an introduction for the reader and should provide the basis for
understanding the experimental methods used in Chap. 4, 5 & 7.
It should be noted, that the experiments described in Chap. 4 were carried out on a pre-
existing apparatus. Detailed information about the corresponding setup can be found
in the doctoral thesis of Markus Koch63 and in ref. 64.

2.1 Droplet beam generation

The HeN -beam is generated via a supersonic jet expansion of highly puri�ed (grade 6)
and initially gaseous He through a cooled nozzle. The nozzle is realized by a platinum
electron microscope aperture (Günther Frey GmbH) and exhibits a nominal ori�ce diam-
eter of 5µm. The nozzle plate is clamped to an oxygen-free copper block, which is cooled
by a closed cycle refrigerator (Sumitomo RDK-408D2). As described in Sec. 1.2.1, the
droplet size distribution can be shifted by tuning the nozzle conditions, i.e. the nozzle
temperature T0 and the applied He stagnation pressure p0. In the course of all exper-
iments discussed in this thesis, p0 was held constant at 20bar or at 50bar and T0 was
varied between 11.4K and 5.4K. With these settings the desired mean droplet size can
be selected in the range of N̄ ≈ 3× 103− 1.7× 1010, corresponding to droplet diameters
d̄D ≈ 64− 1100nm.
Temperature stabilization is achieved through counter heating of the copper block with
an attached power resistor (Arcol HS15). The actual copper block temperature is mea-
sured with a silicon diode temperature sensor (Lake Shore Cryotronics Inc., model DT-
670B1-BO) and taken as input parameter for a closed loop system. A commercial
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Figure 2.1: Schematic depiction of the HeN - beam apparatus. Source chamber (1) with
visible radiation shield (2) of the nozzle and mounted coldhead (3); pickup
chamber (4) with resistively heated pickup cell (5); chamber for di�eren-
tial pumping (6); measurement chamber (9) with attached vacuum transfer
system (7), time of �ight mass spectrometer (8) and manipulator (10) for
deposition on various substrates. The holder for TEM grids (blue) and the
crystal holder of a quartz crystal monitor are indicated in the region of sur-
face deposition (11). The source chamber is pumped by an oil di�usion pump
(P1), while the other chambers are pumped by turbo pumps (P2-P4&P6-
P7). The vacuum transfer system is equipped with an ion getter pump (P5).
The chambers can be separated by several gate valves (GV).
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controller (Eurotherm 3500) is used to evaluate the required heating current. With this
setup the temperature can be held constant within ±0.02K. Fig. 2.2 shows a photograph
of the assembled nozzle setup without radiation shield. The alignment of the nozzle is
described in the attached manual (Chap. 10).
After its creation, the HeN -beam passes a 400µm skimmer into an adjacent vacuum
chamber. Naturally, a large part of He atoms streaming out of the nozzle, will not pass

Figure 2.2: The nozzle setup consists of an oxygen-free copper block (1), which is
clamped to the second stage of a closed cycle refrigerator (2). Gaseous he-
lium is precooled in a copper tube (3), which is brazed to the copper block.
The helium is pressed through an electron microscope aperture (marked by
arrow), which is clamped against the copper block with a stainless steel disc
(4). The temperature is measured with a silicon diode temperature sensor (5)
and can be controlled via adaption of the heating current through a power
resistor (6).

the skimmer and therefore contribute to the background pressure in the SC. There-
fore, an oil di�usion pump with large throughput (12 000 l/s) is used to ensure e�ective
pumping and a vacuum pressure not higher than a few 10−4 mbars at the largest gas
loads.
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2.2 Controlling of dopant pickup

In the second vacuum chamber (PC) the He droplets are doped with foreign species.
For this purpose, it is necessary to create de�ned regions where the respective species
are present in the gas phase, so that they can be picked up by passing HeN . These
regions are called pickup cells. A complete overview of the di�erent types of pickup cells
available for the apparatus at the moment, can be found in Chap. 10.
For the experiments discussed in this thesis, only Ag or Au atoms are used as dopants.
Fig. 2.3 shows the temperature dependence of the vapor pressure for the two metals. As
a rule of thumb, noticeable pickup starts at ≈ 5× 10−5 mbar dopant vapor pressure for
the smallest droplet sizes used. Resistively heated alumina crucibles (Ted Pella, Inc.,
Prod. No. 84-27) are used to heat the metals to the desired temperature. In practice it
is inconvenient to control the temperature of the crucibles, mainly because the amount
of evaporated dopant atoms depends on the �lling level of the respective crucible and
because small uncertainties in the temperature measurement may greatly in�uence the
present vapor pressure.
A possibility to overcome this problems is to directly track the amount of dopants picked
up by the HeN as described in a work of Loginov et al..2 This approach takes advantage
of the fact that during every pickup event energy is transferred to the droplets by the
dopants and subsequently dissipated by evaporative cooling. This leads to a shrinking
of the droplets and to a reduced He �ux into the adjacent measurement chamber. The
disintegration of helium droplets upon surface collision leads to a rise of the helium
background pressure pHe in the MC, which is monitored either with a quadrupole mass
spectrometer (QMS, Balzers QMA200/QME200) or with an ionization pressure gauge
(Leybold IM 220). To obtain the mean number of dopant atoms per HeN , it is necessary
to monitor the relative change in pHe, i.e. the decrease in pressure for the doped droplet-
beam compared to pHe obtained for the undoped beam. With increasing doping level,
pHe in the MC decreases, as helium atoms are evaporated from the droplets already
in the pickup chamber. Knowing the initial mean droplet size N̄ for the given source
conditions, it is then possible to calculate the mean number N̄evap of helium atoms
evaporated per droplet upon doping via 2

N̄evap =
pHe,undoped − pHe,doped

pHe,undoped
× N̄ (2.1)

The mean number of dopant n̄X atoms per droplet is then given by

n̄X = N̄evap ×
EHe

EX
. (2.2)

EHe = 0.6meV is the binding energy of one helium atom to the droplet and EX is
the energy transferred to the He droplet by one dopant of species X. In the case of
atomic metal dopants, the kinetic energy stemming from the evaporation process is
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Figure 2.3: Temperature dependence of Ag and Au vapor pressures. Dashed lines in-
dicate temperatures above the melting point of the respective metal. The
pressures are calculated using the empirical formula log(p/Pa) = 5.006 +

A + BT−1 + Clog(T) + DT−3 from ref. 65, with the tabulated empirical
parameters A, B, C & D.
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much smaller than the binding energy released upon cluster formation, so that EX can
be approximated by the latter.

2.3 Nanoparticle deposition and analysis

The present thesis is based on results obtained from the evaluation of deposited nan-
oclusters or nanowires. The used HeN -beam machine also comprises a time of �ight
mass spectrometer (TOFMS) for in-beam analysis. For more information on this topic,
the reader is referred to the works of Johannes Steurer62 and Philipp Thaler61 as well
as to ref. 18.
Surface deposition of the nanoparticles contained in HeN can be achieved by terminating
the beam on any suitable substrate. For the experiments presented in this work, the
nanoparticles are either deposited on gold-coated quartz crystals (In�con, 64140-0930)
for the measurement of deposition rates, or on amorphous carbon transmission elec-
tron microscopy (TEM) grids (Ted Pella, Inc., Prod. No. 01824) for subsequent TEM
analysis.

2.3.1 Measuring deposition rates

Deposition rates of nanoparticles synthesized in HeN have been measured using a quartz
crystal monitor (QCM, In�con Qpod, S/N 1485). The measuring principle relies on a
change in the eigenfrequency of a quartz crystal's shear vibration as a result of mass de-
position on the crystal surface, as described by Sauerbrey.66 In the used QCM, a 6MHz
gold-coated quartz crystal is the frequency determining element of a harmonic oscillator.
The nanoparticles are deposited on the crystal by terminating the HeN on the surface
and frequency changes or deposition rates can be directly monitored on a computer.
Fig. 2.4 exemplarily depicts the dependence of the deposited mass of Agn per area for
di�erent droplet sizes as obtained with the setup described in Chap. 4. The slopes in
distinct time intervals correspond to the deposition rates. Di�erent slopes result from a
change in HeN size at constant dopant vapor pressure. Time intervals where deposition is
achieved are highlighted in gray. It can be seen that the deposition has been interrupted
several times, which has been achieved by closing the valves between source chamber
and pickup chamber as well as between pickup chamber and measurement chamber.
Due to the temperature dependence of the shear vibration eigenfrequency, temperature
stabilization of the QCM to ±0.02K has been necessary for the reliable measurement of
deposition rates as low as 10−5 µg cm−2 s−1. The high reproducibility of lines with nearly
zero slope for halted deposition as seen in Fig. 2.4 is a good indicator for the e�ective
elimination of temperature in�uences.
During the time interval labeled "e.b." only the valve between the source chamber and
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the pickup chamber has been closed and the valve between pickup chamber and mea-
surement chamber was left open. The measured mass increase can be associated with
a beam of silver atoms e�using out of the pickup cell, i.e. nanoparticle deposition is
accompanied by the deposition of metal atoms.

Figure 2.4: Deposited Agn mass per area over time for di�erent HeN sizes. Time in-
tervals highlighted in gray correspond to nanoparticle deposition. Di�erent
slopes/ deposition rates result from a change in HeN size, while keeping the
dopant vapor pressure constant. The slope in the interval labeled "e.b." is
determined by mass deposition via an e�usive beam of Ag atoms.

2.3.2 Measuring particle sizes

The sizes of deposited nanoparticles can be obtained from the evaluation of TEM im-
ages. The image processing package Fiji67 has been used for all image analysis in the
course of this thesis. With this software, a threshold for gray scale values is set to distin-
guish between nanoparticles and background. Subsequently, a binary image with black
nanoparticle areas and white background is generated.
Naturally, such a method is sensitive to illumination gradients, which have to be re-
moved before setting the threshold. Fig. 2.5 shows the steps from the raw (Fig. 2.5 (a))
to the binary (Fig. 2.5 (c)) image. The illumination gradient is removed from Fig. 2.5 (a)
to (b) by performing a fast Fourier transformation (FFT) of the image, cutting the low
frequencies and subsequent execution of the inverse FFT. To exclude any alteration of
the particle sizes due to the image manipulations, the binary and corresponding raw
images are overlaid before starting the particle evaluation. Fiji is capable of directly
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measuring properties related to particle shape and size (e.g. diameter, area, perimeter,
circularity) from the scaled binary images. The obtained data is stored in a suitable �le
format and further evaluation is carried out in Matlab.
It is an important fact, that TEM micrographs are 2D projections of the 3D nanoparti-
cles. It is therefore necessary to have some additional information for the determination

Figure 2.5: Image manipulation for particle size evaluation. Illumination gradients in
the original image (a) are removed by FFT frequency splitting. Only the
image containing the high frequencies (b) is used to generate a binary black
and white image (c) by setting the corresponding gray value threshold in
Fiji.

of the 3D shape. One possibility is to assume a certain shape of the particles (e.g.
spheres) to calculate the deposited mass from the TEM image. Subsequently, the as-
sumption is checked by comparison with the deposition rates which have been measured
with the QCM. Another approach to overcome this problem is to record several TEM
images while tilting the substrate with respect to the electron beam.17 Both methods led
to the insight that the deposited nanoparticles are only slightly �attened, meaning that
it is reasonable to assume spherical cluster shape and cylindrical shape for nanowires.
Therefore, in case of clusters, the diameters can be directly measured using Fiji. For
nanowires it turned out to be best practice to �rst evaluate the perimeter and to addi-
tionally measure the length of the wire via a manually set path. The mean wire diameter
is then calculated under the assumption of a cylindrical wire shape.

2.3.3 Determination of nanoparticle morphologies

The morphologies of deposited nanoparticles have been determined by evaluation of high
resolution transmission electron microscopy (HRTEM) images. Contrast in HRTEM mi-
crographs of crystalline samples is an interference phenomenon. The charge distributions
of electrons and nuclei in a sample cause the crystal potential. Electrons passing the
sample interact with this potential and experience an according phase shift. This phase
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shift is more prominent for electrons which pass the sample near the nuclei of a crystal
plane than for those which do not feel such a strong attractive potential. The transmit-
ted electron waves interfere in the image plane of the TEM, which leads to contrast in
the recorded images.68

This mechanism is di�erent from our daily experience, where contrast emerges mainly
from the di�erent re�ectance and absorbances of objects. In most cases it is therefore
impossible to directly deduce the 3D morphology of the observed nanoparticles from the
micrographs. This is especially true when the nanoparticles are not present in highly
symmetric orientations with respect to the incoming electron beam. It is an established
routine in the TEM community to use the so called multi slice method as a reverse
engineering approach to solve this problem (see Chap. 9.6 of ref. 68). In this technique,
a model structure is generated to calculate the expected TEM image. The model is cut
into thin slices and successively, the interaction of the electron plane waves with the
e�ective potential of every single slice is evaluated to obtain the total phase shift. Sub-
sequently, the model structure is adapted until the calculated and the experimentally
obtained images match.
Due to the nature of the deposition process, clusters produced with the HeN technique
exhibit random orientations on the substrate. Only a few of the particles are oriented
with an axis of high symmetry parallel to the incoming e−-beam. For a statistical eval-
uation of cluster morphologies as performed in Chap. 4, it is therefore important to also
evaluate the morphologies of tilted clusters. This can only be achieved by comparison
with calculated images like those provided by Koga et al..69 The authors of the respec-
tive study performed multi slice simulations for perfect icosahedral and decahedral Au
clusters under di�erent tilting angles and proved the validity of the obtained results by
comparison with experimentally recorded HR-micrographs. The results of this work can
also be applied for Ag clusters, as the lattice constant between Au and Ag di�er by only
0.01Å.57 Of course the crystal potential is di�erent for the two metals, however this
does not a�ect the interference patterns itself but only contrast, i.e. the gray values of
speci�c points of the clusters.
Fig. 2.6 exemplarily depicts two clusters with the same morphology, but di�erent orien-
tations towards the e−-beam. Their correct assignment is only possible by comparison
with the simulated images of the respective morphologies under various tilting angles
(Fig. 2.6 (c)). It can be seen that Fig. 2.6 (a) corresponds to "a" of Fig. 2.6 (c), while the
pattern in Fig. 2.6 (b) matches the one in "f" of Fig. 2.6 (c).
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Figure 2.6: Morphology assignment of clusters with di�erent orientations with respect
to the TEM electron beam. Comparison with the results of multi slice sim-
ulations (c) shows, that both clusters in (a) and (b) are decahedra. The
situation in (a) is equal to (c)-"a", while (b) agrees best with (c)-"f". Scale
is the same for (a) and (b). (c) is reprinted from ref. 69 with permission
from Elsevier.
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3 Computational Methods

The following is a summary of the most important computer simulations conducted in
the course of this thesis. It is intended to give a more detailed insight in the structure
of the code and describes selected problems which arise during programming.

3.1 Breakup of deposited nanowires

The recurring observation of well aligned cluster segments instead of continuous nanowires
in case of doping HeN with silver, has been explained in the course of this thesis.12 The
corresponding publication is reprinted in Chap. 5. It shows, that the observed chains of
clusters are the result of a breakup of continuous nanowires after their deposition on a
warm substrate. Due to a gradient in the chemical potential, silver atoms di�use along
the wire surface towards places of larger wire diameter. This surface self-di�usion pro-
cess further constricts initially thin parts of the wire, which �nally leads to the breakup.
Due to a lack of 3D information in the experimentally recorded TEM images, the simula-
tions are conducted in 2D. The behavior can be simulated in the framework of the Mullins
equations,70,71 as explained in Sec. 5.3. In this model, the gradient of the chemical po-
tential is replaced by the surface curvature, so that the local transversal displacement z
of the contour line is described by

∂z

∂t
= B

∂2z

∂s2
(3.1)

with s the curvilinear abscissa. B absorbs several material constants (see Sec. 5.3).
Since B only a�ects the size of a timestep it can be set to 1 in the simulations without
qualitatively in�uencing the outcome.
The contour lines of observed nanowires are extracted from the TEM images using Fiji.67

The result of the extraction is a set of N (x, y) coordinates which resemble the initial
contour line. The resolution of details in the curvature of such a line is proportional to
the point resolution of the initial image. All N coordinates are saved in a suitable �le
format and further calculations are conducted in Matlab.
The distance between the points (xn, yn) and (xn+1, yn+1) is denoted by ∆n with n =

1, 2, ...N and ∆N+1 = ∆1. The curvature at point (xn, yn) can be approximated by71

Kn =
2h

∆n−1∆n

, (3.2)
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where h is the distance between (xn, yn) and (xn−1, yn−1)(xn+1, yn+1). The �rst and
second derivatives of Kn can be calculated by

∂Kn

∂s
=
Kn+1 −Kn

∆n

, (3.3)

∂2Kn

∂s2
= 2

∂Kn
∂s
− ∂Kn−1

∂s

∆n−1 + ∆n

. (3.4)

The displacement of (xn, yn) during one time-step of length τ , is calculated according to

h′ = h+ τ
∂2Kn

∂s2
. (3.5)

The new position of (xn, yn) is then evaluated using h′ and assuming equal distances
to (xn−1, yn−1) and (xn+1, yn+1). The time dependent alteration of the contour line can
then be calculated via the following scheme:

a) Load (x, y) coordinates of the initial contour line.

b) Determine the suitable length for τ .

c) Determine point indices for points lying opposite to each other on the contour line
(e.g. (xn, yn) and (xn+i, yn+i)).
→ Has to be done every k time-steps (k depending on τ).

d) Evaluate the second derivative of the curvature at each point of the contour line
(see eqn. 3.2-3.4) and displace each point according to eqn. 3.5.

e) Check if any of the opposite lying line segments
(xn, yn)(xn±1, yn±1), (xi+n, yi+n)(xn+i±1, yn+i±1) cross.

IF

{
NO → go to c)

Y ES → split contour lines at point of intersection

In case of a split, all points from (x1, y1) to (xintersec, yintersec) are treated as one new
contour line and all remaining points are combined to another new contour line. Subse-
quently, both new lines have to be propagated in time separately starting at b).
τ can be obtained from71 τ ≈ C∆m with ∆m denoting the mean value over all ∆n's and
C a constant for controlling the errors.
It turns out, that a common problem of this code are numerical instabilities after a
breakup event, i.e. after a split of contour lines induced by their crossing. Due to con-
strictions of a contour in the vicinity of the crossing point, opposite lying points can
exhibit much closer distances to each other than the mean distance ∆m. As a result
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of the split, two initially opposite lying points are assigned to the same newly created
contour line as now neighboring points. It is evident from the equations above, that in
these cases the local curvature changes dramatically. This results in a displacement h′

of the concerned points, which is much larger than the mean displacements of the other
points, so that the contour line starts to loose its shape in the respective region.
This problem can be overcome by adjusting the point density for the whole contour line
by generating new points, so that the local ∆n does not noticeably deviate from ∆m.
Of course, this leads to longer calculation times, so that it is desirable to continuously
reduce the point density again during the subsequent steps of the simulation. This has
to be done under simultaneous consideration of the numerical stability.

3.2 Timescales of atomic collisions

Atomic collisions are the starting point of cluster growth inside of HeN . Therefore, a
profound knowledge of the timescales of these collisions is essential in order to model the
formation of larger particles. The respective collision times for di�erent dopant metal
atoms can be obtained via the following calculation scheme:

a) Determine the dopant solvation energy in helium droplets of di�erent size and
the corresponding con�nement potential for each dopant element as a function of
radial distance from the droplet center via DFT.

b) Calculate the undisturbed dopant-dopant potential curves with methods of elec-
tronic structure theory (coupled cluster with single and double excitations plus
perturbative triples [RHF-RCCSD(T)]72,73).

c) Estimate the in�uence of HeN on the dopant-dopant potential via He-DFT.

d) Correct the dopant-dopant potential curves for dopants immersed in HeN using
the results obtained in step c).

e) Perform MD simulations of the collision process using the corrected dopant-dopant
potential curves and the con�nement potentials given by the HeN .

The realization of the required calculations for the dopants Ag, Au and Cu is discussed
in detail in ref. 13, which is reprinted in Chap. 6 of the present thesis.
It shows that the correction for the dopant-dopant potential curves, as derived in step d),
are negligible in case of the strongly bound metals. For droplet sizes of up to N = 10000

the MD calculations are performed by exact evaluation of the HeN -dopant and dopant-
dopant potentials during each time-step. However, in large HeN the dopants travel long
distances without any noticeable in�uence of the short ranging inter-particle potential.
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Therefore, the dopant-dopant interaction is only evaluated for the calculation of trajec-
tories in cases where the distance between the two atoms is smaller than 30Å. Further,
the con�nement potential given by the droplet noticeably di�ers from zero only in a
relatively small spatial region at the droplet boundary (≈ 15Å), which allows for an
additional speedup of the calculations by the assumption of simple hard wall re�ections.
The most crucial point of the MD calculations is to �nd an appropriate size for the
simulation time-steps ∆t . If the chosen ∆t is too long, the interaction of the dopants
with the hard-wall con�nement potential cannot be described properly, which may alter
the collision times noticeably. On the other hand, the calculations can easily become
too time consuming in the case of short time-steps. ∆t = 0.1 ps has turned out to be a
good compromise between accuracy and computational costs.
The obtained results enter the model presented in Chap. 7, which is used to describe the
growth process of larger nanoparticles within a droplet.

3.3 Simulation of cluster growth inside of helium

nanodroplets

Due to the large number of atoms involved, the growth process of larger clusters or
nanowires cannot be treated in the framework of molecular dynamics simulations. In-
stead, it is feasible to use a rate-based model, as described in Sec. 7.4. The corresponding
algorithm is described in detail in Chap. 4.2 of ref. 61.
In brief, the rate for the addition of new atoms to the HeN is derived from the velocity of
the droplet beam, the length of the pickup cells and the total amount of atoms picked up
by one droplet in the experiment. Further, the rate of collisions between atoms or clus-
ters inside a single droplet is derived from the work reprinted in Chap. 6, but corrected
for evaporative droplet shrinking and decreasing particle velocities due to conservation
of momentum during multiple collisions.
Every particle is given an individual timer based on these considerations. When a timer
has expired, the corresponding particle merges with another particle. The new particle
shape depends on the temperature increase of the initial particles, which is determined
by the binding energy released during coalescence and the constant cooling rate rc pro-
vided by the surrounding helium. Whenever the energy is su�cient to melt at least
one of the involved collision partners, the resulting particle is assumed to have spherical
shape. In the non-melting case, the two particles are treated as sticking together, but
retain their initial shape. The diameter of this short wire-like segment is then deter-
mined by the mean diameter of the individual particles.
In ref. 17, this algorithm is used to determine the HeN -size at which the transition from
single- to multi-core structures takes place during sequential pickup of silver and gold
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atoms. In Chap. 7 of the present work, the simulation is adapted to yield information
on the impact of the metal atom doping rate on the growth process of clusters and
nanowires inside HeN of a given size. The experimentally observed nanowire diameter
is determined by the particle size at which the last melting occurs upon coagulation. In
other words, after a coagulation event which yields a large elongated particle, it is very
improbable that such a particle melts again in a subsequent collision process, due to the
unfavorable ratio between released binding energy and heat capacity. The capture of
these elongated particles by a vortex and their further coagulation while being pinned to
the vortex core, lead to nanowires with a thickness corresponding to the mean diameter
of all these building blocks. In order to obtain comparability with the experiment, rc is
adjusted such as to obtain the same nanowire diameters in the simulations as observed
in the TEM images. The decision for adjusting the cooling rate is based on the fact,
that it is the system's physical quantity with the largest uncertainty. The �nally chosen
value is within the region provided by literature.
With these modi�cations it is now possible to track the evolution of the number of metal
particles as well as their size distribution inside a single HeN of given size for di�erent
metal atom doping rates. This yields the sizes at which the particles �nally "freeze" for
a given doping rate, which can be used to explain the occurrence of certain nanowire
morphologies as explained in Chap. 7.

3.4 Capture of clusters by vortices

Dopant particles are captured by quantized vortices in large HeN due to an attractive
force which is induced by a pressure gradient around the vortex cores.35 A valid far-�eld
expression for this force acting on a spherical particle is given by74�76

Ffar ≈
(r
s

)3 ρsκ
2

3π
(3.6)

with r the particle radius, s the distance between particle and vortex core and ρ the
density of He II. κ = h/mHe denotes the quantum of circulation, with h the Planck
constant and mHe the atomic mass of He. Expressing the particle's mass by

m =
4

3
r3πρp (3.7)

and using Newton's equation of motion, gives the size-independent acceleration afar of a
particle with density ρp towards the vortex core:

afar ≈
1

4

ρs
ρp

κ2

π2

1

s3
. (3.8)

As afar diverges for s→ 0, the near-�eld expression for the attractive force74�76

Fnear ≈ ρsκ
2log

(
r

ζ

)
(3.9)
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is used to determine

anear ≈
3

4

ρs
ρp

κ2

π

log
(
r
ζ

)

r3
(3.10)

where ζ ≈ 1Å denotes the vortex core diameter.
In order to obtain the time ttrap it takes for a particle to get trapped by a vortex, the mean
distance between particle and vortex core for a given HeN size is calculated. Subsequently
the particle's equation of motion is solved using the Velocity-Verlet algorithm77 under
the assumption of a continuous connection of Ffar and Fnear, which equals the constraint

a =

{
afar for Ffar < Fnear

anear for Ffar > Fnear

(3.11)

Under the assumptions made above, Ffar determines the particle's acceleration down to
particle-vortex distances smaller than 3 nm for the largest particle sizes observed in our
experiments, so that the in�uence of Fnear on ttrap turns out to be negligible. Results for
ttrap are presented in Chap. 7.
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Copyright 2013, AIP Publishing LLC.

Abstract

We present a �rst investigation of structural properties of Ag clusters with a diameter
of up to 5.5 nm grown inside super�uid helium nanodroplets (HeN) and deposited on an
amorphous C surface. With high resolution transmission electron microscope images we
are able to show that in addition to the crystalline face centered cubic (fcc) structure
noncrystalline icosahedral (Ih) and decahedral (Dh) morphologies are grown. Relative
abundances (56% fcc, 31%Dh and 13% Ih) as well as the size distribution of each mor-
phology (mean diameters d̄fcc = 2.62(5)nm, d̄Dh = 3.34(7)nm and d̄Ih = 3.93(2)nm)
do not re�ect the situation expected from pure energetic considerations, where small Ihs
should be followed by medium sized Dhs and large fccs. Instead, kinetic factors seem to
play an important role in the formation of these structures, as it appears to be the case
for clusters formed by inert gas aggregation. Considering the low temperatures (0.37K)
and extremely high cooling rates, we discuss basic ideas that might lead to a qualitative
picture of the cluster formation process inside HeN .

4.1 Introduction

Metal clusters of nanometer size have been subject to intense research during the past
decades. Many of their properties, such as optical,58 magnetic59 and catalytic,60 di�er
considerably from those of both their atomic constituents and bulk matter, which makes
them interesting also for technical applications.
There are several physical production methods for metal nano clusters, which allow
a subsequent mass selection and/or surface deposition and have repeatedly been re-
viewed.55,78,79 Intense focus of experimental and theoretical studies has been put on the
morphologies of small particles,80�82 as they give information on the underlying growth
process.
Noble metal clusters are found to adopt primarily three di�erent morphologies. In
addition to the bulk face centered cubic (fcc) structure appearing with multiple trun-
cations, icosahedral (Ih) and decahedral (Dh) structures are found, both of which are
non-crystalline, but highly symmetric arrangements exhibiting a �vefold symmetry.83

The Mackay icosahedron is built from 20 regular tetrahedra around a common vertex,
a structure with inherent strains which should be adopted by small clusters from an
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4.1 Introduction

energetical point of view.81,84 Dhs consist of �ve tetrahedra sharing a common edge to
form a pentagonal bipyramid; truncation schemes have been proposed by Ino and later
by Marks.85,86

While pure energetic considerations lead to the expectation that small clusters are of
Ih morphology, followed by Dh for intermediate sizes and fcc for large clusters,81 exper-
imental observations of Ag clusters produced by inert gas aggregation (IGA) actually
reveal a completely di�erent size dependence of observed structures.87 This discrepancy
leads the respective authors to the conclusion that the �nal atomic arrangement strongly
depends on environmental conditions of the growth process rather than pure energetic
considerations. Atoms added to a cluster tend to build on the existing structure and the
energy required for full internal structure rearrangement increases steadily.87

Super�uid helium nanodroplets (HeN) provide an extraordinary environment for particle
growth. They combine con�nement at low temperatures (0.37K) with versatile doping
possibilities in a very advantageous way and have therefore been used extensively for
spectroscopic studies of cold and isolated atoms, molecules and clusters.21,29 The unique
properties of this cryogenic quantum matrix have also been exploited for the formation
and in-droplet investigation of clusters since the early days of HeN experiments.88 Vari-
ous di�erent spectroscopic techniques have been used since then to study metal clusters
in HeN , such as optical spectroscopy,89,90 strong �eld laser physics,33 and electron ion-
ization mass spectroscopy.91,92

Despite this promising approach of cluster formation in a quantum �uid environment the
�rst step towards potential technical applications, namely the deposition of the formed
clusters onto a surface, was only taken very recently.1�3,8 First deposition studies of Au
and Ag clusters on a quartz microbalance found deposition rates that are comparable
to or larger than those obtained with other deposition techniques.1 In a second study,
deposited Ag clusters (Agn) of 〈n〉 ∼ 300�6000 were imaged with a transmission electron
microscope (TEM).2 The authors investigate the size distribution and conclude that the
metal clusters remain attached to the surface with a high probability upon impact of
the cluster-loaded HeN . They furthermore discuss stability issues of the clusters dur-
ing the deposition process, which we consider to be one of the key questions, as the
ability to exploit tailored cluster properties achieved by cluster formation in a quantum
�uid environment critically depends on the processes during deposition. In very recent
experiments Ag/Au and Ni/Au core-shell structures were produced inside HeN and in-
vestigated by high resolution TEM (HRTEM) and X-ray photoelectron spectroscopy.3

The absence of shifts in the Au 4f and Ni 2p photoelectron lines obtained from Ni/Au
core-shell clusters as compared to pure Au and Ni clusters are taken as strong indication
that no alloying takes place neither during formation nor upon deposition. Furthermore,
an HRTEM image of an Ag/Au cluster showing an fcc structure is presented.
In this work we present a detailed structural study of the self assembling process of
Ag clusters inside a HeN . First, we combine the sizes of a large amount of clusters
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4 Morphologies of small silver clusters grown in helium nanodroplets

from TEM images with deposition rates measured with a microbalance to obtain infor-
mation about size distribution and sphericity of the clusters. By comparing HRTEM
images to simulated morphologies69,93 we are able to identify the three di�erent struc-
tures fcc, Ih and Dh and obtain their relative abundances and size distributions. Based
on mechanisms obtained from molecular dynamics simulations of cluster formation in an
IGA source81,94�96 we �nally try to present a qualitative picture of the cluster formation
process inside HeN .

4.2 Experimental Setup

4.2.1 Setup for cluster production

For the deposition studies presented here, we modi�ed one of our existing HeN setups
for laser spectroscopic investigations,64 to allow for high temperature metal pickup and
surface deposition. A HeN beam is produced via a supersonic free jet expansion of highly
puri�ed (99.9999%) 4He gas through a 5µm nozzle into vacuum. The source conditions
are given by the nozzle temperature T0 = 11.4K and the stagnation pressure p0 = 50bar,
resulting in an average number of helium atoms per droplet of N̄ ≈ 3× 106 (This value
is obtained by comparison to droplet sizes for p0 = 20bar97 through extrapolation along
isentropes in the 4He phase diagram.98)
The droplet beam passes through a skimmer (400µm aperture, 13mm after the nozzle)
into the pickup chamber, where the HeN are doped with Ag atoms. We developed a
crossed beam setup for the doping process, in order to minimize the e�usive �ux of bare
atoms towards the deposition region. Silver (99.99% purity) is resistively heated in an
alumina coated tungsten wire basket (Ted Pella, Inc., prod. no. 84-27) which is covered
with a thin tantalum sheet with a 3 cm long and 3mm broad slit, aligned parallel to the
HeN beam. The droplet beam passes the slit at a distance of ∼ 4mm and is doped with
up to several hundreds of Ag atoms. The whole setup is surrounded by a water cooled
radiation shield with entry and exit holes for the HeN beam.
After pickup, the droplet beam enters the measurement chamber, where the crystal
holder (In�con, SL-A0E47) of a quartz crystal monitor (QCM, In�con Qpod, S/N 1485)
is located at a distance of ∼ 40 cm to the nozzle. The helium spreads on impact,2,54

leaving the Agn on the crystal surface. All measurements were taken using 6MHz gold
coated crystals (In�con, 64140-0930). As the measured deposition rates are often as
low as 10−5µg cm−2 s−1 temperature stabilization of the quartz crystal turned out to
be very important. Using a home-built water chiller with a commercial proportional-
integral-derivative temperature controller we were able to stabilize the quartz crystal
temperature to 22.00(3)◦C.
The QCM can be replaced by a substrate holder for up to �ve commercial TEM sub-
strates (Ted Pella, Inc., Prod. No. 01824), which can be brought into the beam sepa-
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rately. The TEM substrates consist of an ultra-thin amorphous carbon (a-C) �lm with
a thickness smaller than 3 nm, backed with a holey carbon support �lm and a 400mesh
copper grid.
The measurement chamber is also equipped with an electron impact ionization quadrupole
mass spectrometer (QMS; Balzers QMA 400 / QMH 400-5) with the rod system being
perpendicular to the HeN beam direction. As the QMS is located behind the QCM/TEM
grid holder the latter have to be removed from the beam path during QMS measure-
ments.

4.2.2 TEM analysis

TEM substrates loaded with Ag clusters were taken out of the vacuum apparatus and
immediately transported under ambient conditions (exposure time approx. 10min) to
the microscope. The deposited clusters were studied using TEM (for size distribution
analysis) and HRTEM (for investigations on cluster morphology). The instrument we
used was a Tecnai TF20 (FEI Company) equipped with a FEG source and featuring
an acceleration voltage of 200 kV. This microscope is equipped with a High Resolution
Gatan Imaging Filter including an UltraScan CCD camera (2048 pixels x 2048 pixels)
that was used to capture the micrographs. The illumination conditions were con�gured
so as to ascertain that the irradiation by the electron beam did not impair the structure
of the Agn during image acquisition. The electron beam featuring a current of approxi-
mately 2 nA illuminated an area with a diameter of about 50 nm, resulting in a current
density of 1 pAnm−2.

4.3 Experimental Results and Discussion

4.3.1 Microbalance and TEM measurements

For a �rst characterization of our cluster deposition system we determined the mass
deposition rates of Ag transported by HeN to the QCM for di�erent pickup cell heating
powers. We found a maximum rate of 2.9(4) × 10−4 µg cm−2 s−1 at a heating power of
140W, which has been used for all further measurements. With the QMS set to the
mass of 8 amu, which we take as a measure of the HeN �ux, we found a decrease of the
signal by 33%, due to evaporative cooling processes upon doping with this optimized
heating power. This is the same decrease in HeN �ux as reported in ref. 1 (we have a
higher deposition rate which we attribute to a shorter HeN beam path).
Despite the crossed setup for pickup, the QCM detects Ag atom deposition when the
HeN beam is blocked. This has to be bare atom deposition with a rate of below 3% of
the rate obtained with HeN , which is most probably due to Ag atoms being scattered
towards the QCM in the high particle density region above the pickup cell. We point
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4 Morphologies of small silver clusters grown in helium nanodroplets

out, however, that it is important to keep this bare atom �ux as low as possible to
minimize the amount of clusters formed by self-aggregation on the surface as opposed
to deposited clusters.
A comparison of the deposited Ag mass with the cluster sizes observed in TEM images
allows an estimation of the sphericity of the clusters. We deposited Agn grown in HeN
on a TEM substrate for 10min, as shown in Fig. 4.1. This deposition time was chosen
as a good trade o� between high surface coverage and low amount of coalesced clusters.
According to the QCM deposition rate determined above, we assume the mass per unit
area to be 0.17(2)µg cm−2.
The evaluation was performed with the image processing package Fiji.67 Background
gradients, as well as the noise arising from the amorphous substrate, were reduced with
fast Fourier transform �lters.
In total, 9139 clusters from 8 di�erent substrate spots are evaluated in terms of diameter

Figure 4.1: Typical TEM image obtained by 10min deposition of Ag clusters grown in
HeN and deposited on amorphous carbon.

and circularity. The surface coverage is 8.2% and the projections of the clusters appear
to be mostly circular, as indicated by the mean circularity of 93%. We thus assume
spherical clusters and calculate, based on the observed diameters, the mass per unit
area to be 0.17(3)µg cm−2, which is in perfect agreement with the result obtained with
the QCM. We note that, since the total deposition area does not cover the whole quartz
crystal, the QCM sensitivity and thus the value obtained for the deposited mass might
be slightly biased.66 Based on optical inspection of the size and position of the covered
region we expect this fact to have only a minor in�uence on the given result.
We therefore argue that most of the particles are quasi-spherical. This is to be expected

30



4.3 Experimental Results and Discussion

as the deposition of the Agn by the helium droplets is well in the so called soft-landing
regime.2,55 Theoretical calculations on the impact of HeN on a TiO2 surface further in-
dicate that the droplets might even cushion the deposition of an embedded species.54

The distribution of Agn cluster diameters as extracted from the TEM images is de-
picted in Fig. 4.2. The data were �tted by a Gaussian distribution with the mean
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Figure 4.2: (Color online) Size distribution of deposited Ag clusters determined from
TEM images. The plotted curve results from a Gaussian �t. The mean
diameter d̄ of the cluster has been determined to be d̄ = 2.51(5)nm (n ≈
490).

cluster diameter d̄ and its standard deviation σ taken as free parameters. We obtained
d̄ = 2.51(5)nm (n ≈ 490 *) and σ = 1.04(4)nm (connected to the full half width by
FWHM = 2

√
2 ln 2σ). In order to evaluate the in�uence of the minute �ux of bare Ag

atoms (∼ 3%, see above) on this distribution we exposed a TEM substrate to the pure
Ag atom beam using the same conditions but with the HeN beam turned o�. However,
we were not able to �nd any Ag cluster in the resulting TEM images, which is contrary
to previous experiments2 and can be attributed to our crossed pickup geometry.

*Calculated assuming spherical particles and Ag bulk density ρAg = 10.50 g cm−3.57 Note that the
error of this approximation increases for small clusters
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4 Morphologies of small silver clusters grown in helium nanodroplets

Fig. 4.2 also shows a slight asymmetry of the cluster size distribution, with a shoulder
evolving at diameters below 1.5 nm (n ≈ 100). Boatwright and coworkers observed a
similar, although more pronounced feature3 and proposed an interpretation based on
multicenter aggregation as proposed by ref. 89. We think that this observation might
be due to a bimodal droplet size distribution as observed in ref. 99, for T0 ≤ 10K at
p0 = 20 bar, which is comparable to the source conditions of this experiment.98 While
multicenter aggregation should lead to colloidal cluster-cluster aggregates inside the
HeN 89 we did not �nd any of such aggregates nor a reasonable amount of coalesced
particles on our substrate. On the other hand, multicenter aggregation seems to be-
come noticeable for HeN as large as N̄ ≈ 1.4 × 107.89 This may also relate to vortices
inside the HeN , which seem to start forming at these droplet sizes and serve as traps
for dopants and thereby as aggregation centers.8 However, N̄ is nearly one order of
magnitude smaller in our experiment (N̄ ≈ 3× 106), so that we do not consider such a
behavior, in the present study.

4.3.2 HRTEM evaluation

To obtain structural properties of the deposited Ag clusters, HRTEM micrographs were
recorded and analyzed at 94 di�erent spots of the substrate. Multiple images with dif-
ferent defocus settings were collected at most spots.
Of a total of 737 clusters imaged with HRTEM, 319 showed a poor contrast, mostly
because of their size being smaller than the thickness of the substrate. From the re-
maining 418 clusters, 88% could be assigned to one of the three di�erent morphologies
icosahedral (Ih), decahedral (Dh) and face centered cubic (fcc). The remaining 12%
were left unassigned because they exhibit distorted morphologies, or were deposited
with disadvantageous orientations with respect to the incoming electron beam, leading
to indistinct images.
The assignment was achieved by comparison to simulated morphologies.69,93,� Taking
the structures depicted in Fig. 4.3 as a simple example for the assignment procedure,
the morphology of the particle in (a) can be easily identi�ed as Dh, viewed along an
axis of �ve-fold symmetry as shown in Fig. 2 of ref. 69. The Ih structure in (b), on the
other hand, can be found in Fig. 6 of the same publication as both, a simulated HRTEM
contrast and a corresponding TEM micrograph. Finally the very regular pattern in (c)
can be assigned to a single-crystalline cuboctahedron (compare to e.g. Figs. 3 (b) and
(c) of ref. 93) and therefore to be of fcc structure.
The resulting distribution of the observed morphologies is shown in Fig. 4.4. While for
most clusters an unambiguous structural assignment could easily be achieved, about

�In ref. 69,93 the structures of di�erent morphologies have been investigated for Au clusters.
However, the resulting interference patterns can also be taken to classify Ag clusters, as the lattice
constants a for Ag and Au are nearly the same (∆a = 0.01Å)57
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Figure 4.3: Examples for the three di�erent cluster morphologies that can be clearly
assigned to decahedral (a), icosahedral (b) and fcc structures (c). Scale for
all images is the same as shown for (c). For the assignment compare (a) to
Fig. 2 and (b) to Fig. 3 of ref. 69 as well as (c) to Figs. 3(b) and (c) of ref.
93.

25% needed a closer investigation. The corresponding fractions are labeled with c.i. in
the �gure legend. We take these percentages as a measure for the maximum uncertainty
of the distribution which arises from the fact that for clusters viewed under high tilting
angles with respect to a symmetry axis it becomes more di�cult to interpret the result-
ing structure.69

An activation of a structural transition from Ih to Dh induced by the electron beam was
only observed in one of 350 exposures. Otherwise the cluster structures were preserved
even after several illuminations with the e-beam.
From a combination of structural information with Agn cluster sizes we obtain a size

Figure 4.4: (Color online) Relative abundances of the observed cluster morphologies.
Fractions labeled with c.i. in the legend belong to clusters which were subject
to deeper investigation before being classi�ed.

distribution for each of the three observed morphologies, as shown in Fig. 4.5. This result
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reveals additional information about the growth process inside HeN and allows a com-
parison with other cluster formation methods. Each of the three resulting histograms
is �tted with the same Gaussian distribution as used above, so that the free param-
eters (mean cluster diameter d̄ and its standard deviation σ) can be compared with
those of the over all size distribution shown in in Fig. 4.2. Here we �nd d̄ = 3.34(7)nm
(n ≈ 1150) and σ = 0.61(5)nm for Dh, d̄ = 3.93(2)nm (n ≈ 1870) and σ = 0.51(2)nm
for Ih and d̄ = 2.62(5)nm (n ≈ 550) and σ = 0.55(4)nm for fcc clusters. d̄ of the overall
size distribution (Fig. 4.2) is much smaller because it was not possible to assign clusters
below 1.5 nm diameter (n ≈ 100).
From Figs. 4.4 and 4.5 it is immediately evident that fcc structures are the most abun-
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Figure 4.5: (Color online) Histograms of cluster diameters with �tted Gaussian curves
for (a) fcc (d̄ = 2.62(5)nm, n ≈ 550), (b) Dh (d̄ = 3.34(7)nm, n ≈ 1150)
and (c) Ih clusters (d̄ = 3.93(2)nm, n ≈ 1870).

dant ones, followed by Dh and Ih. The fcc morphology is also represented by the
smallest clusters, again followed by Dh and Ih. This trend is emphasized by the fact
that the mean fcc diameter (2.62(5) nm) is separated by more than a full half width
(2
√

2 ln 2σ = 1.2(1)nm) from the mean Ih diameter (3.93(2) nm). We do not expect
that this signi�cant di�erence is in�uenced by the uncertainty in assignment between
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fcc and Dh (mentioned above) which mainly concerns the lower side of their size distri-
butions. There was neither evidence for lots of large (d > 4.5 nm, n ≈ 2800) fcc neither
for small (d < 2.5 nm, n ≈ 480) Ih particles, which look considerably di�erent and can
be clearly distinguished from each other in these size regions.
Figs. 4.2, 4.4 and 4.5 lead thus to the conclusion that small, intermediate and large Ag
clusters formed in HeN are of fcc, Dh and Ih structure, respectively, and that their indi-
vidual abundance is governed by the overall cluster size distribution.
This result is in clear contradiction to what would be expected from pure energetic con-
siderations, where the Ih morphology should be the most stable con�guration for small
clusters, followed by Dh for intermediate and fcc for large clusters. The crossover sizes
between the di�erent morphologies have been calculated for transition and noble-metal
clusters by MD simulations and can be found in Table III of ref. 100 (for more general
information on the energetic e�ects in nanoclusters see ref. 81 and references therein).
Less surprising is our result, however, when compared to the structures observed in free
Ag clusters produced by IGA,87 although there are still major di�erences. There, small
clusters were found mainly in Dh morphology with sizes of 2�3 nm (n ≈ 250�830). Large
clusters (6�10 nm, n ≈ 6640�30720) were observed in Ih and fcc structure with Ih often
dominating over fcc and an increase of fcc for increasing evaporation temperature (with-
out signi�cant change in cluster size). Recently, large (3.7�5.5 nm, n ≈ 1560�5100) Ih
morphologies were also observed in mass selected Agn from an IGA source.101

Baletto and coworkers were able to explain the occurrence of small (n ≤ 150, d ≈ 1.7 nm)
decahedral and icosahedral Agn in IGA experiments by means of reentrant morphol-
ogy transitions, which follow di�erent transition paths depending on the ambient con-
ditions.94 They performed molecular dynamics simulations for di�erent temperatures
(350�650K) and time intervals between subsequent depositions (2�21 ns). In a second
study on larger Agn clusters (n ≤ 600, d ≈ 2.7 nm) they were also able to identify a
mechanism that allows for the growth of large Ih clusters.95 In the context of our re-
sults we consider the fact important, that higher cooling rates (5 and 20K/ns) favor
the formation of small fcc clusters.96 All these studies clearly show that in addition to
pure energetic considerations, kinetic factors play an important role in the formation of
observed structures.
Cluster formation in HeN clearly takes place at much lower temperatures and much
higher cooling rates than in other aggregation sources. In the following we discuss some
basic considerations that might form a basis for a qualitative picture of the cluster forma-
tion process inside HeN . For IGA the environmental conditions and thus the obtained
cluster structure depends not only on external parameters (evaporation temperature,
pressure and type of the carrier gas) but also on the region within the IGA source where
the formation takes place (hot inner zone, supersaturated intermediate zone or outer
zone).102,103 For HeN the situation seems to be simpler. Assuming the formation of one
of the largest observed Ag clusters with 5.5 nm (n ≈ 5100), the average time between
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two successive Ag atom pickups is 20 ns (given by the HeN velocity of 300m s−1 98 and
the 3 cm length of the pickup region). Comparing this value to observed cooling rates for
neutral particles embedded into HeN of 105 Kns−1 104,105 clearly shows that the cluster
is always cooled to the droplet temperature of 0.37K between two successive captures of
dopants. Note that the cooling rate inside HeN is higher by a factor of ∼ 105 compared
to that of an IGA source.96 We further assume that any kinetic energy of the Ag atoms
due to elevated temperatures of the pickup source has been dissipated by the time the
atoms reach the cluster so that only the released binding energy Eb has to be considered;
an empirical form of which is given by106

Eb(N) = Eb,bulk + 2
1
3

(
1

2
De − Eb,bulk

)
N−

1
3 (4.1)

with the binding energy per atom in bulk Ag Eb,bulk ≈ 3 eV 57 and the binding energy
of the Ag dimer De = 1.65 eV.107 For a simpli�ed estimation we assume that Eb is
transferred to the Agn cluster and equally distributed among the n Ag atoms, resulting in
a momentary increase of the cluster temperature TAg(n). Clearly, the rise in temperature
for the addition of an extra atom is more prominent for small clusters, so that TAg(n)

�uctuates between 0.37K and rather high temperatures at the beginning of the growth
process, while for larger Agn, the addition of a further Ag atom has a small impact.
Based on these simple considerations we �nd that for 45 ≤ n ≤ 70 (1.1 ≤ d ≤ 1.3 nm),
TAg is between 600K and 400K, while it drops to TAg ≈ 200K for n = 150 (d ≈ 1.7 nm).
In summary, we think that the observed structures can be explained by the fact that
every cluster undergoes multiple growth modes. For small n, the addition of an extra
atom leads to a signi�cant internal temperature increase of the Agn cluster, which may
oscillate between a liquid and a solid phase. In this size regime (n < 70, d ≈ 1.3 nm),
the most stable Agn con�guration has been determined to be icosahedral, while around
n = 75 preferentially Dhs are formed.108 Subsequently, a solid state growth process
follows, including morphology transitions or a shell by shell growth as proposed by the
group of Ferrando for the IGA method,94,95 to form the �nal structures, which we �nd
for cluster diameters of 3 nm or larger as Ih or Dh in the electron microscope analysis.
In other words, for cluster sizes of n > 1000 (d ≈ 3.2 nm) the morphology seems to be
preserved upon deposition on the carbon substrate. As one can see from the graphs
in Fig. 4.5, particles with fcc structure exhibit the smallest of all mean diameters d̄ =

2.62(5)nm, which corresponds to approximately 550 atoms per cluster. First results of
molecular dynamics (MD) simulations indicate, that the smaller clusters may rearrange
into the fcc structures due to an attractive interaction potential towards the surface,
which is ≈ 0.75 eV for Ag atoms.109 We note that this may lead to the fact that the
size distributions for di�erent morphologies on a surface as depicted in Fig. 4.5 may not
exactly re�ect their counterparts inside the HeN . On the other hand, there is no evidence
for a structural transformation of large particles, and especially large fcc clusters have
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not been observed. We therefore expect that the general trends resulting from the study
of larger clusters re�ect the growth processes inside the HeN .
A detailed analysis of these processes is currently the subject of an MD simulation study
in our group.

4.4 Conclusions

Ag clusters were grown in He nanodroplets and deposited on either a microbalance or
amorphous carbon TEM substrates. Comparison of the monitored mass rates with the
substrate coverage con�rms that the particles can be viewed as quasi-spherical. The
cluster size distribution shows a slight asymmetry, which we attribute to a bimodal HeN
size distribution.99

We provide a detailed study of the morphologies evolving from cluster growth inside
super�uid helium droplets. Large icosahedra (d̄ = 3.93(2)nm, n ≈ 1870) and medium
sized decahedra (d̄ = 3.34(7)nm, n ≈ 1150) are found as well as a large fraction of small
(d̄ = 2.62(5)nm, n ≈ 550) fcc particles. This equals the results of former experiments
conducted with inert gas aggregation sources.87,101 An estimation for the evolvement of
the cluster temperature leads us to the conclusion that Agn solidify at an early stage
of the growth process. Subsequently the particles may undergo morphology transitions
and shell by shell growth as proposed for clusters produced by the IGA method.94,95 On
the other hand, the �nding of a large amount of small fcc particles on the substrate may
result from reconstruction processes for smaller clusters due to the surface potential as
indicated by performed MD simulations. We currently pursue an extended study on this
behavior.
Finally, we point out that it is desirable to not only engineer nanoparticles in this
sophisticated environment, but to be also capable of tuning their speci�c properties.
The underlying growth process in helium nanodroplets must therefore be subject of
deeper investigations and the determination of the dopant cluster structures plays a key
role to achieve this goal.
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Reproduced from "Thermal instabilities and Rayleigh breakup of ultrathin silver nanowires
grown in helium nanodroplets" by Alexander Volk, Daniel Knez, Philipp Thaler, An-
dreas W. Hauser, Werner Grogger, Ferdinand Hofer and Wolfgang E. Ernst Physical
Chemistry Chemical Physics 17, 24570-24575 (2015)- Published by the PCCP Owner
Societies.

Abstract

Ag nanowires with diameters below 6 nm are grown within vortex containing super�uid
helium nanodroplets and deposited onto a heatable substrate at cryogenic temperatures.
The experimental setup allows an unbiased investigation of the inherent stability of pris-
tine silver nanowires, which is virtually impossible with other methods due to chemical
processes or templates involved in standard production routes. We demonstrate by
experiment and by adaption of a theoretical model that initially continuous wires dis-
integrate into chains of spheres. This phenomenon is well described by a Rayleigh�like
breakup mechanism when the substrate is heated to room temperature. Our �ndings
clarify the recent discussions on the cause of the observed segmented patterns, where a
breakup during deposition [Gomez et al., Phys. Rev. Lett., 2012, 108, 155302] or mech-
anisms intrinsic to the helium droplet mediated growth process [Spence et al., Phys.
Chem. Chem. Phys., 2014, 16, 6903] have been proposed. The experimental setup
con�rms the validity of previous suggestions derived from bulk super�uid helium ex-
periments [Gordon et al., Phys. Chem. Chem. Phys., 2014, 16, 25229] for the helium
droplet system, and further allows a much more accurate determination of the breakup
temperature.

5.1 Introduction

One-dimensional nanostructures such as wires, rods and tubes, have attracted consid-
erable attention due to their potential usage as building blocks in nanodevices,110,111

membranes,112 biosensors113�115 or waveguides116. Ultrathin nanowires with diameters
of less than 10 nm show a whole series of unusual properties such as ferromagnetism,117

negative magnetoresistance118 or quantum conductance,119 and have been suggested as
components for miniature electronic circuits.120

Super�uid helium nanodroplets (HeN) can be exploited as nanolabs for the production
of 1D-structures without any chemical solvent, external �eld or template. Their appli-
cability to studies of nanowire growth has been demonstrated recently.9,16 Doping of
HeN with atoms, molecules or clusters is well established in spectroscopy,21,29,33 and
has recently been adapted for the controlled production and structure preserving soft
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deposition of metal clusters.1,2,11,15,56 Helium droplets with diameters of about 1µm, as
used in this work, contain quantized vortices,8,53 a phenomenon attributed to super�u-
idity.121,122 As observed in bulk super�uid helium (He II),36�38 these vortices exhibit an
attractive force on dopants immersed in the helium due to a pressure gradient around
the vortex core,35,76 ultimately causing their agglomeration into nanowires.39,40,42

While continuous wires from Au, Ni, Cr and Si were formed with the HeN technique,9

only segmented chains of clusters were found in the case of Ag.8,10 Several attempts
were made to explain this observation, including the breakup of wires during surface
deposition or the existence of forces intrinsic to the HeN�vortex�Ag system hindering
the agglomeration process.8,10 However, none of these suggestions could be either con-
�rmed or falsi�ed by experiment due to the complicated setup which is necessary to
synthesise metal wires in HeN . The droplets, moving at ≈ 200m/s, do not allow a direct
observation of cluster growth and wire formation. Theory, on the other hand, is only
beginning to understand the nature of vortices in super�uid helium, and therefore not
able to deliver quantitative answers yet. Fortunately, the solution to the phenomenon
of wire breakup is much simpler than was assumed in the literature.
In this article, we show by experiment and computer simulations that the degradation
of 'ultrathin', He droplet-grown silver wires with diameters below 6 nm appears only
after deposition to a surface and is strongly dependent on the substrate temperature.
Although similar problems are well documented in the literature on the miniaturisation
of optical or electronic devices, the breakup of He-mediated nanowires due to thermal
instabilities had not been taken into consideration. This might be due to the fact that
the crucial temperatures for wire breakup in this size regime, as will be shown, are so
surprisingly low that even standard conditions are su�cient to initiate the degradation
process. Typically, such a breakup mechanism can be associated to thermally activated
surface di�usion e�ects, and the �nal structures can be explained by adapting Rayleigh's
model for the breakup of a �uid jet123as proposed by Nichols and Mullins.124�126 Ex-
periments on larger structures were carried out on nanowires made from e.g. Ag,127

Cu,128,129 Au,130,131 Sn132 and Pt,133 all with diameters above 20 nm. Breakup tem-
peratures well below the bulk melting temperature were reported in all cases, but still
far above room temperature. Only for Ag nanofractals, with initial branch diameters of
≈16 nm structural changes near room temperature could be observed.134,135 We note that
a breakup of the Ag nanowires synthesised in HeN on the surface had been suggested by
Gordon et al. based on observations made in bulk He II. However, due to the nature of
their experimental setup the direct observation of isolated ultrathin Ag nanowires and a
temperature-dependent monitoring of the breakup process were not possible,46,47 which
motivated us to conduct the present study. Due to the challenging nature of nanowire
production in the sub 10 nm diameter range, Ag nanowires in this size range are typically
stabilised by templates,136�138 which introduces a large bias in stability measurements
at smallest diameters. Our study can therefore be taken as the �rst investigation of the
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5 Thermally induced breakup of deposited silver nanowires

thermal stability of ultrathin pristine Ag wires, thereby demonstrating the ability of the
HeN technique to gain new insights into fundamental questions of material science.

5.2 Experimental

A detailed description of the used helium droplet apparatus will be given elsewhere.18 In
brief, gaseous helium (99.9999% purity) is cooled to temperatures < 10K by a closed-
cycle refrigerator (Sumitomo, RDK-408D2) and expanded into a high vacuum region
through a 5µm nozzle. For all experiments discussed in this work, the helium stagnation
pressure is 20 bar, and the nozzle temperature is kept at 5.4K. The resulting beam of
helium droplets (mean droplet diameter D ≈ 1µm) is collimated by a 0.4mm skimmer
and directed into a separate vacuum chamber with a base pressure ≈ 10−7 mbar. There
the HeN incorporate multiple Ag atoms while crossing a region of silver vapor emanating
from the evaporation of high purity (99.99%) silver, which leads to the formation of Ag
clusters and ultimately to Ag nanowires inside the droplets. The Ag doping rate, and
hence, the wire diameter, are controlled by the adjustment of the oven temperature while
monitoring the attenuation of the total He �ux into the adjacent deposition chamber
(base pressure 10−10 mbar). Nanowire deposition is achieved by terminating the droplet
beam on 3 nm amorphous carbon TEM grids (Ted Pella, Inc., Prod. No. 01824) cooled
to LN2 temperature. After the deposition process the vacuum chamber is vented with
N2 (99.999% purity), thereby preventing the substrate's exposure to ambient conditions.
Before opening the vacuum chamber a glove bag is attached to the respective �ange and
�lled with N2 as to prevent contact of the substrate with air. The substrate holder is
removed from its LN2 cooled mount inside the vacuum chamber and totally immersed
into LN2 within 5 s. All further substrate manipulations, such as the transfer from the
substrate holder to a cryo-TEM holder (Gatan, Model 626) are performed in LN2, so
that an inert environment is guaranteed at all times.
For the nanowire stability investigations, TEM images are recorded with a 120 kV LaB6

FEI Tecnai 12 transmission electron microscope, equipped with a Bio Scan Camera
(Gatan, Model 792). The substrate temperature can be controlled from 77K to 363K
via the cryo-TEM holder. Temperature is increased from 243K to 293K in steps of 5K
every 15min and �nally set to the maximum of 363K for 30min. Multiple substrate
spots are imaged for each temperature step.

5.3 Computational details

To verify that the Ag nanowire breakup originates from surface di�usion and not e.g.
from an unexpected interaction with the substrate, we also performed model calculations,
taking the initial nanowire contours as observed in the experiment as starting point. The
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gradient of the chemical potential for a surface atom can be related to the gradient of
the surface curvature, and subsequently, to a force on the respective surface element.70

As with the cryo-TEM setup an accurate quanti�cation of the wire thickness in three
dimensions is impossible, we restrict ourselves to a 2D model.71 The contourlines of
the nanowires are discretised and propagated in time based on the Mullins equation,
originally introduced to describe the thermal grooving at metallic grain boundaries.70

Two mechanisms of mass transport along the surface can be distinguished: evaporation-
condensation and surface di�usion. For silver, the latter is known to dominate the
process. A partial di�erential equation can be derived, which relates J, the �ux of
surface atoms, to ∇K, the gradient of the local surface curvature, via71

J ∝ − 1

T
∇K. (5.1)

Making the assumption of a monometallic structure of constant thickness, the gradient
in eqn. (5.1) can be replaced by the derivative with respect to the curvilinear abscissa
s. Furthermore, in this simpli�ed 2D picture, mass conservation equals surface conser-
vation, and the �ux J(s) must obey the relation

[J(s)− J(s+ ds)]Ωdt = dz ds, (5.2)

where z describes the local transversal displacement of the contour line of the structure
and Ω the volume of a di�using particle. Together with eqn. (5.1) we obtain the equation

∂z

∂t
= B

∂2z

∂s2
, (5.3)

with

B =
DsγΩ4/3

kBT
(5.4)

where Ds is the surface self-di�usion constant of a di�using particle, γ denotes the
surface tension, T is the temperature and kB the Boltzmann constant. Since we are
only interested in a qualitative description of the degradation of the silver structures,
B is set to 1 in our simulation. The discretisation in s is determined by the resolution
of the TEM images. This leaves arbitrary units for the discretisation in time, which
has to be su�ciently �ne to avoid instabilities during time propagation. As can be
seen from eqn. (5.3), each point of the discretised contour line is shifted according to
the second derivative of the surface curvature during a timestep. In other words, the
diameter perturbations of the initial nanowire contours are propagating in time. This
behaviour is analogous to the Rayleigh breakup of �uids, where the growth of initial
diameter perturbations leads to the disintegration of the respective jet.123

Breakup events occur as soon as local constrictions of a wire lead to crossings of contour
lines. In this case, the initial contour splits into two segments at the crossing point,
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5 Thermally induced breakup of deposited silver nanowires

and the contour lines of the new segments are propagated separately in the following
timesteps. Numerical instabilities, which are intrinsic to this technique, evolve from
inhomogeneous point distributions along a contour line after a breakup event. In contrast
to ref. 71, where this problem is overcome by pruning the constricted parts of the
corresponding contour line, we increase the point density after each breakup. Although
computationally more costly, this approach re�ects our experimental results in greater
detail. The accuracy of the simulation can be judged by monitoring of the total surface
area, which has to stay constant throughout propagation.71 For the initial contour lines
taken from experiment, several million steps are necessary to obtain fully equilibrated
structures (i.e., perfect circles in the 2D case). The surface is reduced by less than 4%.

Figure 5.1: Structure evolution of a Ag nanowire at increasing temperatures of 253K
(a), 268K (b), 293K (c), 363K (d). Structure as deposited (no change to
situation at 77K) is shown in (a). (b) marks the begin of wire breakup
after surface smoothing, while (c) shows the fully segmented wire at ambient
conditions. At higher temperatures the relaxation into spheres is suppressed
by a carbonaceous capping layer (d). Scale is the same for all images.

5.4 Results and Discussion

5.4.1 Nanowire growth, deposition and stability measurements

We use HeN to produce Ag nanowires with a mean length of 500 nm and mean diameter
d̄nw = 5 nm. Fig. 5.1 (a) shows a typical deposited Ag nanowire structure with some
constrictions marked by arrows. No evidence of wire breakup could be found on the
cooled substrate. During heatup of the sample, a smoothing of the wire surface as
well as a further decrease of the diameter in the vicinity of initial constrictions can be
observed already at 268K (Fig. 5.1 (b)), ultimately causing the breakup of the wire at
temperatures below 293K (Fig. 5.1 (c)).
Interestingly, for the investigated wires we are not able to observe a total relaxation
into the equilibrium state, which corresponds to chains of spherical particles according
to the Rayleigh model. An increase of the substrate temperature to 363K leads to
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further segmentation (Fig. 5.1 (d)), but the resulting segments stay well elongated. We
can attribute this behaviour to a measurement artifact resulting from the deposition of
a stabilising carbonaceous capping layer by ionisation and subsequent condensation of
hydrocarbons present in the TEM vacuum. It is known that layers with a thickness of
several nanometers can accumulate within minutes of specimen irradiation.68,139,140 We
note that during the heating process the same substrate spots were repeatedly imaged
in order to track any structural changes. Therefore, the imaged nanowires were exposed
to the electron beam for times longer than 30min. Comparative images taken from
specimen areas which were not exposed to the electron beam at any stage of the prior
investigation all show a complete decay of the nanowires into chains of spheres, as
depicted in Fig. 5.2 (a). Nanowires on a reference specimen, which was stored under
ambient conditions for 1 week, show the same breakup patterns (Fig. 5.2 (b)), indicating
that at 293K the equilibrium state is also reached.
We measured the distances λ between the centers of neighbouring spheres, as well as

Figure 5.2: Undisturbed breakup patterns of Ag nanowires on substrate spots unim-
paired by the electron beam. (a) shows sample from Fig. 5.1 heated to 363K,
(b) a reference substrate stored under ambient conditions for 1 week. Scale
is the same for both images.

their diameters dsp for several chains of segments, using the image processing package
FIJI.67 From the �ts to the obtained histograms we can extract the ratios

λ

R0

≈ 15 and
dsp
R0

≈ 5

with R0 = d̄nw/2 and variances of ±20%.
The observed behaviour is in good agreement with the model of a Rayleigh breakup, i.e.
the growth of initial diameter perturbations caused by the di�usion of Ag atoms along
the wire surface. This di�usion is driven by a gradient of the chemical potential which
can be associated to the gradient of surface curvature.70,124,125

Nichols and Mullins predicted the ratio λ/R0 = 8.89 for surface di�usion dominated
breakup of a cylindrical wire as result of harmonic surface perturbations.124 Assuming
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5 Thermally induced breakup of deposited silver nanowires

constant volume, one can estimate dsp/R0 = 3.76. The ratios observed in the present
work exceed those obtained from theory. However, most investigated wires in literature
are far from the ideal shape and isotropy which is assumed in this model calculation, thus
the observed patterns deviate from the prediction.131,141,142 Additionally the presence of
a substrate generally tends to stabilise the nanowires.143 The larger values of λ and dsp
indeed re�ect a slightly larger stability of the wires compared to the model and are in
good agreement with other experimental �ndings.130,144

5.4.2 Simulation of the degradation process

The initial contourlines of nanowires after deposition are taken as starting point for a
computational study, using the 2D model described in Sec. 5.3. Exemplary results of
the simulation are presented in Fig. 5.3 for the contourline taken from the nanowire
depicted in Fig. 5.1 after 9 × 105 and 9.6 × 105 simulation timesteps respectively. The

Figure 5.3: Evolution of the nanowire contourline (red) as simulated using a 2D model.
The upper part of the wire is still intact in (a) after 9 × 105 timesteps, al-
though considerably constricted at some points. After 9.6 × 105 timesteps
(b) most segments have reached their �nal circular shape. The initial con-
tourline of the simulation (light grey) is taken from Fig. 5.1 (a). The points
of breakup coincide well with those observed in the experiment.

points of wire breakup are in excellent agreement with the experimental data (compare
Fig. 5.1 (c)& (d) and Fig. 5.3). The reduced stability of the upper wire branch in the
experiment compared to the simulation is related to a mass accumulation at the left
upper end of the wire. While this is apparent from the higher contrast (i.e. a dark spot)
in the TEM image, it is not accounted for in the 2D simulation. The model contours
clearly propagate towards the spherical equilibrium state. The same tendency is seen
in the experiment, but hindered due to the growth of carbon layers mentioned above.
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Nevertheless, the degradation process is very well captured by our simulations, which
shows that thermally activated surface di�usion is the main reason for the breakup of the
nanowires. According to the experiment, the onset of this process becomes noticeable
at ≈ 260K.
In experiments on Ag nanofractals, a breakup of fractal arms (diameter ≈ 16nm) was
observed near room temperature.134 Relaxation into spherical particles has not been
observed for fractals of pure Ag due to slow fragmentation kinetics. Interestingly, the
doping of the fractals with oxygen impurities during the growth process led to a full
decay into spheres. This behaviour was also con�rmed in a follow-up study135 and
was interpreted as a result of a strongly enhanced surface mobility near the oxygen
atoms. Total spherodisation of the pure Ag nanofractal branches, on the other hand,
was obtained only after annealing at 573K.
In our study, the substrate is kept in an inert environment at all times. Therefore, a
structure degeneration as a result of chemical processes can be fully excluded. This also
rules out a possible Ag sul�dation by atmospheric gases as the origin of the degradation,
which has been proposed in other cases.145�147 Breakup occurs within minutes after the
sample was heated to ≈ 260K. The observed timescale is in good agreement with the
estimations derived for nanofractals.134 Furthermore, no alteration of the initial wire
structures can be found for an identically prepared reference specimen which had been
stored in LN2 for 48 hrs. This indicates a full suppression of the di�usion process at a
temperature of 77 Kelvin. The advantage of our approach lies in the possibility to track
structural changes in the TEM during the heatup. This also enables us to repeatedly
image the same substrate spot and thereby track the structural changes of a single
wire, which, in turn, facilitates a direct comparison to a simulation of exactly the same
structure. The experimental approach allows a much more accurate determination of
the decomposition temperature than in previous works.46,47

Our study con�rms that the breakup of Ag nanowires synthesised in HeN occurs on
the surface after deposition, as it had been proposed by Gordon et al. from results
obtained in bulk He II.46,47 The authors of the respective studies exploited vortices to
grow nanowires of di�erent metals and also found instabilities in the case of Ag. While
for Pt, In, and Au nanowires spanned across the holes of a porous carbon TEM grid
were found to be stable at ambient conditions, no such wires could be observed in case of
Ag. Only a Ag nanoweb consisting of considerably thicker wires was found to be stable
long enough for recording TEM images. The breakup of the thin Ag wires was explained
by a change in the surface tension at small wire diameters.47 In the framework of the
Rayleigh breakup the surface tension γ enters the calculations as described in eqn. (5.4).
Therefore, an increase in γ in�uences the breakup of nanostructures. However, also
the surface self-di�usion constant plays an important role, as it is not only strongly
dependent on temperature, but also exhibits large values for Ag compared to Au, Cu
or Ni.148 The suppression of the di�usion process at LN2 temperature as described in
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5 Thermally induced breakup of deposited silver nanowires

this work is in good agreement with this concept. It was found that a doping of the Ag
nanowires with Cu atoms can increase their thermal stability by decreasing the surface
atom mobility.46 This is a further indicator that Ds governs the di�erences between
nanowires of the same diameter made from di�erent metals, while a general onset of the
breakup is only observable at small diameters in accordance to the suggestions made
previously.47

5.5 Conclusions

Our results prove that the experimentally observed segmented lines or `chains' of HeN -
grown Ag clusters8�10 are neither an intrinsic feature of growth within the nanodroplets
nor a consequence of the surface impact. Instead, the breakup is a consequence of di�u-
sion processes caused by a 'warm' substrate. This con�rms the suggestions of Gordon et
al. of a nanowire breakup on the surface derived from bulk He II experiments.46,47 We
further investigate the structural degradation of the nanowires as a function of tempera-
ture. Due to the possibility of directly tracking the breakup process of a single wire, our
experiment delivers an accurate measure of the breakup temperature Tb ≈ 260K of the
nanowires. The large experimental e�ort of a wire synthesis within HeN is rewarded by
the complete inertness of the production and measurement process. The total absence
of any solvents or templates enables an unbiased view on the thermal stability of pristine
ultrathin Ag nanowires. We believe these �ndings will be useful in the context of further
miniaturisation attempts regarding electronic or optical devices.
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Reproduced from "Atomic collisions in supra�uid helium-nanodroplets: timescales for
metal-cluster formation derived from He-density functional theory" by Andreas W.
Hauser, Alexander Volk, Philipp Thaler, and Wolfgang E. Ernst in Physical Chemistry

Chemical Physics 17, 10805-10812 (2015)- Published by the PCCP Owner Societies.

6.1 Abstract

Collision times for the coinage metal atoms Cu, Ag and Au in He-droplets are derived
from helium density functional theory and molecular dynamics simulations. The strength
of the attractive interaction between the metal atoms turns out to be less important than
the mass of the propagating metal atoms. Even for small droplets consisting of a few
thousand helium atoms, the collision times are shortest for Cu, followed by Ag and Au,
despite the higher binding energy of Au2 compared to Cu2.

6.2 Introduction

Metal clusters containing a few hundred or thousand atoms have experienced a tremen-
dous interest in recent years due to their numerous potential applications in cataly-
sis,60 optics58 and magnetics59 industries. However, bridging between isolated, single
atoms and the bulk material, their properties are heavily dependent on particle size and
structure,78,81 which leads to high demands on current synthesis techniques. In this
context, super�uid helium droplets (HeN) provide a novel, extraordinary tool for con-
trolled particle growth, combining the advantage of a minimally interactive con�nement
at 0.37 K with versatile doping techniques that allow for a �ne-tuned synthesis of pure
or mixed metal clusters.21,29,33,88 First steps towards industrial applications such as the
deposition of HeN -grown clusters, cluster �lms or nano wires onto surfaces, were taken
recently.1�3,5,8,11,16,149

Despite several theoretical studies of the interaction between a coinage metal dopant and
the He environment,150,151 information on He-mediated cluster formation processes for
coinage metals is yet very scarce. Of particular interest to the community is the knowl-
edge about timescales for cluster formation, since it is crucial for a controlled growth
of nanoparticles in helium droplets. Related studies of cluster formation in bulk helium
describe a di�erent growth mechanism, which is initiated by laser ablation of immersed
metal targets and accompanied by the creation of vortices.40,44,152

As a �rst step towards this goal it will be necessary to investigate the motion of two
dopants within a droplet of a given size. In this article, we apply He density functional
theory to describe the initial mechanism of any cluster formation, namely the collision
of two metal atoms. We pick the coinage metals Cu, Ag and Au (denoted as X through-
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out the article) for our study, since several experiments have been performed with these
elements in our group recently.11,15 The necessary interaction potentials are taken from
previous studies in the case of He-X or are generated by ourselves via high-level ab ini-
tio calculations in the case of the X-X potential curves. This manuscript is structured
as follows. Section 6.3 is dedicated to technicalities of our approach. We discuss the
diatomic potentials, the DFT approach and the molecular dynamics simulation. A cor-
rection for the X-X interaction potential is suggested, which takes the He-environment
into consideration. In section 6.4, we present results for the con�nement potentials and
use them together with the corrected intermetallic potentials for the simulation of atomic
collision processes. A statistical analysis is given, including predictions for average col-
lision times in case of Cu, Ag and Au capture. The results are compared to previous
studies and experiments where possible.

6.3 Theory

Our computational approach can be divided into three steps, which will be discussed
in separate sections: The ab initio calculation of the necessary diatomic potentials, the
creation of density pro�les and solvation energies for doped He droplets of various size,
and the simulation of dopant movements within a droplet via molecular dynamics (MD).

6.3.1 He-X and X-X interactions

A �rst ingredient are the pair potentials for He-Cu, He-Ag and He-Au, which are needed
as input for a He-DFT code that generates relaxed He density distributions for larger
droplets. Fortunately, the corresponding potential energy curves are available at high
accuracy from ref. 153 and do not need to be calculated here. The corresponding bind-
ing energies are 6, 7 and 15 cm−1 for He-Cu, He-Ag and He-Au, respectively. Potential
energy curves for the Cu2, Ag2 and Au2 metal dimers, on the other hand, are calculated
by us at the coupled-cluster level of theory. They do not enter the DFT calculation,
but are needed later for the MD simulation. A single-reference, partially spin-restricted
open-shell variant of the coupled-cluster method with single and double excitations plus
perturbative triples [RHF-RCCSD(T)] is employed,72,73as it is implemented in the Mol-
pro program package.154 The aug-cc-pVQZ-PP basis sets of Peterson et al.155 are used
together with their corresponding e�ective core potentials, which replace all but the
outmost 19 electrons of each metal atom.156 All calculations are corrected for basis set
superposition errors (BSSE) via the counterpoise method of Boys and Bernardi.157. The
resulting dimer potential curves are plotted in Fig. 6.1. Accuracy at long interatomic
distances is granted via 1/r6 �ts to the atomic asymptotes. Binding energies De, equi-
librium bond lengths re and harmonic frequencies ω are summarized in Table 6.1 and
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compared to experimental data. The frequencies are derived from the �rst few vibra-
tional levels of the ab initio potential curves. A symmetric three-point �nite di�erence
method has been used to solve the one-dimensional Schrödinger equation for the nu-
clear motion. All parameters are in good agreement with previous theoretical158 and
experimental studies.159
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Figure 6.1: Potential energy curves for Cu2, Ag2 and Au2, calculated at the CCSD(T)
level of theory. All curves are corrected for BSSE and have been �tted with
an r−6 dependence at long range.

Table 6.1: Parameters of the X-X potential energy curves. Results of the present work
(pw) are compared to experimental data taken from ref. 159.

PES re (Å) De (cm−1) ω (cm−1) Ref.
Cu-Cu 2.22 15974 264 pw
Cu-Cu 2.22 16534 265 exp.
Ag-Ag 2.54 13345 188 pw
Ag-Ag 2.53 13389 192 exp.
Au-Au 2.50 17737 182 pw
Au-Au 2.50 18551 191 exp.

6.3.2 Dopant solvation in HeN

Single atom solvation

Free energies and density distributions for doped droplets of varying size are obtained
from a He density functional approach, which accounts for a one-sided interaction be-
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tween dopant and He droplet. We apply the Orsay-Trento-density functional160 to map
the He density onto the energy, using the FORTRAN code of F. Dalfovo with modi�ca-
tions of K.K. Lehmann and R. Schmied.161 F [ρ], the free energy of a doped He droplet,
is minimized with respect to a �xed dopant position by evaluation of the He density
distribution on a cylinder symmetric grid of cylinder coordinates z × r, spanning over
601× 300 points with a spacing of 0.238 Å. It can be written as a functional of the He
density ρ, according to the formula162

F [ρ] = E[ρ] + Uext[ρ]− µN [ρ], (6.1)

with E[ρ] denoting the Orsay-Trento functional and Uext as the external potential. The
latter introduces the interaction between He and the dopant, and is generated by a
summation over energy contributions from the corresponding He-X pair potential of the
previous subsection at the various distances between dopant and the He density distri-
bution on the given grid. The third term in Equation 6.1 accounts for the conservation
of the total helium amount, and consists of N [ρ], the number of He atoms, multiplied
by its corresponding Lagrange parameter, the chemical potential µ.

Solvation e�ects on X-X interactions

We further use the DFT approach of above to study e�ects of the super�uid helium
environment on interatomic interactions by immersing two metal atoms into the droplet,
followed by a re-evaluation of their dimer potential energy curve as a function of distance.
Note, however, that the DFT code does not account for any direct interaction between
two metal atoms. Therefore, the only energy dependence that can be derived from this
computational experiment is a description of how the HeN droplet energy is a�ected by
the helium density disturbance (i.e. the two `density holes') caused by the immersion
of X-X). If we remain with the assumption of negligible three-body-interactions in
the given study (which is the fundamental assumption behind the well-established pair
summation technique of He-X interactions anyway), this allows us to correct the X-X
potential curves in a simple manner: We put two dopants into the middle of a HeN
droplet and calculate the energy of the doped droplet as a function of the interatomic
distance between the two dopants with the asymptotic value set to zero. The ab initio-
derived X-X curves are then corrected by this extra energy contribution that stems only
from the He density rearrangement caused by the X-X bond length variation:

∆EHeN
X−X(r) = ∆Efree

X−X(r) + ∆EHeN
∗−∗ (r) (6.2)

The stars in the last term represent the density holes caused by the He-X interactions.
Note that for droplets of 1000 He atoms and larger the potential energy of a single
dopant X with respect to its absolute position within the droplet is almost constant (as
will be shown in the results section) except for near-surface positions, and can therefore
be neglected here.
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6.3.3 MD simulation of dopant motions

In the �nal step we combine the He-X and X-X interactions of the previous sections
to calculate trajectories for the metal atoms immersed in HeN by solving Newton's
equations of motion in a classic picture. We apply the Velocity-Verlet algorithm with a
�xed time step of 0.1 picoseconds. The He-X interactions create a spherically symmetric
con�nement potential which keeps the dopants within the droplet. This potential has its
minimum at the center of the droplet. Additionally, the metal atoms themselves interact
as described by the corrected X-X potential. The actual motion of the dopants through
liquid helium is accounted for in a simple manner: Their velocity can not overcome the
Landau limit vλ ≈ 56 m/s at any time during the simulation. Recently, it has been shown
that such a critical velocity is existent even for droplets consisting of only a thousand He
atoms.32 Such a limitation of the velocity during the simulation addresses the fact that
friction, appearing for velocities v > vλ, leads to the immediate dissipation of the excess
kinetic energy by the creation of roton pairs. The generation of these quasiparticles,
which correspond to local excitations of the He density, reduces the dopant velocity
until it drops below the Landau level.35,163

Initial positions are randomly distributed within the droplet, and the particle velocities
are chosen from a uniform distribution in the interval from 0 to vλ. This grants an
unbiased sampling, but also allows for some particles to leave the droplet, which we
dismiss from the statistics since they can not be considered `captured'. A particle is
considered as lost if it shows a trajectory that leads out of the He droplet environment.
We de�ne the latter as the volume inside a sphere of radius R+req, with R chosen as the
distance where the He density drops below 1/e of its bulk value, and req = 4.5 Å as an
average value for the He-X equilibrium distances. For the larger droplets this restriction
leads to a sampling loss of less than one percent.

6.4 Results and discussion

6.4.1 Interaction potentials and solvation e�ects

We start with a comparison of con�nement potentials obtained for Cu, Ag and Au, as a
function of the distance to the center of mass of the total helium density. They are given
in Figure 6.2. If we assume a maximum velocity of vλ for the dopant atoms, their kinetic
energies are always below 8, 14 and 26 cm−1 for Cu, Ag and Au, respectively. Note that
the re�ection points for silver atoms with velocities near vλ lie very close at the droplet
surface, and for gold atoms they are even outside of the valid sampling range de�ned
above. These heavy atoms are able to leave the region of high He density behind and
move beyond the droplet radius even if their trajectory goes through the droplet center.
However, from the same table it can be seen that even in these cases the dopant energies
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Figure 6.2: Con�nement potentials for Cu, Ag and Au in helium droplets consisting of
1000, 2000, 5000 and 10000 atoms. The estimated droplet radius is indicated
by a straight, dash-dotted line.

are well below the corresponding solvation energies, meaning that the atoms are still not
able to fully detach from the helium droplet. They are dragged back via long-ranging van
der Waals interactions, and get fully immersed into the droplet again. These interesting
cases are probably worth a study on their own, but will be skipped here for two reasons.
One argument is that such a surface-interacting or `diving' trajectory might be poorly
described with classical methods, as is necessitates a dynamic description of the He
density distortion created on the droplet surface. The other one is that droplets of a size
where the sampling loss is not marginal are barely able to capture such a heavy atom in
the �rst place. Recently, a closely related type of translational dynamics was investigated
for photoexcited Ag atoms on small He droplets (N = 1000) via time-dependent density
functional theory.164

Solvation energies, de�ned as the energy di�erence between the doped and the undoped
droplet via the equation

S(M) = E(HeN +M)− E(He), (6.3)

are listed in Table 6.2. Absolute values of the solvation energies increase with the size
of the droplet. As expected from the pair potential depths, HeN -Au gives the largest
absolute value, followed by Ag and Cu.
In the next step we discuss corrections to the X-X potentials. The correction functions
∆EHeN

∗−∗ (r) are plotted in Figure 6.3 for doped droplets consisting of 5000 He atoms.
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6 Timescales of atomic collisions in helium nanodroplets

Table 6.2: Solvation energies (cm−1) of Cu, Ag and Au in helium droplets of various size.
Droplet radii are given in Å.

dopant He1000 He2000 He5000 He10000

Cu 63.2 64.0 64.3 64.6
Ag 85.2 85.9 86.3 86.5
Au 175.6 175.8 175.6 175.5
HeN radiusa 22.11 27.76 37.61 47.83

a Radial distance from center of HeN mass where the density drops below 1/e of the bulk value
ρ = 0.02185 Å−3.
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Figure 6.3: Correction energies for the PES of Cu2, Ag2 and Au2 in He5000, as a function
of the dimer bond length.

The asymptotic value is set to zero for all curves. Energies were calculated at steps of
0.5 Å. All curves show minima for overlapping atoms, which seems counterintuitive at
�rst sight, since such a geometry represents a minimum of the contact surface between
the dopant atoms and the surrounding He density, while two dopants, embedded in
separate bubbles, would correspond to a maximum of the contact surface area. From
this �nding we derive that the minimization of local distortions in the helium distribution
overcompensates the loss of contact surface to the surrounding helium. Therefore, the
X-X potential curves experience a slight contraction when corrected for the presence of
helium. However, the corrections are very small compared to the overall dimer binding
energies, and the geometry e�ects are completely negligible. We note that similar He
density e�ects play a much bigger role in cases of weak diatomic interactions, e.g. for
Rb-Xe in HeN .165 Interestingly, the curves show a maximum at �nite distances (6.0, 5.7,
and 4.4 Å for Cu, Ag and Au) and a slight oscillation towards the asymptote, which
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Figure 6.4: Helium density distribution of an Ag2 doped droplet for various interatomic
Ag-Ag distances (denoted as ∆z). The local distortion causes a series of
damped oscillations in the nearby He density. Note also the maxima of
the He density in the mirror plane of the molecule, perpendicular to the
internuclear axis (i.e., the z-axis). Densities are given in units of Å−3.

we explain by the spherical density �uctuations around each dopant. These �uctuations
are illustrated in Figure 6.4, which contains a series of density plots for Ag-Ag distances
from 2 to 8 Å. An interesting feature besides the known oscillations of the He density in
the nearby region is the formation of a donut-shaped ring of higher He density, which
gets more pronounced for larger internuclear distances and appears as two separate
maxima in the two-dimensional density cuts. Similar e�ects were reported recently for
chains of atoms pinned to a vortex in super�uid He.166 We note that this phenomenon
of increased density at small internuclear distances and the related energy penalty could
have an e�ect on collision probabilities of weakly interacting particles. If the correction
energy as shown in Figure 6.3 is not overcompensated by the attractive interaction, a
barrier will remain, and collision times obtained from the classical picture might have
to be corrected for the e�ect of quantum tunneling.

6.4.2 Dopant trajectories and average collision times

In this section we present the results of the MD simulations. Example trajectories for
Cu in He5000 are given in Figure 6.5, where the cases of single and double deposition are
depicted. In the case of a single atom deposition, the angular momentum of the particle
is conserved, and its trajectory is therefore always planar. This symmetry is removed as
soon as a second atom is introduced to the system, and their trajectories are forced out
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Figure 6.5: Typical trajectories for a single (left) or for two atoms (right), given the
example of Cu dopants in He5000. Note the conservation of the angular
momentum in the case of a single atom deposition, which leads to a rosetta-
like, planar trajectory. In the right picture, where the two atoms attract each
other, only the total angular momentum is conserved. Both particles move
independently in their planes until the internuclear distance is accidentally
small enough for the attractive interaction to force them on a collision course.

of plane due to the interatomic Cu-Cu interaction.
104 collisions have been simulated for each metal dopant and each droplet size. The

results for the average collision times are summarized in Table 6.3. The evaluation of
Ag and Au in He1000 has been skipped due to the higher loss of particles during the
simulation and a strong dependence of the collision times on our de�nition of the valid
trajectory range. Collision times rank from about 0.3 to 4 nanoseconds in this size
regime. We �nd that even for He2000 droplets, with radii of less than 28Å, the collision
times are not ranked according to the depth of the X-X interaction potential. The plau-
sible assumption of higher binding energies leading to shorter collision times holds only
for particles of similar mass. For the dopants chosen here, with mass ratios of roughly
2:3:6, the time ranking correlates with the particle mass for all droplet sizes. Copper
collisions happen fastest, followed by silver and gold. The more energetic, heavier atoms
propagate on average through a larger volume of the droplet, since they are re�ected
further outside by the con�nement potential. As can be seen from Figure 6.2, the kinetic
energy di�erence between Cu (8 cm−1) and Au (26 cm−1) translates into a di�erence of
about 10 Å for their point of re�ection.
Interestingly, the probability density for collision events over time shows a slight peri-
odicity, as can be seen from the example histogram given in Fig. 6.6 for Cu2 in He5000.
The peak-to-peak distance, in this case about 130 picoseconds, is the approximate time
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6.4 Results and discussion

needed for a particle at vλ to traverse the droplet. This relationship also holds for larger
and smaller droplets, leading to longer and shorter intervals, respectively.

Table 6.3: Collision times (picoseconds) for pairs of Cu, Ag and Au atoms in helium
droplets of various size.

dopant He1000 He2000 He5000 He10000

Cu 316 515 1274 2620
Aga - 928 1708 2843
Aua - 1374 2266 3990

a The average collision times for gold and silver in He1000 have been skipped since they are
strongly biased by the cuto� de�nition (see text).
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Figure 6.6: Collision times for Cu in He5000. The long tail of the probability density has
been cut to emphasize details. Note the periodicity of about 130 picoseconds
between peaks.

6.4.3 Extrapolations to larger droplets

We extend our MD analysis to larger He droplets with radii up to 100 nm, which play a
much bigger role in the ongoing experiments on metal cluster formation for the following
reason: From our DFT simulations we obtain a chemical potential of about 4 cm−1 for
He, which means that upon formation of our metal dimers about 3000 to 4000 He atoms
have to be dissipated after the atomic collision. Therefore, cluster formation processes
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6 Timescales of atomic collisions in helium nanodroplets

can only take place in droplets with larger radii. DFT simulations are currently too
expensive in this size regime, but we can take advantage of the fact that the curvatures
of the con�nement potentials for the same metal but di�erent droplet sizes are almost
identical in the relevant energy range. This is illustrated in Figure 6.7, where the con-
�nement potentials for Cu in HeN are compared to each other. Following the de�nition
of the droplet radius as given in Table 6.2, and setting this value to zero for each droplet,
one �nds almost overlapping con�nement curves, as far as the curvature near the sur-
face is concerned. From this we conclude that con�nement potentials for larger droplets
(N > 10000) can be easily obtained by simple shifts of the He10000 potential to larger
distances r. We repeat our simulations for larger droplets with radii of 100, 200, 500
and 1000 Å, respectively.
In our MD simulation, the most time consuming step is the evaluation of the potential
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en
er

gy
 (

cm
−

1 )

 

 
He

1000

He
2000

He
5000

He
10000

Figure 6.7: Con�nement potentials for Cu in He droplets of various size. The zero po-
sition is set to the point where the He density drops below 1/e of the bulk
value (vertical, dashed line). On this x-axis, the droplet centers lie at −r,
with r taken from Table 6.2.

energy gradient at each timestep. In large droplets, this evaluation is not necessary most
of the time, since the particles move on straight lines. This is taken into consideration
in the code by reducing the evaluation to cases where the inter-particle distance drops
below 30 Å or when they are closer than 15 Å to the droplet surface. However, a much
more signi�cant reduction of computational costs can be achieved by a complete avoid-
ance of gradient evaluations for the con�nement potential. Benchmark calculations for
He droplets with a radius of 200 Å show that at this size the con�nement potential
can be replaced by a simple hard wall re�ection, since the time spent in the areas with
potential energy Upot > 0 is small compared to the free motion (Upot = 0) through the
droplet. For better agreement with the more accurate model the actual position of the
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hard wall is chosen with respect to the atom type as follows: Assuming a shifted soft
potential as described in the text, we determine the point of re�ection for atoms with
velocity vλ/2, and place the hard wall at this position. For droplets with a radius of
1000Å, for example, the re�ective wall is placed at 991, 993 and 995Å for Cu, Ag and
Au, respectively. This way, the simpli�ed model also accounts for the larger accessible
volume of heavier atoms.The di�erence in collision time predictions for droplets with a
radius of 200Å compared to results obtained with a the soft potential is less than 5 %.
We therefore apply this simpli�ed approach to the largest droplets with radii of 500 and
1000Å. Our results for the average collision times in this size regime are summarized in
Table 6.4. For the largest, and experimentally most relevant droplets with a radius of
1000 Å, we obtain collision times in the range of 0.01-0.014 ms.

Table 6.4: Collision times (nanoseconds) for pairs of Cu, Ag and Au atoms in larger
helium droplets, sorted by their radius.

dopant 100 Å 200 Å 500 Å 1000 Å
Cu 16 114 1352 11031
Ag 18 121 1418 11401
Au 24 163 1790 14452

6.4.4 Comparison to other models

To our knowledge, this is the �rst evaluation of collision times tcoll for coinage metal
atoms in HeN accounting for interactions between two dopants as well as between dopants
and the helium droplet itself. However, knowledge about timescales of cluster formation
are the key to a better understanding of complex growth processes observed in recent
experiments, such as multicenter growth or the creation of nanowires.1�3,8,11,16 Therefore,
several model descriptions have been used in the past, which can be compared to our
calculations.
In ref. 167, multiple dopant pickup and successive coagulation of gas atoms and molecules
were investigated by mass spectroscopy and Monte Carlo simulations. Assuming that
two successively collected dopants come to rest at random positions within a droplet,
tcoll is calculated as being only dependent on the inter-particle van der Waals forces,
thereby neglecting remaining kinetic energies and the in�uence of the He environment.
Another approach to estimate the onset of multicenter aggregation is given in ref. 89,
where the coagulation time for two particles is approximated as the time it takes to
sweep the collision cross section of the particles through the total volume of the droplet
at constant velocity. Both aforementioned formalisms were applied to droplet sizes and
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dopants considered in this work. For the �rst model, the corresponding C6 coe�cients
of the −C6/r

6 van der Waals potentials are derived from the dimer curves given in
Fig. 6.1. We average over several simulation runs with initial distances randomly chosen
within the droplet diameter. For the second model, we assume an average velocity of
vλ/2. The results are comparatively depicted in Fig. 6.8. One �nds that the values
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Figure 6.8: Collision times of coinage metals in HeN as obtained with di�erent models,
either by dividing the total HeN volume by the product of particle velocity
and cross section as proposed in ref. 89 (open circles), by assuming pure van
der Waals attraction as proposed in ref. 167 (open squares), and from the
calculations in this work (full triangles). See text for further discussion.

for tcoll in the present work are generally lower and the agreement with the simpler
models seems to get worse with increasing droplet size. Considering only van der Waals
interaction, this seems to be intuitive as the attractive potential between the dopants
is proportional to r−6. Still, there is a good agreement between the van der Waals-
only model and our calculation for small HeN sizes. Collision times obtained from the
static volume model are more than one order of magnitude larger and show practically
no dependence on the atom type. In the latter feature the simple model agrees with
our calculations for large droplets, where the X-X interactions become less relevant.
The slopes of the volume model and our calculation are almost parallel. Obviously, one
reason for the overestimation of collision times lies in the complete neglect of interatomic
attractive interactions. However, this argument does not explain the still signi�cant
discrepancy for larger droplets. The additional, and apparently more relevant deviation

62



6.5 Conclusion

that remains in the case of larger volumes stems from the fact that the trajectory of an
essentially una�ected, con�ned particle is planar due to the conservation of the angular
momentum. Therefore, the assumption of the whole volume being accessible must lead
to an overestimation of collision times.

6.5 Conclusion

We simulated the motion of Cu, Ag and Au atoms in droplets of super�uid helium via
a combination of He-density functional theory and classical molecular dynamics. The
necessary two-particle interaction potentials were either taken from literature or derived
from quantum chemistry calculations at the CCSD(T) level of theory. The metal dimer
potentials were corrected for energy penalties which arise due to local distortions of the
helium density. However, these corrections turn out to be fully negligible (less than
100 cm−1) for the strongly bound metal dimers and do not a�ect their equilibrium
geometries, but could become relevant for weakly bound species such as Mg2. The
con�nement potentials were calculated with our DFT code for He droplets consisting of
up to 10000 atoms. We found that the shapes of these potentials are minimally a�ected
by the droplet size, which allowed the simulation of larger droplets with radii of up to
100 nm by simple shifts of the curves.
In a series of molecular dynamics simulations for helium droplets with radii from 23 to
1000 Å we calculated the trajectories of two metal atoms in a symmetric con�nement
via a Velocity-Verlet integration upon collision. A statistical analysis of collision times
for the various helium droplet sizes after the pickup of a second metal atom shows that
the strength of the metal-metal interaction is overcompensated by particle mass e�ects
even in small droplets consisting of a few thousand helium droplets (radii below 30 Å).
On average, Cu collisions are slightly faster than Ag and Au collisions.
Our �ndings should be useful to experimentalists for basic estimates of more complex
cluster growth scenarios in helium droplets of various size, where collision events, pickup
processes and other phenomena such as vortex-induced nanowire formation have to be
taken into consideration. An extension of our theoretical studies towards the simulation
of actual growth mechanisms in combination with experiments on coinage-metal-doped
He droplets is in preparation.
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7 Doping rate dependence of

nanowire growth in helium

nanodroplets

The following corresponds to the manuscript
"The impact of doping rates on the morphologies of silver and gold nanowires grown in
helium nanodroplets" by Alexander Volk, Philipp Thaler, Daniel Knez, Andreas W.
Hauser, Johannes Steuer, Werner Grogger, Ferdinand Hofer and Wolfgang E. Ernst, in
Physical Chemistry Chemical Physics 18, 1451-1459 (2016)
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� the design and execution of the experiments,

� the evaluation of the obtained electron micrographs,

� the adaption of the program code from P.T. and application to the current system,

� the literature research and interpretation of the obtained data,

� and the authorship of the manuscript.
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Remark: Due to a unit conversion error, the values for ttrap given in Ta-
ble 7.2 are not correct. Please �nd an erratum in Sec. 7.7, which addresses
this fact and has been submitted to Phys. Chem. Chem. Phys..

Reproduced from "The impact of doping rates on the morphologies of silver and gold
nanowires grown in helium nanodroplets" by Alexander Volk, Philipp Thaler, Daniel
Knez, Andreas W. Hauser, Johannes Steuer, Werner Grogger, Ferdinand Hofer and Wolf-
gang E. Ernst, in Physical Chemistry Chemical Physics 18, 1451-1459 (2016)- Published
by the PCCP Owner Societies.

7.1 Abstract

Silver and gold nanowires are grown within super�uid helium nanodroplets and inves-
tigated by high resolution electron microscopy after surface deposition. The wire mor-
phologies depend on the rate of metal atom doping in the pickup sequence. While high
doping rates result in a polycrystalline face-centered cubic nanowire structure, at lower
doping rates the initial �vefold-symmetry seems to be preserved. An explanation for this
observation is given by computer simulations, which allow the derivation of timescales
for the nanowire growth process inside helium nanodroplets.

7.2 Introduction

Quantized vortices, accessory phenomena of super�uidity, have been predicted by On-
sager and Feynman around 1950.121,122 Despite earlier experimental evidence for their
existence,36,37 it took until 2006 to �nally image them in bulk super�uid helium (He II)
using hydrogen particles as tracers.38 The fact that impurities get pinned to the vortices
as the consequence of a pressure gradient around the vortex cores,35 can be exploited to
investigate processes such as vortex reconnection and quantum turbulence in He II.168�170

In a more applied approach, the use of the directed growth of nanoparticles in the pres-
ence of vortices in He II was proposed for the production of nanowires.171 Single and
bundled metal nanowires were obtained from laser ablation of metal targets immersed
in He II and subsequently characterized in terms of structure, electrical properties and
thermal stability.39�48

Helium nanodroplets (HeN), on the other hand, were extensively used as weakly per-
turbing cryogenic matrices for the spectroscopy of atoms, molecules and small clusters
in molecular beam experiments (see ref. 21,29,33,34 for detailed reviews). The possibil-
ity of sequential doping and local con�nement of di�erent species at 0.37K makes HeN
also a unique environment for cluster growth.21,29,33,90,92 The �rst surface deposition of
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HeN -grown metal clusters,1,2 triggered a series of experimental studies on cluster growth
and follow-up surface deposition.3�6,11 Gomez et al. found that Ag nanoparticles (Agn),
synthesized in single helium droplets and subsequently deposited on a substrate, tend to
agglomerate equidistantly along distinct lines.8 In the absence of external guiding forces,
this can be taken as the �rst experimental evidence for the existence of vortices inside
of HeN . This con�rms several preceding computational studies on this issue (see ref.
49�52 and references therein). Further proof for the presence of vortices or even vortex
lattices in the droplets was given by recent X-ray di�raction experiments on a Xe-doped
HeN -beam and complementary density functional theory (DFT) calculations.53,172 Uti-
lizing these vortices as inert templates, continuous monometallic nanowires with lengths
of several hundred nanometers were synthesized inside HeN ,9 as well as bimetallic core-
shell nanowires.16 As an intrinsic property of the growth process, the diameter of these
wires is ≈ 3 − 10nm. In a recent study on the stability of HeN -grown Ag nanowires
we could show that these thin structures segment due to thermally induced Ag atom
di�usion after their deposition on a surface.12

Despite these experimental achievements, little is known about the actual growth pro-
cess of nanowires inside the droplets.9,10 Our group was able to deduce a possible growth
mechanism for pure Agn inside of vortex-free HeN by analyzing high resolution transmis-
sion electron microscopy (HRTEM) images of the deposited clusters.11 A computational
survey of the landing process revealed that small Agn (diameter dAg < 3 nm) presum-
ably undergo reconstruction upon deposition, while for larger clusters the pronounced
soft landing conditions2,55,56 favour the conservation of the initial morphology.15 Only
recently we modeled the collision process between two coinage metal dopants in small
HeN with a molecular dynamics (MD) simulation.13 The obtained timescales for dimer
collisions were subsequently used in a model suitable for larger droplet sizes. It shows
that for large HeN , multicenter aggregation leads to well separated clusters in one droplet
for long timescales.17

In the present study we extend our previous work by investigating the in�uence of the
doping conditions on the cluster growth and aggregation inside of large HeN . We further
give timescales for the pinning of clusters due to attractive forces exerted by vortices
present in the droplets, which causes the nanowire-growth. The obtained results are com-
pared to HRTEM images of bare Ag and Au clusters and nanowires. Experiment and
calculations indicate that an alteration in the amount of metal dopants induces di�erent
growth scenarios, which �nally in�uences the morphology of the produced nanowires.
To our belief a good understanding of the underlying growth process of nanowires in
HeN is one of the key questions to be addressed in order to be able to synthesize more
elaborate structures with this technique.
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7.3 Experimental

The experimental setup is described in detail elsewhere.18 In brief, HeN are produced
by the supersonic jet expansion of gaseous He (99.9999% purity) through a precooled
nozzle with a 5µm ori�ce into high vacuum. The helium stagnation pressure (p0) was
kept at 20 bar for all experiments discussed in this work. By variation of the nozzle
temperature (T0) it is possible to alter the mean droplet size (N̄).21 In our experiments,
vortices have exclusively been observed for T0 ≤ 6.5K at p0 = 20 bar. Therefore, it
can be assumed that they are e�ciently created and preserved only when large HeN
(N̄ > 108 atoms) are formed via breakup of liquid He during the expansion process.8,97,98

For experiments on vortex-free HeN we therefore keep T0 at 8K. In all other cases, T0

is set to 5.4K. This corresponds to N̄ ≈ 7 × 106 atoms (droplet diameter d̄D ≈ 85nm)
and N̄ ≈ 1.7 × 1010 atoms (d̄D ≈ 1100nm) respectively.21,26,97 We note that recent
calculations also suggest vortex nucleation in small HeN (N = 1000) by ionization of
attached dopants173,174 or during the doping process with neutral atoms.175 However, in
the latter case theory suggests limited vortex-lifetimes in the picosecond range.
The HeN -beam passes a 400µm skimmer into a separate vacuum chamber where the
droplets are doped with the desired metal. Ag or Au atoms are evaporated from separate
resistively heated alumina ovens of 2.3 cm length. They are captured by the passing
droplets, in which they subsequently agglomerate to clusters. After the pickup, the
droplet beam enters a UHV chamber (base pressure < 6×10−10 mbar) and is terminated
on commercial TEM grids (Ted Pella, Inc., Prod. No. 01824). This leads to the
disintegration of the droplet and a soft deposition of the contained aggregates on the
amorphous carbon (a-c) surface.2,15,55,56

The disintegration of the HeN causes a rise in the He background pressure pHe, which
can be monitored with an ionization pressure gauge (Leybold Heraeus IM 220) and a
quadrupole residual gas analyzer (Balzers QMA200/QME200), both mounted o� the
beam axis. Due to evaporative cooling,26 the HeN size and accordingly the total He �ux
ΦHe into the last chamber are reduced with increasing Ag/Au doping rate. Following
ref. 2, we calculate the mean number of metal dopant atoms n̄X per HeN as

n̄X =
(ΦHe,undoped − ΦHe,doped)× N̄

ΦHe,undoped

× EHe

EX
= α× N̄ × EHe

EX
, (7.1)

where the index X denotes either Ag or Au. The attenuation of the HeN beam due to
doping is denoted as α and EHe = 0.6meV is the binding energy of 1 He atom to the
droplet.26 EAg = 3 eV and EAu = 3.8 eV are the bulk binding energies for Ag and Au,
respectively.57 This approach neglects the kinetic energy transfer to the droplet by the
dopant atoms, which is two orders of magnitude smaller than the binding energy. Ta-
ble 7.1 contains the values for n̄X as obtained for the attenuations used in this work. We
note that EX is dependent on the cluster size and considerably smaller at the beginning
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of cluster growth.107 This is taken into account for the small HeN (N̄ ≈ 7 × 106) in
Table 7.1.

Table 7.1: Number of dopant atoms n̄X per HeN for di�erent droplet sizes N̄ and atten-
uations α as calculated with eqn (7.1).

α N̄ nAg nAu
0.75 1.7× 1010 2.6× 106 2.0× 106

0.5 7× 106 − 650
0.2 1.7× 1010 6.8× 105 5.4× 105

0.04 1.7× 1010 − 1.1× 105

For the given average droplet speed vD ≈ 173m/s at T0 = 5.4K97 the pickup rates reach
up to 2 × 1010 atoms per second. The energy transferred to the droplet this way, leads
to an estimated increase of the droplet temperature from 0.37K 25 to ≈ 1.05K.26,176

Since this temperature is still below the He super�uid transition temperature of 2.17K,
quantized vortices are preserved during the pickup.
As for a previous study,11 we use a Tecnai TF20 from FEI Company for TEM and
HRTEM measurements on the deposited clusters and nanowires. The microscope is
equipped with an FEG source and a high resolution Gatan imaging �lter with an Ultra-
Scan CCD camera (2048 px x 2048 px). All images are recorded with 200 kV acceleration
voltage and a current density as low as 1 pAnm−2 to prevent morphology changes of the
particles during the imaging process.
Since the breakup of Ag nanowires becomes noticeable already at ≈ 260K,12 some sub-
strates are cooled via the substrate holder to liquid nitrogen (LN2) temperature for the
investigation of continuous wires. After nanowire deposition, cooled substrates are im-
mersed into LN2 within 5 s after the substrate holder has been detached from its mount
in the chamber. These substrates are subsequently transferred to a suited cryo-TEM
holder (Gatan, Model 792) without being removed from the LN2 bath. Other substrates
are exposed to ambient conditions for times shorter than 5min when transferred to the
TEM. In all cases, the chamber is vented with gaseous N2 (grade 5).

7.4 Computational details

7.4.1 Cluster growth and aggregation

Recently, we investigated the time dependence of two-particle-collisions in HeN via a
combination of helium density functional theory and molecular dynamics simulations.13

While it is computationally feasible to simulate the collision of just two dopants within
a droplet on quantum-chemistry level, a similar description of the actual particle growth
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process is not possible due to the large time-scale (milliseconds) and the system size (up
to 106 metal atoms). Instead, we use the collision times calculated in ref. 13 as input for
a simpli�ed, global model of multiple cluster growth in large helium droplets. We study
the number and mass of all metal particles as a function of time without keeping track
of actual particle positions. Qualitatively, the model is the same for simulations of Au
and Ag dopants. Therefore, only the Ag case shall be described here in greater detail.
According to the real experiment, cluster growth in HeN starts by the pickup of single
atoms in a locally de�ned region. In the computer simulation we therefore add n̄Ag (see
Table 7.1) atoms with a �xed doping frequency. The latter is determined by the length
of the pickup region and the velocity of the droplets in the HeN beam. Benchmark
calculations show that the shrinking of the droplet due to evaporative cooling has a
negligible impact on the doping cross-section for a �xed dopant vapor pressure. Therefore
a constant doping frequency can be assumed. The dopants are spawned within the HeN
volume at Landau velocity vλ ≈ 56m/s.32 The time it takes for two atoms to aggregate
∆ta(2) is taken from ref. 13 and adjusted as follows: As more dopant-atoms are added
to the droplet, the nucleation rate will increase until equilibrium conditions are reached.
In our model, the nucleation frequency ( 1

∆ta(j)
) increases with the number of pairs that

can be formed by j particles, hence

∆ta(j) =
2×∆ta(2)

j2 − j . (7.2)

The shrinking of HeN due to evaporative cooling leads to a decrease of ∆ta(2) according
to ref. 13, which is considered in the simulation. On the other hand, assuming inelastic
collisions and conservation of momentum, the velocity of metal clusters consisting of n
atoms must decrease with increasing n (n > 1),

v(n) = vλ ×
√

8

3πn
(7.3)

causing a growth of ∆ta(2) proportional to vλ
v(n)

.
An individual "aggregation timer" is de�ned for every particle enclosed in the droplet,
which re�ects the actual droplet size and its current loading with dopants, i.e. the size-
dependent velocities of all clusters which are currently present in the droplet. For the
�rst two atoms picked up by the droplet this timer is set to ∆ta(2), but it is reevaluated
after every additional pickup following eqn. (7.2)& (7.3). Whenever an aggregation timer
expires, the corresponding particle merges with another particle randomly chosen from
the current set, but with a probability proportional to the velocity of the second particle
(i.e. mergers with smaller particles are preferred). The merging leads to the growth of
the �rst particle and to a reevaluation of its aggregation timer according to eqn. (7.3),
while the second particle is removed from the set.
In order to study structural changes in our set of metal particles over time, we further
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keep track of the shape of each resulting particle, which is determined by the amount of
binding energy released during the coalescence. While the addition of single atoms to a
preexisting cluster is treated in a way that yields a new spherical particle, two clusters
only coalesce into a spherical particle if the released energy is large enough to completely
melt at least one of the involved clusters. This treatment is based on the �ndings in
ref. 42& 44. The authors of the respective studies showed, that the surface energy
released upon coagulation of two small metal clusters in He II can lead to melting and a
subsequent merging of the individual particles into a single sphere. For larger clusters
the released energy may not be su�cient for a complete melting, so that the clusters
stick together and form nanowires.
We use a slightly di�erent approach to calculate the energy release upon coagulation,
as this allows us a better implementation of coagulation events between di�erent sized
clusters. To start, we calculate the binding energy per atom Eb(n) in a cluster consisting
of n atoms using the empirical relation106

Eb(n) = EAg + 2
1
3

(
1

2
De − EAg

)
n−

1
3 (7.4)

to estimate the released binding energy during the coalescence of two clusters consisting
of n1 and n2 atoms respectively, as

∆Eb = (n1 + n2)× Eb(n1 + n2)− (n1 × Eb(n1) + n2 × Eb(n2)). (7.5)

EAg ≈ 3 eV 57 denotes the Ag bulk binding energy and De = 1.65 eV 107 the binding
energy of the Ag dimer. Both collision partners receive half of the released energy ∆Eb

and the accompanying increase of the temperature of the clusters is evaluated by the
simple approximation of the Dulong-Petit law. Clusters are considered as melted if their
temperature exceeds the bulk melting temperature. Melting point depressions and latent
heat are counteracting e�ects which are neglected due to their computationally di�cult
implementation for the given case of a time-dependent, broad cluster size distribution.
Clusters which do not melt during coalescence are treated as one elongated particle. The
particle size gets extended in only one dimension upon collision in order to simulate the
process of nanowire formation. The new diameter is calculated as the mean diameter
of the individual building blocks. The total number of individual particles (atoms,
clusters and nanowires) contained in a single droplet (j), and the number of atoms (nsp)
within each spherical metal clusters (partially coalesced to wires) are tracked in the
course of the computations. In the simulations, the clusters are cooled by their helium
environment at a constant cooling rate rc which depends on the particle surface area.
This rate is adjusted to re�ect the experimental results, meaning that the mean cluster
diameters obtained from nsp at the end of the simulation time should be comparable
to the nanowire diameters observed in the experiment. We �nd that rc ≈ 190W/cm2

re�ects the experimental �ndings best. A change in rc of +20% decreases the mean
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7 Doping rate dependence of nanowire growth in helium nanodroplets

cluster diameters obtained at the end of the growth process by ≈ 25%, while a decrease
in rc of 20% increases the observed diameters by up to 50%. Gordon et al. derived the
maximum diameter for which two equally sized metal spheres coagulate into a �nally
spherical particle inside of He II, for several di�erent metals by considering the release
in surface energy during the coalescence.42 The values for rc used in this work are
considerably higher than those assumed in ref. 42, but still lower than the maximum
cooling rates observed for small molecules in other HeN experiments.104,105

It is evident that without additional e�ects, given su�cient time, such an algorithm
inevitably leads to one single �nal particle. In the real experiment the growth rates are
damped due to the presence of vortices in large HeN . Particles caught by vortices are
pinned to the vortex core and their motion is subsequently restricted to the direction
along the vortex line.38,152 The coalescence of captured particles along the vortex core is
the reason for the formation of continuous nanowires, but is not directly captured in the
presented model. However, we can choose the maximum simulation time to be equal to
the mean time it takes for a particle to get trapped by a vortex contained in the HeN ,
which will be derived in the next section. This enables us to follow the growth of the
building blocks of the �nal nanowires.

7.4.2 Cluster capture by vortices

Due to a pressure gradient around the vortex core,35 a vortex exhibits an attractive force
on particles in the droplet, whose magnitude is given by74�76

Ffar ≈
(a
s

)3 ρsκ
2

3π
(7.6)

for spherical particles in the far �eld and by

Fnear ≈ ρsκ
2log

(
a

ζ

)
(7.7)

near the vortex core, with the radius of the particle a, s the particle's normal distance to
the vortex center, ζ the vortex core diameter, ρs the density of He II and κ = h/mHe the
quantum of circulation with h the Planck constant and mHe the atomic mass of He. In
the simplest case where only one vortex is spanned across the droplet along the z-axis,
s̄ can be given analytically as

s̄ =
3π

16

dD
2

(7.8)

We assume only one vortex per droplet for the following calculations. This assumption
does not a�ect any of our arguments substantially. As estimated in the experimental
section, the maximum HeN temperature does not exceed 1.05K, resulting in a maximum
fraction of normal �uid in the super�uid droplets of ≈ 1%.35 After the pickup process,
the droplet temperature will rapidly decrease to 0.37K, so that the non-super�uid part
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will become negligibly small. Together with the low velocities of clusters within the
droplets, this justi�es the neglect of the Stokes drag on the particles. The acceleration
of particles towards the vortex due to the attractive forces given above can then be
calculated simply by the application of Newton's equation of motion. The far-�eld and
near-�eld forces of eqn. (7.6)& (7.7) are continuously connected to a resulting attractive
force, and the equation of motion is numerically solved for the time ttrap it takes to get a
particle trapped by a vortex core. We note that ttrap is nearly una�ected by an alteration
of the particle radius a, since the corresponding increase of Ffar is compensated by an
equivalent increase of the particle's mass, while the in�uence of the short ranging Fnear

on ttrap is negligible. ttrap is chosen as the maximum simulation time for the cluster
aggregation process, as for later times a signi�cant amount of particles is restricted in
the direction of motion.

7.5 Results and discussion

7.5.1 HRTEM images

In order to ensure that the fundamental growth process for di�erent coinage metal
clusters in vortex-free HeN (N̄ ≈ 7 × 106 atoms) is the same, we repeat our previous
experiment,11 but dope the droplets with Au instead of Ag. The TEM substrate is
exposed to the Au-doped (α = 0.5) HeN -beam for 480 s. Following the routine of ref.
11, the mean diameter of deposited Aun is measured using the image processing package
FIJI.67 The obtained diameter d̄Au ≈ 2.9(1)nm corresponds to n̄Au ≈ 750 assuming a
spherical cluster shape and bulk density of the metal.11 The discrepancy between this
value and the one given in Table 7.1 lies within the measurement uncertainties. We note
that even small deviations in either of the variables in eqn. (7.1) lead to a reasonable
change in the estimated absolute number of dopants. Fortunately, this becomes less
crucial for the larger droplets investigated.
HRTEM images are recorded and compared to corresponding simulations11,69 in order to
determine the morphologies of the clusters. While a complete analysis of the Aun mor-
phology distribution lies beyond the scope of this article, we report that the �ndings are
in good agreement with the measurements on Agn.11 Above all, we can clearly identify
icosahedral (Ih) and decahedral (Dh) clusters for large cluster diameters (dAu > 3 nm)
in numerous cases, two of which are exemplary depicted in Fig. 7.1. As will be shown
later, these structures can be identi�ed as building blocks in conglomerated nanowires.

In order to investigate the aggregation process in the presence of vortices, large HeN
(N̄ ≈ 1.7× 1010 atoms) are doped with Ag or Au atoms, respectively. In both cases, the
doping rate was adjusted such as to obtain either heavy (α = 0.75) or weak (α = 0.2)
loading of the droplets. Subsequently, the TEM substrates are exposed to the droplet
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Figure 7.1: Decahedral (a) and icosahedral (b) Aun synthesized in HeN free from vortices
(N̄ ≈ 7 × 106 atoms), observed after deposition on a TEM substrate. The
morphologies found agree well with those of Agn produced under comparable
conditions.11 Scale is the same for both images.

beam for 5 s. This time is chosen in order to obtain a decent surface coverage on one hand
and to ensure an insigni�cant overlap between nanowires carried by di�erent droplets.
Fig. 7.2 (a) shows continuous Ag nanowires with a total length of several hundred nanome-
ters and a mean diameter d̄nw ≈ 5 nm (as obtained with α = 0.75). Cryo-HRTEM
measurements on these wires reveal multiple domains of face centered cubic (fcc) mor-
phology (Fig. 7.2 (b)). Blurred parts along the wire are due to thickness oscillations,
i.e. the structure is visible in the HRTEM measurements only for areas with similar
thickness for a chosen defocus. Due to these perturbations in diameter, the wires break
up via a surface di�usion process already below room temperature, as shown recently.12

The outcome of this so-called Rayleigh breakup is the occurrence of chains of Ag seg-
ments as depicted in Fig. 7.3 (a)& (d), and previously found in other HeN 8�10 and He II
bulk experiments.46 HRTEM images reveal that in the case of heavy doping (α = 0.75,
left column of Fig. 7.3) these segments can either adopt polycrystalline fcc morphologies
(Fig. 7.3 (b)) or exhibit large monocrystalline fcc domains (Fig. 7.3 (c)). No clusters with
Ih or Dh morphology were found under these doping conditions.
This is completely di�erent from the �ndings obtained with Ag and α = 0.2 as depicted
in the right column of Fig. 7.3. The existence of large Ihs (Fig. 7.3 (e) and top of (f))
and Dhs (bottom of Fig. 7.3 (f)) is dominating, being followed by particles with large
monocrystalline domains. In contrast to the observations made for α = 0.75 we �nd
only a very small amount of polycrystalline particles for weak loading of the droplets.
For large Au nanowires (α = 0.75) at LN2 temperature, we �nd the same branched

structures as depicted in Fig. 7.2 (a) for Ag. During the heat-up to room temperature
Au nanowires undergo a surface smoothing but do not break into multiple segments
(see Fig. 7.4 (a)). The inner morphology (Fig. 7.4 (b)) resembles that of continuous Ag
wires, i.e. multiple fcc domains can be found. The wires resemble those found in bulk
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Figure 7.2: Ag nanowires synthesized in HeN (N̄ ≈ 1.7 × 1010), deposited and imaged
on a LN2 cooled a-c TEM grid. Continuous branched wires (a) show poly-
crystalline domains in HRTEM mode (b).

He II experiments in diameter, shape and morphology.40,41,45,47 Under low doping con-
ditions (α = 0.2) we �nd short but continuous Au wires of slightly smaller diameter
(Fig. 7.4 (c)). In numerous cases, these wires contain spherical enclosures of ambiguous
morphology, while the rest of the wire consists of multiple fcc domains (Fig. 7.4 (d)).
Further reduction of the amount of doped Au atoms (α = 0.04) leads to the observation
of segmented Au nanowires (Fig. 7.5). Assuming conserved volumes, we calculate the
mean diameter of the initial wires as d̄nw ≈ 3.0(1)nm. The distance between centers of
neighboring segments λ ≈ (13± 4)nm is in very good agreement with the theoretically
derived relationship 2λ/d = 8.89 for the Rayleigh breakup of an ideal cylinder.124 The
HRTEM image in Fig. 7.5 shows a small decahedral cluster (marked by arrow) between
two clusters of indistinct morphology.
As shown in our previous work,12 the breakup of Ag nanowires can be explained by

the di�usion of wire surface atoms from thinner to thicker parts of the wire due to a
gradient of the chemical potential. It is therefore convenient to assume that the ob-
served morphologies are present already inside the initially continuous wires, and that
they become clearly visible in the course of the breakup. It has been shown in several
theoretical studies that the icosahedral shape is energetically preferred for small metal
clusters, while intermediate and large clusters seem to be more stable in Dh and fcc mor-
phologies, respectively (see ref. 81,96,100 and references therein). Further, it has been
determined by MD simulations that the fcc morphology is preferred over the icosahedral
morphology for Ag clusters with sizes larger than 1590 atoms (dAg ≈ 3.7nm).177 The Ihs
depicted in Fig. 7.3 (e)& (f) both exhibit diameters larger than 5 nm (n > 3900 atoms).
Therefore, it can be excluded that they were formed from fcc particles via a restructur-
ing process. Such a growth sequence would further strongly contradict MD simulations
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Figure 7.3: Chains of Ag segments resulting from the breakup of nanowires as depicted
in Fig. 7.2. Left column: (a) heavy doping of the droplet (α = 0.75).
HRTEM measurements reveal either polycrystalline morphology (b) or large
monocrystalline domains (c). Right column: (d) weak doping (α = 0.2).
Silver segments resulting from the breakup of small nanowires often exhibit
�vefold symmetries, i.e. icosahedral ((e), top of (f)) or decahedral (bottom
of (f)) morphologies.
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Figure 7.4: Au nanowires at room temperature. Left column: heavy doping of the
droplet (α = 0.75). Nanowires exhibit a smoothed surface and are con-
tinuous over several hundred nanometers (a). Multiple fcc domains are ob-
served along a single wire in HRTEMmeasurements (b). Right column: weak
doping (α = 0.2) leads to short continuous nanowires of about the same di-
ameter (c). HRTEM images (d) reveal spherical enclosures with ambiguous
morphology in a wire consisting of several fcc domains.
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Figure 7.5: Segmented Au nanowire as resulting from very weak doping (α = 0.04). The
arrow marks a small decahedral cluster in the HRTEM image.

recently performed by our own group.15 In simulations of silver clusters we could ob-
serve the conversion of Ihs and Dhs into fcc particles during surface deposition due to
a recrystallization, but not a single event of an inverse transformation from fcc into a
particle of �vefold symmetry.

7.5.2 Simulation of the growth process

In order to explain the di�erent morphologies observed we simulate the cluster growth
process for di�erent doping rates, i.e. di�erent attenuation coe�cients α. The maximum
simulation time is chosen to equal the mean time it takes for a particle to get trapped
by a vortex (ttrap). The pickup of atoms and their coagulation into clusters lead to a
shrinking of the droplets, which in�uences s̄ given in eqn. (7.8). It turns out that ttrap
is long compared to the timescale of cluster growth, which equals the timescale of the
doping process (≈ 130µs) determined by the �ight time of the HeN through the pickup
region. It is therefore convenient to calculate s̄ and subsequently ttrap using the droplet
diameters of the attenuated droplet beam dD,α. The results for ttrap are summarized in
Table 7.2.
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Table 7.2: Time ttrap until particles get trapped by a vortex due to the attractive force
given by eqn. (7.6)& (7.7). dD,α is calculated assuming an initial HeN size of
N̄ = 1.7× 1010 atoms. s̄ is calculated using eqn. (7.8) and dD,α.

element α dD / nm ttrap /ms
Ag 0.75 720 1.4

0.2 1060 3.0
Au 0.75 720 1.8

0.2 1060 4.0
0.04 1130 4.6

The time evolution of the total number of particles j present in one helium droplet is
depicted in Fig. 7.6 for the attenuations realized in the experiment. It can be seen that
in both cases the number of individual particles quickly drops after the pickup of new
atoms has ended and that the following agglomeration takes place on a much longer
timescale. The reason for this behaviour lies in the slow velocities of large clusters (see
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Figure 7.6: Time evolution of the number of particles j present in one HeN for α = 0.2

(red triangles) and α = 0.75 (blue circles). The pickup process ends after
≈ 130µs, marked by full symbols. Lines are drawn to guide the eye.

eqn. (7.3)) compared to the Landau velocity assumed for freshly spawned metal atoms
in the simulation. This �nding has also been veri�ed experimentally by the observation
of bimetallic core-shell clusters with single or double cores.17 In order to realize the
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latter case two clusters have to grow in the droplet in the �rst of two consecutive pickup
regions and have to stay separated until the droplets reach the second pickup cell. The
corresponding HeN �ight time can be estimated as ≈ 1ms in our apparatus.18

Fig. 7.6 also reveals a decrease of j during the pickup process for larger attenuations,
while j seems to stay nearly constant for α = 0.2. This behaviour can be explained
by the shrinking of HeN which is much more prominent for α = 0.75 as can be seen
from Table 7.2. The HeN �ight time between the pickup cell and the TEM substrate is
≈ 6ms. Comparing this to the timescale of cluster growth and to ttrap, it is evident that
most clusters have to grow outside the vortex in a multicenter aggregation process, and
that nearly all clusters will be captured by the vortex before substrate deposition.
The monitoring of the number of particles contained in spherical clusters nsp can give us
a further important insight into the agglomeration process. Fig. 7.7 depicts the absolute
occurrence of a certain value of nsp for all spherical particles contained in a single HeN .
The lines shown correspond to the smoothed envelopes of histograms. Every histogram
is calculated from several simulation runs for every depicted time of the aggregation
process. Snapshots are taken during the pickup process at 30, 70, 130 (end of the pickup)
and at 150µs. As explained in the computational details, spherical clusters which do
not melt during agglomeration are treated as elongated particles, built from the initially
spherical collision partners. nsp includes all spherical clusters, regardless whether they
are present as building blocks of elongated structures or as individual spheres. From
this, it follows that Fig. 7.7 directly re�ects the sizes of the last complete melting of the
clusters. A merging event which does not lead to molten clusters does a�ect j, but not
the depicted histograms of nsp.
The large amount of small clusters present in the droplets during the pickup process is
e�ciently reduced after the addition of new atoms has ended, which is in good agreement
with the behaviour depicted in Fig. 7.6. In fact, the �nal distribution of spherical building
blocks is reached after 150µs. This means that melting processes are practically limited
to the pickup time, and that 20µs after the end of pickup melting is negligible. After
150µs, the spherical clusters still coagulate to form the �nal nanoparticles. This process
takes the time which we calculated as ttrap earlier.
The most striking feature in Fig. 7.7 is that the positions of the histogram maxima
are determined by the attenuation, i.e. the doping rate. A high doping rate in case of
α = 0.75 leads to a stronger heating of the clusters as more atoms impinge within a given
time while the cooling rate rc is the same as for weaker doping. The e�ect is further
enhanced by the pronounced shrinking of the droplet under heavy doping conditions,
and leads to a slight shift of the histogram maxima towards higher values of nsp in
Fig. 7.7. We can extract from the histograms n̄sp ≈ 600 (d̄Ag ≈ 2.7 nm) for α = 0.2

and n̄sp ≈ 3000 (d̄Ag ≈ 4.6 nm) for α = 0.75, which is also in good agreement with
the diameters observed for deposited nanowires in the cryo-TEM images. As explained
above, the fcc structure is energetically preferred over the Ih morphology for cluster sizes
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Figure 7.7: Number of atoms nsp building up the spherical clusters contained in a single
HeN for α = 0.2 (a) and α = 0.75 (b). Lines are envelopes of histograms
taken at di�erent times of the aggregation process: 30µs (red), 70µs (blue),
130µs (green), 150µs (orange).
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larger than 1590 atoms (dAg ≈ 3.7 nm).177 Since the clusters solidify from a molten state,
it is justi�ed to assume that the formation of Ihs is much more probable at α = 0.2 than
it is for α = 0.75. This explains the exclusive �ndings of particles of �vefold symmetry
under weak doping conditions in the experiment.

7.6 Conclusions

Experimentally observed morphologies of HeN -grown Au and Ag nanowires depend on
the rate of doping with metal atoms during the pickup process. In the �rst step of the
growth process, multiple clusters are formed within a droplet in a multicenter aggre-
gation process. At low doping rates, a large portion of these clusters exhibits �vefold
symmetries, while at high rates the presence of the fcc structure is dominating. In the
second step of the growth process these clusters are captured by vortices and coagulate
into nanowires. According to our simulations, their coagulation does not result in a
complete melting of the single clusters. This is related to the large cluster sizes and
the relatively low collision rates at this stage of the nanowire growth. Therefore, the
morphologies of the initial building blocks, i.e. the coagulating clusters, are preserved
within the nanowires.
We believe that our experimental �ndings and the computational model presented will
be of use in future attempts of gaining better control over the synthesis and the design
of nanostructures within HeN . It would also be desirable to determine the morphologies
of clusters enclosed in the HeN before substrate deposition, e.g. by X-ray scattering, a
technique which has been exploited recently to investigate the morphologies of large free
Ag nanoparticles.178
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7.7 Correction

The following is reproduced from:
"Correction: The impact of doping rates on the morphologies of silver and gold nanowires
grown in helium nanodroplets" by Alexander Volk, Philipp Thaler, Daniel Knez,
Andreas W. Hauser, Johannes Steuer, Werner Grogger, Ferdinand Hofer and Wolfgang
E. Ernst, in Physical Chemistry Chemical Physics 18, 3359 (2016)- Published by the
PCCP Owner Societies.

7.7 Correction

Due to a unit conversion error, the authors would like to correct the values for ttrap given
in Table 7.2 of the published article, as seen in the amended Table below.

Table 7.2.1: Time ttrap until particles get trapped by a vortex due to the attractive force
given by eqn. (7.6)& (7.7). dD,α is calculated assuming an initial HeN size
of N̄ = 1.7× 1010 atoms. s̄ is calculated using eqn. (7.8) and dD,α.

element α dD / nm ttrap /µs
Ag 0.75 720 24

0.2 1060 52
Au 0.75 720 33

0.2 1060 71
0.04 1130 80

These changes of ttrap a�ect some of the statements in the published article. Most no-
tably, ttrap is now shorter than the pickup process that takes place over the length of
the pickup cell. The so-called pickup time just means that during 130µs new atoms are
added.
At �rst sight, one is tempted to assume a more complex growth process due to simul-
taneous e�ects of doping, cluster formation, and vortex trapping. However, this is not
the case, since cluster formation times are still shorter than vortex trapping times ttrap.
In our cluster growth model following eqn. 7.2 and 7.3 of the article, metal clusters of
100 atoms for light doping (α = 0.2) and 1000 atoms for heavy doping (α = 0.75) have
formed already within ≈ 1µs after pickup. The size distribution in Fig. 7.7 obtains its
�nal shape very quickly and the changes between 30µs (red curve) and 150µs (orange
curve) re�ect only the subsequent growth due to atoms added over the 130µs pickup
time. Most of the 'newcomers' will become embedded into that stable cluster size dis-
tribution before they are getting trapped in a vortex (compare the envelopes at 130µs
(green curve) and 150µs in Fig. 7.7 of the main article). A slight shift of the maximum
in the distribution functions towards larger particles with increasing time stems from
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the higher collision rates which occur due to the reduction of the droplet volume via He
evaporation.
Due to this fact, the �nal morphology of most particles is still determined before they
get captured by vortices. Our conclusions on the morphologies of the nanowires remain
the same and are in agreement with the experimental results observed in the HRTEM
pictures.
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8 Summary

In the present work, the growth of nanoclusters and nanowires in super�uid helium
droplets is investigated by means of experiments and computer simulations. It turns out
that despite the ultracold environment o�ered by the droplets, the morphologies of the
obtained nanoparticles seem to be determined by a particle heatup due to the release of
binding energy during cluster growth.
In small HeN (N ≤ 107 atoms), the moderate pickup rates (≈ 8×106 atoms/s) enable the
cooling of embedded clusters (Agn or Aun) to the droplet temperature between succes-
sive pickup events. For the small cluster sizes (n < 100 atoms) present at the beginning
of cluster growth, the binding energy released upon addition of a single metal atom is
su�cient to melt the clusters. During their subsequent cooling to the droplet tempera-
ture, the clusters adopt morphologies which are energetically favorable at the respective
size. In most cases this leads to �vefold particle symmetries (icosahedral or decahedral).
In the later course of this single-center growth process, the released energies are not
su�cient to melt the clusters. Hence, the initial morphologies are retained and atoms
are attached to the preexisting clusters in a shell-by-shell growth.
For the further treatment of cluster growth processes in HeN , the dimer collision times of
coinage metal atoms in the droplets are calculated by MD-simulations. The HeN in�u-
ence on the diatomic dopant potential is evaluated by DFT calculations, but turns out
to be negligibly small. The obtained dimer collision times in HeN with 1µm diameter
lie in the range of 10− 15µs.
These values enter a rate based model for the description of the cluster growth process
in large HeN (N ≈ 2 × 1010 atoms), but are corrected for the simultaneous presence of
multiple nanoparticles in one droplet. The respective model calculations reveal that for
the high pickup rates (≈ 2 × 1010 atoms/s) used in the experiments, cluster formation
takes place simultaneously at di�erent droplet sites in a multicenter aggregation process.
Due to the higher collision rates and associated heating rates in this process, melting is
still possible at larger cluster sizes. As shown by the respective simulations, the �nal
morphology of the clusters is determined by the preset pickup rate. Smaller rates favor
the formation of �vefold symmetries, while at higher rates the fcc structure is adopted.
Large HeN contain quantized vortices, which capture the immersed nanoparticles and
cause their directed growth into nanowires. It turns out, that the cluster formation time
(≈ 1µs) is shorter than the time it takes for the particles to get trapped by the vortices
(≈ 20−80µs). Therefore, the building blocks of the nanowires exhibit the morphologies
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8 Summary

which have formed prior in the multicenter aggregation process.
The general validity of continuous metallic nanowire formation in vortex containing HeN
is proven for the case of Ag. After nanowire deposition on a substrate cooled to cryo-
genic temperatures, the breakup of the wires is tracked in situ in a transmission electron
microscope. Complementary simulations prove that the breakup process is related to
thermally activated di�usion of silver atoms along the wire surface. The starting tem-
perature of this process is determined as ≈ 260K. These experiments do not only resolve
the ongoing discussion on the reason for the previously observed segmented lines of Agn
in the HeN -community, but further represent the �rst investigation of thermal stability
of ultrathin (diameter ≈ 5 nm) Ag nanowires without the in�uence of a stabilising tem-
plate. This is a typical example for the capability of the HeN technique to provide new
important insights in material properties at the nanoscale.
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10 Addendum: Manual

This manual was written by Alexander Volk and Philipp Thaler who designed and set
up the lab infrastructure and the helium droplet beam machine in PHEG 056 (Cluster
Lab III). It is addressed to future custodians of the machine. In order to serve as a
general reference book, repeated explanations of the same issues in di�erent situations
are deliberately accepted.

Chapters 3, 4 and 5.3.3 were written by Alexander Volk, chapters 1, 2 and 5 - 7 were
written by Philipp Thaler. Both authors were responsible for editing and obtaining the
presented data and settings.

Besides instructions on how to operate and service the present machine, this manual
includes explanations of the dimensioning and design of the apparatus. Furthermore, it
includes typical settings for the adjustable parameters and provides experimental data
as benchmark for future experiments.

The structure of the content is primarily de�ned by the tangible parts of the appa-
ratus, rather than by didactics. It is not the aim of this manual to cover the theory in
this �eld of expertise.

Figure A1: Foto: Cluster Lab III. Left: Control panel; Center: Helium droplet beam
machine (HelENA); Right: Installation for the future laser setup.
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1. History and Evolution

Helium droplet beam machines have been used at the TUG institute for experimental

physics for some years. With these machines, ultra cold atoms and molecules were in-

vestigated spectroscopically on or in helium droplets. In 2011 an article reporting the

formation of large silver clusters Agn (with n up to 6000) inside helium droplets caught

the attention of the institute.a The decision was made to build a new machine, especially

designed for the purpose of nanoparticle synthesis inside liquid helium droplets, using

the knowledge emanating from the build-up and operation of the existing machines. The

new apparatus was necessary, because the other machines on the institute are limited

in terms of droplet size, and large helium droplets are essential for growing nanoparti-

cles. An old helium atom beam machine, donated by Prof. Christof Wöll (Universität

Bochum), was cannibalized in order to build up the new machine and was �tted with a

new high-end cold head to reach the lower nozzle temperatures required for the forma-

tion of large helium droplets.

The motivation to build up this new machine was the promising prospect that the

versatile doping possibilities of helium droplets combined with the cold temperatures

provided by them would enable the controlled synthesis of nanoparticles with exotic

material combinations exhibiting novel properties. Furthermore, for subsequent doping

schemes with two di�erent materials, the formation of core-shell structures was expected,

with the low temperature preventing restructuring. Additionally, in 2012 �rst evidence

for vortices inside liquid helium droplets was found.b While this phenomenon has been

known in the bulk, vortices inside droplets eluded veri�cation until that experiment,

which exploits the fact that dopants prefer to reside along the vortex lines. The shape

dictated by the vortices is stable upon deposition, which paves the way for a deliberate

creation of one-dimensional structures with this technique.

The preparation of the infrastructure for the new laboratory started in September

2011, and the main setup was completed in September 2013 with the delivery of a time

aLoginov, E., Gomez, L. F., Chiang, N., Halder, A., Guggemos, N., Kresin, V. V., & Vilesov, A. F.

Photoabsorption of AgN (N ≈ 6-6000) nanoclusters formed in helium droplets: transition from

compact to multicenter aggregation. Phys. Rev. Lett. 106, 233401 (2011).
bGomez, L. F., Loginov, E. & Vilesov, A.F. Traces of vortices in super�uid helium droplets. Phys.

Rev. Lett. 108, 155302 (2012).
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1. History and Evolution

of �ight mass spectrometer (TOFMS), which constitutes the main in situ measuring

instrument of the apparatus. In the �rst setup, not all of the desired speci�cations were

met, but after some modi�cations a nozzle temperature of < 3.5K and a background

pressure of < 5 · 10−10mbar in the measurement chamber were reached in April 2014.

Besides the in situ mass spectrometric investigations, using other (external) diagnostics,

especially transmission electron microscopy (TEM), has always been part of the concept

of this lab. Especially when experimenting with reactive elements, a transport of the

samples to the external diagnostic facilities without breaking the vacuum is highly de-

sired. A vacuum transfer system for sample exchange with the KFU was purchased and

implemented in May 2015 and a system for the transport of samples to the FELMI was

designed in fall 2015.
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2. Introduction & Overview

The new apparatus described here is designed to produce a beam of large helium droplets,

which subsequently serve as individual reactors for nanoparticle synthesis. Once the

dopant-atoms or -molecules are added to a droplet they are cooled down to droplet tem-

perature. The super�uid matrix enables the dopants to move inside the droplet which

leads to their aggregation. The binding energy released upon aggregation is dissipated

by the host, which guarantees e�cient nanoparticle formation. After the doping process,

the droplets carry the nanoparticles into the measurement chamber, where the nanopar-

ticles can be analyzed in-situ or be deposited on various substrates for ex-situ analysis.

The main structure of the new apparatus comprises a system of vacuum chambers

with decreasing base pressure along the beam axis. In our case, there are four cham-

bers, which can be separated into three independent regions using two gate valves (see

schematics in Fig. A.2). Helium droplets are formed if the nozzle is cooled down to

temperatures lower than 20K. Here, this low temperature can be reached using a closed

cycle refrigerator whilst paying attention to a very good thermal insulation. For the

doping of the helium droplets, the dopants have to be forced into the gas phase, which

is realized by resistively heated ovens. In the current design, these ovens are equipped

with water-cooled radiation shields and can reach a maximum temperature of 2000K.

For the analysis of the nanoparticles / the doped helium droplet beam, there are several

measuring instruments installed at the measurement chamber, including a time of �ight

mass spectrometer (TOFMS), a quadrupole mass spectrometer (QMS), a quartz crystal

micro-balance (QCM) as well as a sample holder for substrates for ex-situ analysis.

In the next chapters, the apparatus will be explained in more detail, starting with

the infrastructure of the laboratory followed by a separate description of the individual

vacuum chambers. Thereby, the sequence of the description matches the sequence in

which the individual elements are passed by the helium droplet beam.

aSteurer, J. Helium Droplet Mediated Fabrication and Analysis of Noble Metal Nanoparticles.

Master's thesis, Graz University of Technology (2014).
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2. Introduction & Overview

Figure A.2.: Schematic of the entire apparatus, taken from a
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3. Laboratory Infrastructure

3.1. Layout

The whole laboratory facility consists of two rooms as depicted in Fig.A.3. While the

main laboratory comprises the helium droplet apparatus, an optical table, a working area

and several storage possibilities, the fore-vacuum pumps and the coldhead compressor are

located in a separate room (hereafter referred to as the pump room) for noise reduction.

3.2. Electric Installations

The electrical power supply of the laboratory has been realized over an external distribu-

tion box. Every socket in the lab is labeled with an identi�er distinct for the connected

current circuit . TableA.1 lists the labels of all these sockets and the corresponding fuse

labels in the distribution box. The over-current protective devices are customized for the

intended application of the respective current circuits (see Tab.A.1). Some circuits are

equipped with solid state relays, so that the current is switched on only if the interlock

control wire with the corresponding number is connected with interlock control wire 1.

This enables an e�cient integration of the vacuum control system via relay connections.

For example, the turbo vacuum pumps can only be switched on if the prevacuum pres-

sure is below a certain threshold (see chapter 4). Fig.A.4 shows the location of the

respective sockets in the lab.
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3. Laboratory Infrastructure
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Figure A.3.: General layout of the laboratory and the pump room. CC... compressor for

coldhead; D... desk; DB... distribution board; E1-2... rack for electronics;

G... gas locker; MC... main chamber; O... optical table (dashed line

shows borders of �ow-box); P... platform; PC... pickup chamber; P-FVS...

pumps of fore-vacuum system; SC... source chamber; SFP... structural �re

protection; SR... storage room; T... tools; VPS... vacuum pump storage;

W... working bench; WB... basin; WS... water supply (closed cooling

cycle)
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3.2.
E
lectric

In
stallation

s

Table A.1.: Electric circuits of the laboratory. The electric circuits can be identi�ed by their socket labels. The location of

the respective sockets are depicted in Fig.A.4. The fuses in the distribution board are labeled according to the

second column. Where an interlock is available, the number of the corresponding relay control wire is given.

socket label fuse label 1~ / 3~ Imax / A interlock control wire assignment

CC 9Q2 3~ 35 10 coldhead compressor

F 9Q1 3~ 50 9 high current power supply

G 5F6 3~ 16 n.a. for general use

H 8F7 3~ 16 n.a. for general use

Laser Laser 3~ 200 2 for laser with high energy consumption

M 6Q3 1~ 13 n.a. computer

O/P/Q 6Q2/5Q5/5Q6 1~ 13/16/16 n.a. for general electronics

P1/P2/P3 8F2/8F3/8F4 3~ 16/16/16 8 source chamber prevacuum pumps

P4 7Q2 3~ 25 7 pickup chamber prevacuum pump

P5 7Q1 3~ 35 6 source chamber di�usion pump

P6 6Q6 1~ 13 5 pickup chamber turbo pumps

P7 6Q5 1~ 13 4 main chamber turbo pumps

P8 6Q4 1~ 13 3 TOF electronics

R1/R2 5Q1/5Q2 1~ 16/16 n.a. for general use

S1/S2 5Q3/5Q4 1~ 16/16 n.a. for general use

T 6Q1 1~ 16 n.a. main chamber prevacuum pumps
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3. Laboratory Infrastructure

3.3. Gas Installations / Storage

The laboratory contains a �re-retarding gas locker suited for two 200 l gas bottles. In the

present setup this locker contains a bottle of grade 6 helium for droplet generation, and

a bottle of grade 5 N2 for venting the vacuum chambers with dry air. The respective

valves and connections for each gas line are depicted in Fig.A.5 & A.6. In order to

prevent impurities from entering the gas system during a bottle exchange, it is possible

to purge a�ected parts. To do so, the gate valve of the respective gas line has to be

closed before the gas bottle is exchanged and the purge valve is used to �ush the vented

volume before re-opening the gate valve.

Gas controls for daily operations are located outside the gas locker for the purpose of

easier monitoring. The pressure of the He gas can be regulated by a pressure regulator.

All tubes of the He gas system are made of stainless steel and the setup has been tested

to bear a pressure of 100bar applied to the nozzle. There should always be a He �ow

through the 5µm nozzle ori�ce to prevent a clogging, which means that the applied

pressure should not fall below 10bars, even if the nozzle is not in operation.

For the N2 system �uorpolymer gas lines are used. When venting the vacuum chambers

with N2 one should act with caution in order to prevent the chambers from getting

over pressurized. While the source chamber and the pickup chamber are equipped with

pressure relief valves (releasing at ≈ 0.4 bar overpressure), a burst disc (releasing at

≈ 0.6 − 0.8 bar overpressure) is attached to the main chamber. Further, an additional

pressure relief valve is attached to the gas line right after the N2 pressure regulator.

Although not in use, there are additional pressure regulators for H2 available in the gas

locker as well as outside. Bottles for other gases interesting for doping the He droplets

may be directly placed and secured at the frame of the apparatus.

3.4. Air Conditioning

The air conditioning system comprises two convector fans in the main laboratory and

one convector fan in the pump room. Every single of these air conditioners (Daikin,

FWL10DATN6V3) exhibits a maximum cooling capacity of 8 kW. The cooling solvent

is cooled via the heat exchanger of the building's central air conditioning system.

While the system proved to be e�ective in cooling the laboratory, the temperature

stability is non-satisfying as exemplary depicted in Fig.A.7 for a preset temperature of

19◦C. It can bee seen that the room temperature (black line) in Fig.A.7 oscillates around

the preset value by more than ±1◦C in a time interval of ≈ 10min. This behavior is

the result of a simultaneous switching of the fan (see red line in Fig.A.7) and of the

cooling-solvent �ow regulating valve (see blue line in Fig.A.7).

It has to be noted that some measurement devices in the laboratory are sensitive to
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3.5. Aspiration System

temperature oscillations. This is especially the case for the quartz oscillator, so that

extensive housing and thermal insulation of the respective device have been necessary.

Another possibility to reduce the in�uence of the air conditioning on measurement results

lies in the adaption of its regulation process. In preliminary tests the desired temperature

has been preset to a very low value (e.g. 10◦C) and the rotational speed of the fan

monitor has been regulated by implementing a variable resistor. This setup allows to

eliminate the in�uence of the cooling-solvent �ow regulating valve, as the respective

valve is opened all times and the preset temperature is never reached. On the other

hand, the fan speed is maintained on a constant level. The tests showed good results as

fast temperature oscillations were reduced, however long-term shifts in the temperature

occurred due to changes in heat loads during full day operation. It would therefore be

recommendable to imply a phase controlled modulator for the regulation of fan speed.

3.5. Aspiration System

In order to prevent the emission of oil mist inside the laboratory facility, the pump

exhausts of all rotary vane vacuum pumps are connected to the central aspiration system.

A suitable pipe is installed between the pump room and the laboratory, where it is

connected to the aspiration system of the gas locker. It has to be noted that in case

of a �re alarm the central aspiration system is shut down automatically. However, the

volume of the pipes connecting the gas locker with the aspiration unit on the roof of the

building is large, while the amount of air emitted by the pumps is small, so that proper

functioning of the pumping system is still given.
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3. Laboratory Infrastructure
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Figure A.4.: Electrical layout of the laboratory. See Tab.A.1 for a detailed description

of the di�erent electric circuits.
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3.5. Aspiration System

Figure A.5.: Connections and valves inside the gas locker. A He�gas connection; B

He gate valve; C He purge valve; D N2�gas connection; E N2 pressure

regulator; F N2 gate valve; G N2 purge valve.

Figure A.6.: Gas controls for daily operation. A He pressure regulator; B He gate valve;

C N2 pressure regulator with included gate valve; D pressure relief valve

for N2 system.
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3. Laboratory Infrastructure

Figure A.7.: Temperature oscillation due to air conditioning. The temperature was mea-

sured away from direct air stream (black), in front of the fan (red) and on

the cooling plate of the convector fan unit. The temperature was preset to

19◦C
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4. Vacuum and Water control

system

For safety reasons as well as for easier monitoring and better handling, all vacuum

pumps and coolant supplies are operated through a home-made central control system.

This enables the linkage of the pressure monitoring system and the monitoring system

for coolant �ows in order to assure proper operating conditions for the vacuum pumps.

Further, all pumps and solenoid valves can be switched on and o� through a single control

panel. Other devices which need a certain grade of vacuum during operation (e.g. the

TOFMS) are directly linked to this system. The control panel is directly connected to

the relay control wires of the respective current circuit (see Tab.A.1), i.e. the power

supply of the connected devices is directly switched through the control panel. More

detailed descriptions of single parts of the control system can be found in the following

subsections.

4.1. Control Panel

The control panel (Fig. A.8) is the heart of the system. The state of every parameter

monitored for proper operation of a certain device is indicated by LEDs. Devices can be

switched between 3 di�erent modes: "OFF", "Auto", or "Manual". The manual-mode

is intended for the start up procedure and restricted by a timer, so that after 10min in

manual-mode the device is automatically switched o�. If all monitored parameters meet

the preset requirements (indicated by green LEDs) it is possible to switch the respec-

tive device to the auto-mode for continuous operation. In the following an exemplary

description of the di�erent parts of the control panel is given for the source chamber

oil di�usion pump (marked as SOURCE in Fig.A.8). In case of the di�usion pump,

3 parameters are monitored, namely the vacuum pressure in the source chamber, the

prevacuum pressure and the coolant �ow. It can be seen that none of these parame-

ters meets the requirements as indicated by red LEDs. While the coolant �ow and the

prevacuum pressure have to meet the di�usion pump manufacturer's requirements, the

vacuum in the source chamber is additionally monitored. The corresponding set point is

exceeded only in case of an ingress of air during operation. In order to switch the source

pump to auto-mode, it would be necessary to �rst switch on the prevacuum pumps
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4. Vacuum and Water Control System

(Prevac1) and the coolant �ow. The solenoid valve of the cooling circuit can be opened

by pressing the black start button. It is necessary to hold the button until su�cient

�ow is detected and the corresponding green LED turns on. All water circuits exhibit

a programmable overrun, whose time can be set through the blue potentiometer from

zero to a maximum of 15min. In case of the oil di�usion pump this value is set to the

maximum. When the prevacuum pressure and the coolant �ow meet the requirements,

the di�usion pump should be switched to the manual-mode.

For the turbo pumps of the pickup chamber and the main chamber it is possible to switch

o� the monitoring of the coolant �ow because these pumps are su�ciently air cooled in

normal operation (not during bake-out of the chamber!). However, the lifetime of the

bearings increases with better cooling so that in the coolant �ow should be switched on.

4.2. Pressure Monitoring

Several di�erent vacuum gauges are used to monitor the pressures in the vacuum sys-

tem. All vacuum gauges are connected to individual monitors which are mounted in the

same electronic rack as the control panel (see Fig.A.9). These monitors usually feature

a relay-output, and allow to de�ne a pressure threshold. When the measured pressure

falls below this threshold the output is switched from an open to a closed state or vice

versa. These outputs are directly connected to the control panel.

Fore-vacuum pressures are measured with Pirani vacuum gauges (Leybold-Heraeus TR201)

and corresponding monitors (L-H Thermovac TM 220 S 2). The pressure threshold can

be adjusted via the potentiometer ("Threshold"), while pressing the "Test" button

(Fig.A.9). For the source and the pickup chamber full range gauges (Pfei�er PKR251;

combination of pirani element and cold cathode) are used in combination with single

gauge monitors (Pfei�er TPG261). The main chamber is equipped with an ionization

vacuum meter (L-H Ionivac IM220 / monitor: L-H IE220). Please consult the manual

for questions on threshold settings in case of monitors with digital display.

The roots pumps are switched on only after a certain fore-vacuum pressure has been

reached. The corresponding switch is directly connected to the pressure monitor labeled

(PREVAC ROOTS) and can not be separately controlled via the control panel. Further,

although not connected to the vacuum control system, there are also pressure gauges at-

tached to the TOFMS (L-H IM210 / monitor: L-H IE211) and the di�erential pumping

station (Pfei�er PKR251 / monitor: TPG261).

4.3. Cooling Circuit

For some heat producing devices water cooling is necessary. The laboratory is connected

to a central closed cooling circuit of the building. Several separated circuits are used
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4.3. Cooling Circuit

in the laboratory and in the pump room. Every circuit is equipped with a solenoid

valve (Buerkert 138034) and a calorimetric �ow monitor (IFM ST 1600) as depicted in

Fig.A.10. The solenoid valves can be switched via the control panel. The �ow monitor

is attached in the return part of the system and connected to the control panel. For

correct operation it is necessary to adjust the coolant �ow as needed for the respective

device by using the rotary ball valve, which is installed in front of the solenoid valve.

The threshold of the �ow monitor can then be adapted via a potentiometer. In current

operation mode over-cooling of a device is impossible and as no water is lost in the closed

cooling circuit the �ow is set to higher values as needed. In case of a leak in the cooling

circuit, the �ow is stopped by closing the respective solenoid valve and the a�ected part

of the vacuum system is shut down. In case of a power blackout the functioning of the

cooling is ensured by an uninterruptible power supply (UPS) for ≈ 10− 20min. This is

especially important for the oil di�usion pump.

4.3.1. Maintenance

The proper functioning of the �ow monitors has to be tested once a month by closing

the lever valves mounted in front of the solenoid valves during operation. The solenoid

valves should be tested by switching the �ow on and o� via the control panel. All

connections should be checked on leak-tightness.
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4. Vacuum and Water Control System

Figure A.8.: Vacuum and water control panel. Single segments control (from left to

right): cooling of the pickup cells, prevacuum system of source chamber,

source chamber oil di�usion pump, coldhead compressor, prevacuum system

of pickup chamber, turbo pumps of pickup chamber, prevacuum system of

main chamber, turbo pumps of main chamber, power supply of TOFMS.

The two last panels are currently out of use.
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4.3. Cooling Circuit

Figure A.9.: Vacuum pressure monitors. Although the TM 220 S 2 model can control

2 pirani gauges, there is one separate monitor for every single prevacuum-

line. Every monitor is labeled with respect to the position of its associated

measurement gauge.
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4. Vacuum and Water Control System

Figure A.10.: Connections of the cooling circuit. The black solenoid valves can be con-

trolled via the control panel. The orange �ow monitors in the return are

adjustable via a potentiometer.
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5. Helium Droplet Source (Source

Chamber)

5.1. Abstract: Helium Droplet Beam Formation

Helium droplets can be created by expanding helium gas through a nozzle, cooled to

cryogenic temperatures (< 20K) by a closed cycle refrigerator (Sumitomo RDK-408D2).

There are three basic formation mechanisms: Condensation of droplets out of the gas

phase, fragmentation of the liquid phase and break-up of the liquid jet (illustration see

Fig. A.11). Once droplets are formed, they cool themselves down to about 0.4K by

evaporative cooling. All three formation mechanisms can be realized with this machine,

depending on the experimental conditions (i.e. nozzle-temperature and -pressure); the

transition between the regimes is smooth. Typically this apparatus uses electron micro-

scope apertures with d0 = 5µm diameter as nozzle (Günther Frey GmbH) and operates

at nozzle temperatures between T0 = 4 and 25K, and at pressures between p0 = 10 and

50bar. Tuning these parameters allows to control the droplet size distribution (depen-

dency is shown below, in Fig. A.11) and, to some extent, the amount of He �ux. The

actual beam is formed by a skimmer (0.4mm diameter), placed a few millimeters from

the nozzle, which cuts out the center part of the emission pro�le of the nozzle. Details

about the �uid mechanics involved in the beam-formation process as well as examples

for dimensioning the nozzle-skimmer setup can be found in the literature.a b However,

the calculations in these references do not target the situation where phase transitions

become important, as in our case. Nevertheless, many of the concepts presented in these

references still hold true and were used for the layout of the machine presented here.

aPauly, H. Atom, Molecule and Cluster Beams I: Basic Theory, Production and Detection of

Thermal Energy Beams. (Springer Series on Atomic, Optical and Plasma Physics, Springer-Verlag,

Berlin Heidelberg, 2000.)
bScoles, G. Atomic and Molecular Beam Methods., Vol. 1. (Oxford University Press, New York,

1988.)
cToennies, J.P. & Vilesov, A.F. Super�uid helium droplets: a uniquely cold nanomatrix for molecules

and molecular complexes. Angew. Chem. Int. Ed. 43, 2622-2648 (2004)
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5. Helium Droplet Source (Source Chamber)

Figure A.11.: Dependency of the mean droplet size on the stagnation conditions. This

graph is reprinted with permission from c, Copyright (c) 2004 Wiley-VCH

Verlag GmbH & CO. KGaA.

5.2. Vacuum System

5.2.1. Setup

The vacuum system of the source chamber is a 4-stage system: a large oil di�usion

pump (Leybold DI12000, 12.000 l/s) is backed by 2 Roots-boosters (Edwards EH1200

and EH250, in series), which are backed by a rotary vane pump (Edwards E2M80). The

exhaust port of the rotary vane pump is connected to the buildings aspiration system.

5.2.2. Dimensioning

The reason for this huge pumping system is the high He �ux through the nozzle. At

room temperature and ambient pressure the �ow rate was measured by capturing the gas

bubbled into a liquid.a At some point, the original nozzle plate clogged and was replaced

aMeasurements from 10 to 50 bar in 10 bar steps, 2measurements at every step (�ow rate of 0.35ml/s

at 20 bar).
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by a new plate with same nominal diameter.a The bubble measurement was repeated and

the results corresponded reasonably well to the previous series.b Theoretical calculations
c yield a �ow rate which is about twice as high as measured. This means with our large

pumping system (12.000 l/s), a pressure in the range of 10−5mbar should be reached in

the source chamber with the nozzle at room temperature and the helium beam on. This

corresponds very well to the pressure measured in the experiments. As the nozzle is

cooled down, the �ow rate should increase. In principle, the used equations account for

di�erent nozzle temperatures, but it seems as if these equations are no longer valid at the

cryogenic temperatures (< 20K) are present in our experiments. The observed pressure

at 10K and 20bar still lies in the 10−5mbar range and only increases to a few times

10−4mbar at the lowest nozzle temperature, in contrary to the theory, which predicts

much higher values. This means that the provided base pressure is su�ciently low to

ensure good beam characteristics and vanishing thermal conductivity of the residual gas

in the chamber for all experimental settings.

5.2.3. Operating Instructions

While the other vacuum pumps used in this laboratory are usually working 24/7, the

pumps of the source chamber are only switched on for the experiments. The di�usion

pump needs some lead time until it starts working properly (heat up time ≈ 20min),

which is shorter than the cool-down time of the nozzle. The control system ensures

that the di�usion pump can only be operated if the necessary fore-vacuum conditions

are present and the pump is switched o� in case of a malfunction. For special purposes

(start-up, tests) the system can be overruled when switching to "manual", but the system

will shut down automatically after 10min in manual mode. The di�usion pump produces

a large amount of heat; despite the water cooling, the air-conditioning of the laboratory

should always be turned on when operating the pump. Since 2014, the water-cooling is

realized via a closed cycle system, therefore there is no need for saving cooling-water and

the water cooling should be used generously (long overrun time). Further the cooling

water is treated so that no problems with calci�cation or formation of algae should

occur. Nevertheless, the magnetic valves should be switched at least once a month to

check their function (necessary in case of a pipe burst).

Start-up Procedure Before turning on the fore-vacuum pumps, check if the valve

between the rotary vane pump and the Roots-boosters, as well as the gate valve in the

aElectron microscope images revealed diameters from 5µm to 6.3µm for nozzle plates with 5µm

nominal diameter.
bMeasurements for 20 and 50 bar, only, �ow rate of 0.29ml/s at 20 bar.
cScoles, G. Atomic and Molecular Beam Methods., Vol. 1. (Oxford University Press, New York,

1988), p. 20, eqn. 2.10
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vacuum line just before the di�usion pump are opened. It may be necessary to vent

both sides of the gate valve (chamber and vacuum line) before opening it, as the valve

should not be opened if there is a pressure di�erence between the two sides.

Check that the venting valves (chamber and pre-vacuum line) as well as the connecting

gate valve between source-chamber and pickup-chamber are closed. Turn on the water-

cooling of the Roots-pumps. Check that the nozzle pressure is ≤ 10bar.

Set the "PREVAC 1" switch on the control panel to "manual" (auto is just for regular

operation, not for the start-up) to start the rotary vane pump. In order to treat the

Pirani-gauges gently, it is best practice to turn them on 2min after starting the rotary

vane pump. The employed control system turns on the Roots-boosters as soon as the

lower pressure threshold of the �rst Pirani-gauge is reached. As the Roots-boosters

start, it might happen that this pressure rises above the upper pressure threshold and

the Roots-boosters are switched o� again (possible on-o�-oscillations). Very shortly after

the Roots boosters are running constantly, the required fore-vacuum pressure (second

Pirani-gauge) will be reached (all control lights on the "PREVAC 1" panel should be

green) and the "PREVAC 1" switch can be set to "auto". If there are many on-o�-

oscillations as the control unit starts the Roots boosters, the pressure threshold should

be adjusted.

Turn on the water-cooling of the oil di�usion pump and switch on the full range vacuum

gauge "Source" which monitors the pressure in the chamber (now all control lights on

the "SOURCE" panel should be green). Setting the "SOURCE" switch to "auto" turns

on the di�usion pump (red light at the di�usion pump fuse box is on). Turn on the fan

on the right hand side of the frame of the apparatus, next to the viewing glass of the

di�usion pump. This helps to reduce the heat-up of the chamber walls. The di�usion

pump takes a while (≈ 20min) to reach its �nal pressure. During this time the pressure

in the camber might rise and fall again a few times (cf. Fig. A.12). Final pressure with

the nozzle at room temperature and 20bar stagnation pressure should be ≤ 10−5mbar.

At the lowest nozzle temperatures it might rise up to a few 10−4mbar.

Shut-down Procedure Make sure that the cryo-cooler (cold-head) is turned o�, the

valve between the pickup- and the source-chamber is closed and the nozzle pressure is

set back to ≤ 10bar.

Set the "SOURCE" switch to "o�" (red light at the di�usion pump fuse box switches

o�). Turn on the second fan. Wait for 15 − 30 minutes before turning o� the water

cooling (the timer on the panel allows a maximum water overrun time of 15 minutes,

but the water overrun should be ≥ 30min). The fore-vacuum pumps must be running

and the gate valve in the fore vacuum line must not be closed as long as the di�usion

pump is hot.

After the cool down of the di�usion pump and the warm up of the nozzle (otherwise

danger of clogging the nozzle), the valves in the fore vacuum line can be closed and the
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Figure A.12.: Pressure development during the start-up of the vacuum-system in the

source-chamber. (1) pressure sensor in over-range, actual pressure de-

creasing; (2) pumping with rotary vane pump only; (3) auxiliary pumping

with the Roots-boosters, plateau at 2 · 10−2mbar; (4) pressure variations

during start-up phase of the oil di�usion pump; (5) oil di�usion pump in

normal operation, �nal pressure ≈ 1 · 10−5mbar at 12bar nozzle pressure

fore-pumps can be turned o� (switch "PREVAC 1").

5.2.4. Maintenance

Cooling-Water System Since 2014, the water-cooling is realized via a closed cycle

system where the cooling water is treated so that no problems with calci�cation or

formation of algae should occur. Nevertheless, the function of the valves and �ow-meters

should be checked monthly to ensure the system is working in case of an emergency.

Fore-Vacuum System Depending on the operating hours of this system, the oil in the

rotary vane pump as well as in the Roots boosters needs to be changed (aging process,

leaks). Recommended oil-change intervals:

rotary vane pumps - semiannually (also clean the sieve �lter at the �lling inlet as well

as the gas ballast valve and replace the oil �lter; new blades are recommended after 3

years)

Roots boosters - annually

In our system the maintenance intervals maybe longer due to short on-time of the source-

chamber vacuum system.

Oil Di�usion Pump If the oil-level drops below the threshold mark at the view-port,

the reservoir needs to be �lled up. In case the oil changes its color, it needs to be

replaced and the pump needs to be cleaned. The oil di�usion pump is protected against
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overheating by an external bimetal-temperature switch connected to the fuse box. In

case of an unexpected switch-o� of the pump, this switch should be checked for proper

function.
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5.3. Cooling System

5.3.1. Setup

In the current setup, the nozzle is directly connected to the second stage of the re-

frigerator (via a 40mm diameter oxygen free copper block) and the whole assembly is

placed onto a homemade manipulator (tripod consisting of three thread shafts separat-

ing the two �anges of a bellow) in order to be able to adjust the position of the nozzle

relative to the skimmer (technical drawings for the whole setup: see appendix A). Fur-

ther, a radiation shield is connected to the �rst stage of the refrigerator (cold-head),

which completely surrounds the inner stage with the nozzle but is designed in a way

that guarantees e�cient pumping, i.e. good vacuum between the nozzle and the shield.

The shield consists of just a single part of soldered copper tubes, is wrapped in highly

re�ective multi-layer foil and reaches a �nal temperature of 44K in normal operation.

The helium pipe (copper) coming from the vacuum feed-through (steel pipe for thermal

isolation) is wrapped around and soldered to the radiation shield to pre-cool the helium

gas. After the pre-cooling section, the gas is �ltered by a sintered metal �lter with 2µm

pore size and continues to �ow through a long and thin steel capillary tube (thermal

insulation) before it enters the another copper pipe wrapped around the second stage of

the refrigerator for the �nal cooling. The already cool helium gas then moves on to the

nozzle, where it expands through the clamped nozzle plate.

The temperature of the nozzle is measured by a temperature sensing diode (silicon diode,

DT-670, Lakeshore Cryogenics), especially suited for this temperature range (steep char-

acteristics between 0K and 20K). As the cold-head operates with constant cooling power,

the temperature of the nozzle is controlled by a heating resistor (Arcol HS15), which is

connected to a control-unit built on the institute. This control unit comprises a com-

mercial PID-controller (Eurotherm 3500), a homemade constant current source (10µA)

to operate the diode and a pulse width modulated current source for the heater. The

pin assignment can be found in the following �gure (Fig. A.13).

In order to minimize the heat �ow from the electrical feed-through to the parts at

cryogenic temperatures, Manganin wires were used for the electrical connection of the

heater and the diode. Furthermore, the wires coming from the electrical feed-through

are thermally connected to the end plate of the cold-head before continuing to the heater

and the diode ("thermal anchoring") in order to reduce the heat �ow from the nozzle

to the refrigerator (which leads to a temperature di�erence between the nozzle and the

end plate of the cold-head).
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Figure A.13.: The pin assignment of the electrical feed-through

5.3.2. Dimensioning

To get towards big droplets (HeN with N > 107) it is important to get to very low

temperatures (T ≤ 6K). In order to reach these temperatures a cryo-cooler (Sumitomo

RDK-408D2) with the following speci�cations is used:

Figure A.14.: Cooling capacities of the 1st and 2nd stage of the refrigerator, depending

on the stage temperature. Taken from a.

The heat load applied to the �rst stage (shield) can be estimated by calculating the

thermal radiation:

Q̇ = Ashield · σ · ε ·
(
T 4
chamber − T 4

shield

)
(5.1)

aSHI cryogenics group: http://www.shicryogenics.com
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Where Ashield ≈ 0.2m2 is the surface area of the radiation shield, σ is the Stefan Boltz-

mann constant ε = 0.4 (estimated) is the emission coe�cient and Tx are the temperature

of the wall of the vacuum chamber (≈ 300K) and the temperature of the radiation shield

(≈ 45K). With these parameters the heat load yields about 40W.

The same calculation can be applied to the 2nd stage:

Q̇ = Anozzle · σ ·
(
T 4
shield − T 4

nozzle

)
(5.2)

Where Anozzle ≈ 0.03m2, Tshield ≈ 45K and Tnozzle ≈ 4K yields a heat load of 0.007W.

Clearly, the radiation can be neglected here and the heat �ow through the wires of diode

and heating resistor contributes the main part of the heat load. As the thermal con-

ductivity of copper increases dramatically at temperatures around 25K and can reach

up to 15 times the value it has at room temperature, Manganin wires were used instead

of copper. Manganin has a low thermal conductivity
(
< 25 W

m K

)
over the whole range

from room temperature until cryogenic temperatures. (compare to copper: 400 W
m K

at

room temperature and much higher at 25K).

In this setup, temperatures as low as 3.7K at 20bar or 4.0K at 50bar were reached

without additional alterations. Without gas �ow (clogged nozzle) a minimum tempera-

ture of 2.5K was reached. The cool down time from room temperature to temperatures

below 10K is ≈ 100min.
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5.3.3. Beam Dimensions

Sometimes it is important to know the approximate beam dimensions of the droplet

beam at a speci�c location of the beam path, e.g. to prevent an unwanted simultaneous

illumination of two separated substrates. Therefore we estimated the beam dimension

by geometric considerations.

Fig.A.15 shows a compilation of possible beam limiting elements along the beam path.

It turns out that the skimmer at the exit of the pickup chamber is the actual limiting

element. From its relative position to the nozzle and its diameter one obtains a beam

divergence of ≈ 0.271◦. However, we note that in some cases the helium nozzle is

operated under conditions where the emerging beam is supposed to be even narrower.

This will be the case especially when liquid helium is streaming out of the nozzle, i.e. at

very cold nozzle temperatures (see Fig.A.11). On the quartz crystal of the microbalance

one can see the area of pronounced deposition by naked eye. The diameter of this area

is ≈ 6mm which would correspond to a smaller beam divergence of ≈ 0.223◦ (indicated

by red lines in Fig.A.15).

5.3.4. Operating Instructions

Following the code of best practice, there must always be a certain �ow through the

nozzle to avoid clogging. This is realized by keeping the nozzle pressure at ≥ 10bar

at all times. Once the nozzle is clogged (by a droplet of di�usion pump oil, dust, etc.)

there is hardly any chance to get it working again - so far, clogged nozzles always had

to be replaced.

Start-up Procedure As it takes about 100min for the cold-head to cool down the

nozzle, which is much longer than the di�usion pump needs to get started, one can begin

with start-up procedure of the cold-head right after switching on the di�usion pump.

To start the cold-head, turn on the water-cooling on the respective control panel and set

the "COLD-HEAD" switch to "auto" (typical pumping noise of the cold-head). After

a few minutes the nozzle temperature should start to decrease (monitor at the display

of the temperature control unit or with iTools software on the computer). After about

100min a temperature below 10K should be reached. When the desired temperature is

reached, the nozzle pressure can be increased to the required value.

Shut-down Procedure Set the nozzle temperature to T0 = 0K and close iTools. Set

the "COLD-HEAD" switch to "o�" and turn o� the water-cooling. After that, the

cooling water will continue to run for another couple of minutes (as set on the panel),

which is indicated by the �ashing green light. The nozzle pressure can be reduced to

the base-pressure of ≈ 10bar which prevents the nozzle from clogging. As long as the
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nozzle-structure is colder than ≈ 0 ◦C the chamber should not be vented, otherwise the

humidity in the air will immediately freeze on the cold parts, thereby possibly clogging

the nozzle.

Maintenance, Troubleshooting

Compressor-Cold-Head Unit (Sumitomo RDK-408D2) Maintenance work that can

be done by the user:

� Since 2014, the water-cooling is realized via a closed cycle system where the cooling

water is treated so that no problems with calci�cation or formation of algae should

occur. Nevertheless, the function of the valves and �ow-meters should be checked

monthly to ensure the system is working in case of an emergency.

� Replacement of the Compressor Adsorber (every 30.000hrs→ with the short run-

time of our system, this will probably not apply to us), for instructions see manual

of the compressor unit

� Recharging helium gas (as required→ see pressure gauges on the compressor unit)

, for instructions see manual of the cryocooler

Maintenance work that cannot be done by the user:

� Replacement of the cold-head mechanical parts (every 10.000hrs), cold-head has

to be shipped to the manufacturer

Adjusting the Nozzle-Setup Due to the cooling cycles of the nozzle-setup and the

heating cycles of the oil di�usion pump it might happen that the position of the nozzle

and/or the chamber gets distorted. If this is the case, the helium pressure in the source

chamber does not change, but the helium �ow through the skimmers is signi�cantly

reduced. If the droplet beam cannot pass the skimmers any longer, there will still

be He-gas in the measurement chamber, but no droplets (distinguishable in the mass

spectrum → no signal at the multiples of He4). If the nozzle is clogged, on the other

hand, not only the helium pressure in the down-stream chambers, but also in the source

chamber is reduced. Once the nozzle is clogged (by a droplet of di�usion pump oil, dust,

etc.) there is hardly any chance to get it working again - so far, clogged nozzle plates

(electron microscope apertures, Günther Frey GmbH) always had to be replaced.

After replacing the nozzle or whenever the beam is poorly aligned, the alignment can

be checked with a telescope, looking along the beam axis from the downstream end

of the machine. In order to �nd the right position for the nozzle, the �ange with the

skimmer has to be removed from the source chamber. After this, the nozzle is visible

in the telescope and the position as well as the tilt can be adjusted using the 3 screw
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nuts on the tripod (gray in Fig. A.16). Keep in mind that the nozzle axis must be

horizontal (check with a mason's level). The tilt around the vertical axis can be checked

by controlling whether the nozzle and the �ange-plane are parallel, using an indicating

caliper. The tilt around the beam axis is used to change the nozzle position horizontally

(left image in Fig. A.16). When putting the �ange with the skimmer back on, its position

must also be adjusted using the telescope (illuminate the skimmer from inside the source

chamber). In the aligned setup, only minimal adjustments (less than a half turn on each

of the 3 screw nuts of the tripod) are needed to optimize the helium �ow through the

chambers. If bigger adjustments are necessary, there is most likely something wrong

with the nozzle plate. A more detailed description of the alignment procedure for the

whole machine follows in section 8.1.
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Figure A.15.: Dimensions of the droplet beam. S1 skimmer in source chamber;

PU1/PU2 resistively heated pickup cells (length= 50mm); GPU gas-

pickup cell (length= 50mm); S2 skimmer at pickup chamber exit; A

aperture separating di�erential pumping stage and main chamber (width=

3mm); TOF time of �ight mass spectrometer ionization zone (width=

20mm, length= 20mm); SUB substrate for cluster deposition; QCM

quartz crystal monitor. The diameters/heights of the elements are in-

dicated. Beam dimensions are plotted as obtained by geometrical con-

siderations (grey area) and as visually determined (red lines). See text

for further explanations. Scale is 1:10 in horizontal direction and 4:1 in

vertical direction.
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Figure A.16.: Schematics illustrating the adjustment of the nozzle. The left image shows

the adjustment of the nozzle position. The tilt shown in the right image

must be zero, i.e. the beam axis must be horizontal.
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Chamber)

6.1. Abstract: Pickup and Cluster Formation Inside

Helium Droplets

When a helium droplet collides with an atom or molecule, the probability that the

particle gets picked up by the droplet is close to unity (for all dopant species). Therefore,

the interaction cross section can be approximated by the geometrical cross section of the

droplet. The amount residual gas pickup is de�ned by the droplet size and the base

pressure in the pickup chamber. In order to keep the ratio between parasitic pickup

of residual gas and the pickup of the desired dopant species low, base pressures lower

than ≈ 1 · 10−6mbar have to be provided. Consequently, a certain pickup rate of a

desired dopant can be adjusted by controlling its abundance (i.e. partial pressure /

vapor pressure) along the beam line. For gaseous species, this is realized by dosing

the dopant gas into a hollow cylinder through which the beam is guided. This way, the

partial pressure of the dopant is elevated inside the pickup cell, while a low base pressure

is maintained in the chamber (outside the cell). In order to pick up solid species, they

have to be forced into the gas phase �rst, usually by heating the desired dopant to a

temperature, at which the vapor pressure is su�cient to yield the necessary amount of

collisions with helium droplets. For the synthesis of nanoparticles (i.e. the pickup of

several thousand atoms) this temperature usually lies in the region of the melting point

of the dopant material. The metal pickup cells used in this machine utilize resistively

heated crucibles in a water-cooled housing, through which the beam is passed.

Once a dopant hits the droplet, it gets cooled down (slowed down), but afterwards the

interactions with the super�uid environment are very weak and the dopant is able to

move inside the droplet. If additional dopants are added to the same droplet, they

will eventually meet and coagulate. Thereby, binding energy is released, which causes

the evaporation of helium atoms from the droplet. Especially when producing larger

clusters, this leads to a signi�cant shrinking of the droplet. As a rule of thumb, about

1600 helium atoms are evaporated to dissipate 1 eV of binding energy. For most metals

this means each atom added to the cluster leads to the evaporation of ≈ 5000 helium

atoms.
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The introduction of sequential pickup schemes as well as the low temperature of the

droplet lead to interesting possibilities for cluster production in terms of exotic material

combinations and core-shell systems.

A 42



6.2. Vacuum System

6.2. Vacuum System

6.2.1. Setup

The vacuum system of the pickup chamber is a 2-stage system: a large turbo pump

(Oerlikon Turbovac 1000C, nominal throughput = 1000 l/s) is backed by a rotary vane

pump (Leybold Trivac D40B). The exhaust port of the rotary vane pump is connected

to the buildings aspiration system. In order to reduce the noise level in the lab, the

fore-pump is located in the adjacent room. During experiments, the vacuum in the

pickup chamber can be improved by operating the installed liquid nitrogen cooling trap.

At the end of the pickup chamber, there is a second skimmer (3mm diameter), which

shapes the beam before it runs through the di�erential pumping stage, which is pumped

by a small turbo pump (Pfei�er TPU 062, nominal throughput = 50 l/s). This turbo

is backed by the same rotary vane pump as the pickup chamber. There are two valves

in the fore-vacuum line, one right after the rotary vane pump and one just before the

turbo pumps. The pickup chamber is sealed using rubber gaskets, which means that

a minimum base line pressure of high 10−8mbar or low 10−7mbar can ultimately be

reached. The di�erential pumping stage (sealed with copper gaskets) is necessary in

order to maintain the very low pressures in the measurement chamber during operation

(HeN-beam on). The copper gasket between the di�erential pumping stage and the

measurement chamber is not ring-shaped as usual, but circular with a slit (height =

8mm, width = 3mm), which acts as another aperture for the beam, in order to increase

the pressure gradient.

6.2.2. Dimensioning

Ideally, the helium beam created by the skimmer in the source chamber enters the pickup

chamber on the front end and leaves it at the back end without any helium losses, as long

as there is no doping. In practice, there will be losses due to self cooling and possibly

the beam spread angle (skimmer at the exit of the pickup chamber). As soon as there is

pickup, there will be additional evaporation losses. Furthermore, when heating up the

crucibles, absorbed and adsorbed substances will desorb and add gas to the chamber.

When dosing gas into the gas pickup chamber, only a fraction of the introduced atoms

or molecules will be picked up, the rest has to be removed. In order to keep the base

pressure in the pickup chamber low, especially when the pickup cells are turned on, the

high throughput of the turbo pump is needed. Otherwise, there would be uncontrolled

pickup of all residual gas species along the beam. In the current setup, only parasitic

pickup of water molecules can be observed in the mass spectra, the abundance of all

other gases is too low in order for them to be detected.

After the beam passes through the second skimmer (3mm diameter) at the exit of the
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pickup chamber, the beam enters the di�erential pumping stage with another aperture

(rectangular, height = 8mm, width = 3mm), in order to get a larger pressure gradient

between the pickup chamber and the last chamber. In a previous design, there were

three apertures in the di�erential pumping stage, but it turned out that one is su�cient,

which makes the alignment procedure (section 8.1) much easier. The rectangular shape

of the aperture in the current setup was chosen in order to allow the beam to pass,

even if it is de�ected downwards by gravity (signi�cant gravity e�ect can only occur at

the lowest possible nozzle temperatures, where the beam velocity is low) or upwards by

extensive doping.

6.2.3. Operating Instructions

Be aware that the vacuum systems of the pickup-chamber and the di�erential pumping

stage are not separated and can only be operated together. Usually, the vacuum System

of these 2 chambers is working 24/7 and maintains a base pressure in the low 10−7mbar

range in the pickup-chamber and a base pressure in the high 10−9mbar range in the

di�erential pumping stage.

Shut-down Procedure Before shutting down the system, make sure that the gate

valves to the source- and measurement-chamber are closed and the crucibles are at

room temperature. Close the valve in the fore-vacuum line and turn o� the pumps

at the control panel (switches "PREVAC 2" and "PICKUP" in position "o�"). As a

rule of best practice, one waits until the large turbo pump has slowed down to half its

nominal speed (only half of the LEDs in the LED-bar on the controller Leybold TD20 are

illuminated) before opening the venting valve. While opening the venting valve, monitor

the chamber pressure. As soon as the pressure has risen by an order of magnitude, close

the valve again and wait a minute for the turbo pump to slow down, then repeat the

procedure. The chambers can either be vented with an inert gas (dry nitrogen or argon,

which is recommended if the side �anges remain closed or are opened for only a few

minutes) or with ambient air. Venting with an inert gas reduces the introduction of

moisture to a minimum, therefore, good vacuum conditions can be reached very shortly

after restarting the pumps. After venting with air or longer maintenance work, a bake-

out of the chambers is needed in order to reach the before mentioned base pressures.

When venting with inert gas, be aware that overpressure in the vacuum chamber should

be avoided (may harm the gate valves, feed-throughs and windows). Unfortunately, the

standard vacuum pressure gauges are very inaccurate above ≈ 10mbar and cannot be

used as indicators for reaching ambient pressure. Instead, the opening of the pressure

relieve valve on the side �ange can be taken as indicator to immediately close the venting

valve (escaping of the gas can be heard and the button of the relieve valve can be moved).
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As long as the system is at ambient pressure, the pressure gauges should be switched

o�.

Start-up Procedure Before starting the vacuum system, make sure that the gate

valves to the source- and measurement-chamber are closed and the valves in the fore-

vacuum line are opened. Start the fore-vacuum pump by setting the "PREVAC 2" switch

on the control panel to "manual" and, after one minute, turn on the pressure gauge

"PREVAC PICKUP". As soon as the backing pressure is su�ciently low, the "prevac"

LED turns green and the "PREVAC 2" switch must be set to "auto" (otherwise, the

system shuts down automatically after 10min in "manual"-mode). Then, the "PICKUP"

switch can be set to "manual". Turn on the cooling water (black button on the control

panel) and the pressure gauge "PICKUP". As soon as 1 · 10−3mbar are reached in the

pickup chamber all LEDs (prevac, vacuum, water) on the PICKUP control panel should

be green and the PICKUP switch must be set to "auto". If the 10−5mbar range is not

reached within a short time, there will likely be a leak a b. When searching for a leak,

start with the �anges that were open during the shutdown and control the Swagelok

connections inside the chamber as well, if they were opened.

6.2.4. Maintenance

Since 2014, the water-cooling is realized via a closed cycle system where the cooling

water is treated so that no problems with calci�cation or formation of algae should occur.

Nevertheless, the function of the valves and �owmeters should be checked monthly to

ensure the system is working in case of an emergency.

The oil in the rotary vane pump is recommended to be changed (aging process, leaks)

semiannually (also clean the sieve �lter at the �lling inlet as well as the gas ballast valve

and replace the oil �lter), new blades are recommended after 3 years. The rotor of the

Oerlikon turbo pump should be replaced after 9 years. The operating �uid of the Pfei�er

turbo pump should be changed every 4 years. Check manuals for further information.

6.3. Feed-Throughs

In order to operate the components inside the pickup chamber, several feed-throughs

are required. Most importantly, for the two metal vapor pickup cells two high current

(up to 185A and 8 kV) 2-pole electrical feed-throughs (Vacom, W-HC8-CE-CV64) are

installed. Be aware that these feed-throughs may become hot during operation (up

aIn case of a leak: shutdown, �nd and seal the leak, start again.
bException: if the chamber has been opened for a day or longer, there will be a lot of water adsorbed,

which takes some time to desorb and keeps the pressure in the 10−4mbar range
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to 200◦C). Besides the power supply, these vapor cells need water-cooling, whereby

the pipes are internally connected via Swagelok-connectors. The temperature inside

the chamber can be monitored on several positions using a triple-feed-through of type

K thermocouples (Vacom, W-TC3-CE-K) as well as a double-feed-through of type C

thermocouples (Vacom W-TC2-CE-C). Furthermore, a gas-feed-though with a dosing

valve on the outside of the chamber is installed in order to operate the gas-pickup cell.

For the operation of a chopper (as in other machines on the institute) a 15 pin SubD-feed-

through (Vacom, W-SUBD-15-DE-CE-SSG, max. 500V, 5A/pin) is provided, however,

was not used so far.

Other small loads can be connected via a multi-pole feed-through (Vacom, W-MPC2-19-

SE-CE-SSG, max. 1 kV, 3A/pin) which is �tted to a box with electrical sockets outside

the chamber to enable fast and secure plugging. By the time this manual was written,

only the light bulbs for the internal bake-out were connected, using sockets D and K

(denomination adopted from the feed-through). In earlier experiments other pairs of

sockets were used to operate lifting solenoids for blocking the droplet beam or blocking

the dopant-atom beam (crossed beam setup).
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6.4. Pickup Cells

6.4.1. Gas Pickup Cell

Using a regular gas dosing valve (Duniway VLVE-1000) gaseous (and some liquid sub-

stances) can be introduced into a vacuum chamber in �nely adjustable amounts. With-

out any further action, the substance dosed into the vacuum chamber would spread in

the whole chamber. In order to dope the helium droplets, a spatially con�ned pickup-

region is desired. Only then, the sequence in which the di�erent species are added to

the droplet can be controlled by the position of the respective pickup-cells. The spatial

con�nement is realized by dosing the desired substance(s) into a tube with a hollow

cylinder at the end, through which the beam is passed. Thereby, the gas volume inside

the cylinder (12mm diameter, 50mm length) is larger than the interaction region with

the beam, which enters and leaves the cylinder through a 4mm borehole (see Fig. A.17).

Figure A.17.: Gas pickup cell

The option of dosing e.g. oxygen into the droplets opens the way to investigate

chemical reactions inside the droplet. Furthermore, it allows a comparison between

situation where e.g. oxygen is present already during cluster formation or not until after

cluster formation.
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6.4.2. Metal Pickup Cells

For the experiments conducted with this machine so far, magnetic �elds inside the pickup

chamber were not critical. Therefore, the simplest solution for evaporating the dopants

are resistively heated crucibles (Ted Pella Aluminia Coated Tungsten Wire Basket, Style

6), which need high electrical currents (up to 40A per crucible). With these, a maximum

temperature of about 2000K can be reached, which yields su�cient pickup conditions

(vapor pressure) for a broad range of metals (so far, silver, gold, copper, chromium and

nickel have been evaporated with this design). In order to avoid damage or excessive

heating of other elements in the same chamber, the hot crucibles have to be housed

in water-cooled radiation shields. Following, two di�erent designs of the evaporation

sources are described, technical drawings can be found in appendix A.

Crossed Beam Setup In this design the crucible is covered by a tantalum sheet with

a 3 by 25mm slit (see Fig. A.18a) in order to minimize the loss of Ag atoms and the

heat �ow to the cooling shield. The shield itself also has a slit, which is placed just

below the helium beam (see Fig. A.18b). This way, the passing He droplet beam is hit

by evaporated atoms from underneath, under an angle of about 90◦.

Figure A.18.: Crossed beam setup. (a) crucible with tantalum cover (1), Cu columns as

electrical contacts (2) and water-cooled base-plate (3); (b) assembly with

water-cooled housing; (c) assembly with electromagnetic shutter. Figure

taken from a.

The main advantage of this design is the possibility to introduce a shutter (depicted in

Fig. A.18 c), which allows to switch the source on and o� within seconds, while in other

aSteurer, J. Helium Droplet Mediated Fabrication and Analysis of Noble Metal Nanoparticles.

Master's thesis, Graz University of Technology (2014).
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designs, the crucibles need to be heated up or cooled down in order to turn the pickup on

and o�. A disadvantage of this concept is the unidirectional doping, which de�ects the

helium droplet beam at high doping rates. Furthermore, this source requires frequent

maintenance because the dopant material tends to condensate at the slits, making them

narrower over time until they plug up completely.

Vapor Cell Setup Here, two crucibles are mounted on top of each other (mirrored)

and the beam passes between the crucibles (see Fig. A.19). They are connected in

Figure A.19.: Vapor cell setup with (a) and without (b) Cu cooling shield. Figure taken

from a.

parallel and consequently will have about the same temperature. The crucible at the

bottom is �lled with the metal to evaporate. Atoms that are evaporated at the bottom

are either picked up by the He droplet beam or they arrive at the top crucible, where

they will be re�ected and thus can hit the droplet from the opposite direction. With

this design the droplet beam is not de�ected as in a crossed beam setup, which is crucial

for experiments where heavy doping is desired.a Unlike the previous design, this setup

does not allow turning the pickup on and o� fast. Di�erent pickup rates can only be

adjusted by changing the temperature, which takes time.

aSteurer, J. Helium Droplet Mediated Fabrication and Analysis of Noble Metal Nanoparticles.

Master's thesis, Graz University of Technology (2014).
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Temperature Measurement Earlier designs were equipped with a Type C thermo-

couple, housed in a ceramic husk, which was placed inside the metal melt. During the

�rst experiments it turned out, that it is practically impossible to avoid thermal con-

tact of the husk with the cooling shield. Consequently, there is a signi�cant heat-�ow

over the ceramic husk, which changes during melting and solidifying. Besides the vary-

ing heat �ow, which leads to signi�cantly di�erent temperatures of the heated metals

at identical heating power, also the temperature measurement itself is a�ected by the

thermal contact to the shield. With this measuring principle, it was impossible to re-

produce the same conditions in subsequent experiments. In order to get information

about the dopant temperature after removing the thermocouple and husk, the electrical

resistance of the wire basket was recorded and used as temperature sensor. Through this

measure, reproducibility was guaranteed, however, this way of determining the dopant

temperature is not accurate.

Computer Program: Temperature Control During the cluster synthesis process it

is important that the vapor density in the pickup cells can be held at a constant level. As

the vapor pressure depends exponentially on the temperature, temperature di�erences

of 20K or less do make a di�erence. Hence, setting a constant heating current and wait-

ing for the temperature to stabilize is not a good strategy. An automated temperature

control is needed.

After an attempt to realize the temperature control using LABVIEW, which always had

stability issues, a MATLAB code was developed to communicate with the power supplies

(EA-PS 9080-100). The communication with the power supplies (via UTA12-interface)

is done with telegrams in hexadecimal form. A command cycle typically consists of a

command transfer and a reply transfer. Hence, the interface works as a slave and waits

for commands. Instructions on how to program the communication can be found as an

attachment to the manual of the power supplies. For the communication to work it is

important that the USB-Serial Ports are correctly con�gured in the hardware manager.

Furthermore the ports have to be opened and closed properly in the computer program.

If the power supplies are not responding to the MATLAB program, this is most likely

related to a problem with the ports and can be resolved by restarting the MATLAB

program.

The control program itself reads the voltage and current provided by the power supply

and by calculating the resistance of the crucible gives a calculated temperature (eqn.

6.1).

T =
RT

R20
− 1

α
+ 20◦C with α = 0.0044 ◦C−1 (6.1)

As the di�erent crucibles do not have exactly the same resistance, the resistance at room

temperature is tested by the program by sending a short current pulse of twice the speci-
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�ed minimum current through the crucible while measuring the voltage drop, before the

actual control program starts. The control program can operate in two modes, "ramp"

and "constant". In the ramp-mode the temperature is increased or decreased with a

speci�ed rate, which is important for the lifetime of the crucibles. If they are heated

or cooled down too fast, they might break (rates < 150K/h are advised by the manu-

facturer at absolute temperatures below 600K). If the desired temperature is reached,

the program automatically switches to constant-mode, which holds the temperature in

a window of about ±2K around the speci�ed value. It should be noted that this way of

determining the temperature is not very accurate and uncertainties of 10− 15% of the

absolute temperature value have to be expected, however, the reproducibility and the

stability are very good. Besides live-control, the program also can save log-�les contain-

ing all measured and calculated values with a time-stamp.

6.4.3. Operating Instructions

Before switching on the power supplies for the crucibles (EA-PS 9080-100), check that

the water-cooling of the cooling shields is on and that the vacuum conditions are suf-

�cient (pressure below 10−6mbar, otherwise, the beam won't reach the measurement

chamber; at ambient conditions the crucibles might be damaged if they are heated). As

described above, the current setup is not equipped with temperature sensors, instead

the electrical resistance of the setup is taken as a measure for the temperature. The

resistance (temperature) readout as well as the control of the heating power can be

carried out by a self-made MATLAB program, exploiting the very linear temperature

dependence of the resistance of tungsten.

Below a temperature of ≈ 300◦C, the crucibles should not be heated up or cooled down

at a rate higher than 150◦C/h, at high temperatures rates of up to 5000◦C/h are no

problem. With the ramp-function of the Matlab-program, an adequate heating rate

can be set and after reaching the desired temperature, the program maintains a stable

temperature (typically within ±2◦C). For safety reasons, a maximum current as well as

a maximum voltage can be set. For the 2-crucibles setup, the resistance of the system

at room temperature lies around 0.03 Ω to which the tungsten wires of the crucibles

contribute the largest part. When heating up, not only the resistance of the crucible,

but also the resistance of the copper wires changes, leading to a systematic error in the

temperature measurement. The resistance at a known temperature (e.g. room temper-

ature) can be measured by the Matlab program, when checking the respective option

(needed e.g. after changing the setup), but may also result in a bias. With this method,

the absolute error in the temperature measurement might be as high as 15%, but the set-

tings are reproducible (a certain heating power yields the same resistance/temperature).

Every time the temperature is increased, gases start to desorb from the crucible, es-
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pecially when heating the �rst time after venting the chamber. In normal operation,

pressures below 10−6mbar (which are necessary for good experiments) can be reached

without using the liquid nitrogen trap. Nevertheless, the liquid nitrogen trap can be

used to improve the vacuum conditions at any time.

If the water-cooling is not switched on for any reason while the crucibles are hot, im-

mediately turn o� the power supplies. Do NOT turn on the water-cooling - the water

will boil and the steam will melt the rubber hoses. Furthermore, the temperature shock

might break the pipes inside the vacuum with potentially catastrophic consequences.

With the water-cooling o�, the crucibles will cool down slowly and likely there won't be

any damage. If the crucible temperature without cooling exceeded 400◦C, some com-

ponents of the solder on the cooling shield will evaporate and the chamber needs to be

cleaned.

In order to dope the droplets heavily, temperatures corresponding to a vapor pressure of

10−4 − 10−2mbar of the respective material are needed. If these temperatures are not /

no longer su�cient, there is either not enough material left in the crucible or there is an-

other problem. Do not push the temperatures to extremes. When experimenting, always

check the un-doped droplet signal �rst with the TOFMS (helium-comb) as well as with

the QMS to determine the He-partial pressure as a reference for the later measurements

with doped droplets. If there is no He-signal, control the pressures in all chambers and

check the beam-line with the telescope for obstacles and correct alignment.

6.4.4. Maintenance

Depending on the intensity of use, the crucibles will have to be re�lled after a certain

time. When using small pellets of the material to evaporate, a straw can be plugged

through one of the holes for the beam (vapor cell setup) or through the slit at the top

(crossed beam setup) into the crucible. The pellets have to be put into the straw with

tweezers and slide down into the crucible. The �lling level can be checked using an

endoscope. This method has the big advantage, that neither the electrical contacts nor

the water-cooling have to be disconnected and the alignment is not obstructed.

If the method above cannot be applied, or a di�erent material should be placed in the

oven, the simplest method is to disconnect the water-cooling (after turning o� the water

and dry-blowing the tubes) and the copper-rods (such that the columns on each side of

the crucible remain clamped to the base plate) and to remove the whole setup from the

rails (by opening the 2 knurled nuts). Once the setup is outside the vacuum chamber, it

is much easier to service. When changing the materials, it is best practice to also switch

the crucibles (each crucible is only used for one material). To do so, remove the cooling

shield and open the clamps on the columns. Remove the old crucibles (be careful, the

alumina as well as the tungsten wires are brittle!) and clean the shield as well as the

base plate. Collect the material scraped o� the shield and the base plate in case it is
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valuable (e.g. gold or silver). Mount the new and �lled crucibles and assemble the oven

again. If all tasks have been carried out very carefully, the alignment might still be

alright, but the alignment has to be checked in any case.

When using the crossed beam setup, keep track of the cell temperature needed for a

certain beam attenuation. The material condensing at the slit reduces the slit's cross-

section, such that higher temperatures are required to get the same doping load. Higher

temperatures lead to a faster clogging of the slit, which means that after a while the

excess material has to be scraped o�.
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(Measurement Chamber)

7.1. Abstract: Beam and Cluster Analysis

The nanoparticles assembled in the pickup chamber are carried into the measurement

chamber by the droplet beam. There, they can be analyzed in-situ or deposited for

subsequent ex-situ diagnostics. In-�ight diagnostics o�er the advantage of very cold

(ground state) particles which are only very weakly in�uenced by their surrounding.

Measurements on deposited particles have the advantage that the particle density on

the substrate can be chosen by adjusting the time span for deposition and instead of

measuring averages, single particles can be addressed on the surface. However, during

the landing process on a certain substrate, the helium surrounding the nanoparticle will

evaporate and the particle will warm up. Additionally, the adsorption of the particles on

the substrate may change their shape and morphology and may alter their properties.

The most important detection / analysis techniques at the moment are time-of-�ight

mass spectrometry (TOFMS) (in �ight) and ex-situ transmission electron microscopy

(TEM) of the deposited clusters. The TOFMS yields data about the composition,

abundance and stability of di�erent cluster sizes in the produced cluster collective. The

TEM, especially with the element-sensitive detectors, can provide information about

single clusters (size, element distribution, morphology). If the samples are exposed

to ambient conditions during the transport to external diagnostics, the high reactivity

of nanoparticles can become an issue. In order to be able to investigate pre-reactive

nanoparticles, a UHV-transfer system was purchased (see Section 7.6). This permits the

use of more reactive materials as well as other detection techniques, which are available

at e.g. the University of Graz. For the protected transfer of samples to the electron

microscopes, a specialized TEM-holder, already purchased by the Institute for Electron

Microscopy and Nanoanalysis, might be used in the future. A suitable docking port for

this holder on our machine is currently under construction.

In addition to this the main investigation methods, in-situ microbalance measurements

provide information about the absolute cluster mass-�ow and helium partial pressure

measurements show the in�uence of the doping on the droplet beam (evaporation).
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7.2. Vacuum System

7.2.1. Setup

The vacuum system of the main chamber is a 3-stage system: there are 3 turbo-molecular

pumps directly connected to the chamber (Pfei�er HiPace 700 + Pfei�er TPU 520 on

the bottom and Pfei�er HiPace 300 on the TOFMS). The compression ratio provided by

these pumps is not su�cient to reach UHV conditions (< 10−9mbar) given the rather

poor fore-vacuum pressure provided by the oil free multi-Roots primary pump system

(Adixen ACP40, 3 · 10−2mbar ultimate pressure at the �ange of the fore pump which

means 1 · 10−1mbar at the connection to the turbo pumps, due to the long fore-vacuum

line). Therefore a third stage, which is a small turbo pump between primary pump

and the turbo pumps on the chamber, was introduced. If this turbo pump is placed

between the fore vacuum line and the pumps on the chamber, the fore-pressure provided

by the fore-turbo is so low (10−6mbar) that the lubricant of the bearings of the regular

3 turbo pumps might evaporate. To avoid this, the fore-turbo was placed between the

primary pump and the fore vacuum line. Because of the length of the line this only

leads to an improvement of about an order of magnitude in the fore-pressure compared

to the system without the fore-turbo pump. Nevertheless, this is su�cient to reach the

10−10mbar regime, which was one of the objectives of the machine. All the pumps used

here are usually working 24/7. In order to reach the lowest possible pressure in the

main chamber, bake-out at ≈ 120◦C for at least one day is necessary. For the purpose

of noise reduction in the lab, the primary pump and the later installed fore turbo pump

are located next door.

7.2.2. Operating Instructions

Start-up Procedure Before starting the fore-vacuum system, check that the gate-valve

to the di�erential pumping stage is closed and that the fore-vacuum valve is opened! This

is very important because opening the fore-vacuum valve when the fore-turbo pump is

at full speed might damage the pump! The two fore-vacuum pumps (multi-Roots +

turbo) are connected to the same control line and can be started via the control panel

"PREVAC 3" (start with "manual" and switch to "auto" as soon as the pressure falls

below the threshold).

The 3 turbo pumps directly mounted to the chamber are linked to the same control line

and can be switched on via the control panel "MAIN" (start with "manual"). Check that

all 3 pumps are starting up regularly! It might be the case that the pumps were turned

o� manually (at the respective controllers) because one of the controllers is needed to

switch the venting valve of the chamber and during the venting process the other con-

trollers must be switched o�. Usually the 3 turbo pumps are water-cooled in series with
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the pickup turbo pumps, but air-cooling is also possible ("no water check " - switch on

the control panel). If the air-cooling mode is chosen and the water-cooling is turned

o�, the pumps will eventually become hot if no cooling fans are installed. When going

through a bake-out procedure, water-cooling is absolutely necessary!

Since no copper sealed Pirani-manometer was available, only 2 hot cathode manometers

are used to monitor the pressure in the TOF- and MAIN-chamber. These manometers

may only be turned on below a certain pressure in the chamber. To be safe, wait until all

3 turbo pumps have reached their full speed before turning on the pressure gauges. Very

shortly after that, the pressure threshold should be reached and the "MAIN" switch

must be set to "auto". Note that the manual mode only works for 10min, afterwards,

the power is switched o� (like in the "o�" state).

Shut-down Procedure Before shutting down the vacuum system, make sure that the

gate-valve to the di�erential pumping stage is closed and close the valve in the fore vac-

uum line. Turn o� the primary pump and the fore-turbo ("PREVAC 3"-panel), turn o�

the 3 turbo pumps ("MAIN"-panel) and turn o� the pressure gauges! For venting the

chamber with dry nitrogen, open the valve at the gas bottle and the valves along the

gas line. Check if the electromagnetic valve on the turbo pump "MAIN 1" is connected.

Turn o� the turbo controllers "TOF" and "MAIN 2". Set the switch on "MAIN" control-

panel to manual. Turn o� the motor and the pumping station at the turbo-controller

"MAIN 1" (options 023 and 010 in the menu), enable the venting valve (option 012) and

set venting mode to 2 (option 030). Do not enable the valve as long as the turbo pumps

are above 50% of their nominal speed (to go easy on the bearings).

The main chamber is not equipped with an over-pressure valve. The installed safety

feature is a burst disk (breaks at 0.6-0.8 bar overpressure), which only works once and is

expensive (keep the overpressure below 0.4 bar!). Therefore, listen carefully to a clicking

noise stemming from the burst disk while venting. As soon as you hear the noise, the

nitrogen valve must be closed and the valve options (012 and 030) must be set back to

their original values.

7.3. Time-of-Flight Mass Spectrometer (TOFMS)

The apparatus is equipped with a Stefan Kaesdorf RFT50 time-of-�ight mass spectrom-

eter with electron impact ionization and 20 kV post-acceleration, which is especially

suited for the measurement of large masses (m > 104 amu). The ionization region of the

spectrometer is located on the beam axis and the ions are extracted perpendicular to the

beam, allowing mass spectrometric measurements simultaneously to other experiments
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further downstream. The setup is designed such that the initial ionization can be con-

ducted via electron impact (built-in electron beam) or via laser ionization (external).

Data acquisition and the control of the device are executed by the computer under-

neath the high voltage control units (TOF-PC). In order to avoid software problems,

the TOF-PC should not be connected to the internet and no other programs should be

installed. The TOF-PC can be operated from the regular laboratory computer using a

remote-desktop connection.

For the start-up and shut-down procedure, the checklist in appendix D should be used.

Voltage settings for di�erent extraction conditions can be found in the manual of the

spectrometer. Typical settings can be found in Section 8.2.

When changing the voltage settings or the region of interest, the grid potentials as well

as the de�ection potentials have to be �ne-tuned in order to maximize the signal in

the region of interest. Especially when going form small to large masses, the de�ection

potentials have to be adjusted.

If there is no signal, its most likely due to a software-bug: when switching between

the software modes, the ionization current is switched o� (check electrometer current).

To switch the current back on, change any of the puls-generator settings (e.g. pulse

duration). Another reason for a very low ionization current could be a �at battery (9V

battery in wire #1). When replacing the battery, be sure to connect the battery in the

right way!

In order for the discriminator to work correctly, the o�set at the preampli�er has to be

small. As there is a natural drift, the o�set at the preampli�er should be checked and

corrected monthly. To do so, turn down the MCP-voltage and disconnect the output of

the preampli�er (green cable). Connect a voltmeter to the output of the preampli�er

and set the o�set to zero, using the potentiometer inside the preampli�er box.

After a long time of operation or if the heating current was set to high, the �lament

emitting the electron beam might break. Suitable �laments are on stock in the labora-

tory and can be replaced by the user. When replacing tungsten �laments, always wear

goggles as the �laments are brittle and chips are hard to remove, even for an eye-doctor.

7.4. Quadrupole Mass Spectrometer (QMS)

The QMS installed on the apparatus is a Balzers (Pfei�er) Prisma QME 200. The hard-

ware of the QMS consists of two parts, the analyzer (mounted on the chamber) and

the control unit (containing the electronics). These two parts are connected via a plug,

whose pins are delicate to handle. Ideally, the connection should not be separated. The

QMS can be operated with the software QUADSTAR 7.0.3, which is an old software,

but works under Windows 7. This mass spectrometer can analyze masses between 0
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and 200 amu and is therefore mainly suited to analyze the residual gas as well as the

amount of He in the beam. The software can display the whole mass spectrum or the

time-dependent intensity of one or more constituents. Suitable templates for both pur-

poses are prede�ned and can be loaded by the program. In the current setup the main

use is to record the decrease of He in the beam due to doping.

In order to work stable, the SEM (secondary electron multiplier) and the �lament should

be running about half an hour. Note that blocking the beam with the microbalance or

the TEM-sample-holder signi�cantly changes the partial pressure measured by the QMS.

Comparable measurements can only be recorded if these two elements are in the same

position and if the SEM voltage is set at the same value. Before venting the chamber,

the QMS has to be switched o�!

7.5. Microbalance

The measurement principle of the quartz crystal microbalance is based on the measure-

ment of the resonance frequency of the shear-oscillations of a piezo-quartz. As mass

is deposited on the quartz crystal, the resonance frequency f of the oscillation system

changes by ∆f and allows a very precise measurement of the deposited mass m using

the Sauerbrey-equation:

∆f ≈ −2f 2

Z
m (7.1)

with Z being a constant, depending on the density and shear modulus of the quartz.

In operation, it is striking that the measured frequency does not only depend on the

deposited mass, but also on the temperature of the crystal and the electronics. In fact,

the resonance frequency is very sensitive to temperature changes and for the most ac-

curate measurements (accuracy: few 10−6 µg
cm2s

) a temperature stabilization to ±0.02◦C

is necessary. This was achieved by heating the microbalance to 50◦C and compensat-

ing the heat �ux to the colder chamber wall by regulating the heating. Furthermore,

the electronics of the microbalance and the temperature stabilization have to be in a

temperature-controlled environment as well. Without these measures, the most promi-

nent signal would stem from the room temperature oscillations due to the cooling cycles

of the air conditioning. In order to reach a constant temperature, the stabilization needs

to work for a couple of hours. Especially after a bake-out cycle, several hours are re-

quired until the system is ready for measurements.

The software to operate the microbalance is not compatible with Windows 7 or higher

and therefore runs on a virtual machine. The built-in live visualization of the deposition

rate does not work very well, especially with the very low deposition rates present in

typical experiments on this machine. To overcome this limitation, a MATLAB-code
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copies the live-stored measurement data and computes and displays the deposited mass

as well as the deposition rate.

When conducting measurements, care has to be taken that the microbalance is correctly

positioned (xyz-manipulator). The correct position can be checked by using the tele-

scope on the beam axis: the borehole in the center of the back side of the microbalance

should lie on the cross hairs. For the alignment procedure of the rest of the apparatus,

the microbalance has to be moved out of the beam line (see Section 8.1).

Metal nanoparticles deposited on the crystal do not desorb, limiting the life-time of a

crystal. If the software indicates that the life-time of the crystal comes to its end or a

clean surface is desired, the crystal can be changed (see manual of the microbalance).

7.6. Vacuum Transfer System

When dealing with reactive samples and in order to guarantee clean surfaces, expo-

sure to ambient air must be avoided. Ideally, the samples which are produced under

UHV-conditions in our machine, should be kept in UHV during the transport from

our laboratory to the diagnostics (e.g. scanning probe microscope on the KFU). For

this task, a commercially available system was purchased from Ferrovac, consisting of

a chamber �tted with the pumping system, a wobble-stick with pincers, a storage shelf

for samples and a suitable gate valve at the connecting �ange.

For the transport, a pumping system with low energy consumption is required in or-

der to be able to run the system on battery power. Furthermore, a system without

moveable parts (in case of mechanical shocks) is bene�cial. Both of these key points

are satis�ed using a non-evaporable getter (NEG) in combination with an ion getter

pump. Thereby, the NEG, which simply adsorbs gas-atoms and -molecules, does not

need electrical power. The fact that the NEG is only suitable for certain gas species

(especially H2O, N2, O2 and H2) and cannot adsorb other species (e.g. rare gases, CH4)

makes the battery powered ion getter pump necessary. In principle, an ion getter pump

alone could also do the trick, but in combination with the NEG, the size and energy

consumption of the ion getter pump can be drastically reduced which is essential for this

purpose. In the purchased con�guration, the pumping system can operate for 3 days

using only battery power.

In order to reduce the gas load for the pumping system the linear movements of wobble-

stick and sample storage shelf are realized without feedthroughs, using magnetic coupling

between a ring on the outside and a piston on the inside which guarantees leak-tight seal-

ing. Additionally, an evacuated bu�er volume is connected to the the atmosphere-side

of the gate valve during transport, which reduces the permeation through the rubber-
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7.6. Vacuum Transfer System

sealed gate valve to a minimum.

For the transfer of samples from the respective apparatus into the UHV-suitcase, a third

chamber (lock chamber (LC)) is needed. While the apparatus and the suitcase are main-

tained under UHV all the time, the LC is installed between them and will be pumped

down or vented in order to connect or disconnect the suitcase to or from the apparatus.

For the pumping of the LC a HiPace80 turbo-pump backed by an ACP15 multi-Roots

fore pump is used. This system reaches a background pressure in the 10−10mbar regime,

which is su�cient for all purposes this system is designed for.

A summary of the operating instructions, including all the information needed for reg-

ular operation of the device, is attached in appendix F. For extra information consult

the manual of the suitcase or the manual of the pumping system.
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8. Settings and Typical Readings

8.1. Beam Alignment

A proper alignment of all components of the apparatus along the beam axis is crucial

for the success of any experiment. Thereby, the position of the beam is given by the

position of the �rst skimmer, which de�nes the placement of all other components. For

the �rst alignment of all chambers, a piece of string was connected to the center of the

�ange-plate on which the skimmer is mounted (reference �ange). Using a water level and

an engineer's square the string was oriented horizontally, orthogonally to the reference

�ange. With the string as guidance, the two following vacuum chambers as well as a

telescope for optical control of the beam path were installed. Once the telescope was set

up, the cross hairs of the telescope could be used to control the position of all further

components.

The telescope is shared with other labs and therefore has to be repositioned every now

and then. Assuming that the positions of both skimmers in the apparatus do not change,

the position of the telescope can be restored by adjusting its tilt as well as its position

orthogonal to the beam such, that the cross hairs can be pointed at the center of both

skimmers when only changing the focal plane. If this is the case, then the optical axis

of the telescope coincides with the beam axis de�ned by the skimmers.

If the telescope is correctly aligned, the �ange-plate with the �rst skimmer mounted on

it can be removed in order to see and position the nozzle. Thereby, the nozzle plate

has to be parallel to the skimmer-�ange and the nozzle axis has to be horizontal. Once

the nozzle is positioned, the �ange-plate with skimmer can be mounted again, using the

cross-hairs to �nd the correct position.

While the parts described so far do not move under normal circumstances, the pickup

cells along the beam are changed regularly to switch dopants, to re�ll them or for main-

tenance. Therefore, these elements have to be aligned much more often. To do so, at

�rst the position of the telescope is controlled by focusing on both skimmers. Then,

reinstall the pickup cell, including the electrical wiring and the cooling water pipes (con-

necting these afterwards may displace the cell again). Using the adjusting screws, the

beam-entry and -exit opening of the pickup cell can positioned on the beam axis.

Without additional lighting the apertures for the beam are hard to recognize and dis-

tinguish when looking through the telescope. The method of choice is to illuminate the
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8. Settings and Typical Readings

respective apertures with di�erent colored LEDs while adjusting. This way the contour

lines of the ori�ces should be clearly visible and the color indicates to which ori�ce the

focal plane is set.

Figure A.20.: Schematics illustrating the adjustment of the nozzle. The left image shows

the adjustment of the nozzle position. The tilt shown in the right image

must be zero, i.e. the beam axis must be horizontal.
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8.2. Typical Settings of the Time of Flight Mass Spectrometer

8.2. Typical Settings of the Time of Flight Mass

Spectrometer

The following tables contain optimized settings for the TOFMS, determined by Johannes

Steurer within the course of his master's thesis.a

Table A.1.: TOFMS settings used in this thesis to obtain mass spectra of doped or bare

He droplets up to a mass < 7000 u. The given values, especially the ones for

the de�ection unit, correspond to the ones set directly at the TOFMS power

supply, not the ones read in by the analog-to-digital converter (ADC).

Ion source

Filament current 2.1 - 2.2A

electron energy 89 eV

resulting electrometer current in the range of 1µA

Voltage settings

HV settings #3 (see TOF-manual) → last- and central grid al-

ternately adjusted for best resolution

repeller o�set 0

mass �lter o�

de�ect-x 5.5

de�ect-y 5.5

MCP 2.3 - 2.5 kV depending on the mass of interest

Post acceleration 20 kV

Pulse generator

repetition frequency 10 kHz

duration e-beam 1µs

delay ion extraction / ionisation 0µs

duration ion extraction 2.4µs

duration mass �lter no in�uence if the mass �lter is o�

Fast Multiscaler

number of sweeps 2 · 104 - several millions

range 2.8 · 105 (for a bin width of 1)

bin width 1 - 2

Start/Stop Disc. 0.3/-0.15
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8. Settings and Typical Readings

Table A.2.: TOFMS settings used in this thesis to obtain mass spectra of doped or bare

He droplets for big masses up to about 25000 u. The given values, especially

the ones for the de�ection unit, correspond to the ones set directly at the

TOFMS power supply, not the ones read in by the ADC.

Ion source

Filament current 2.3 - 2.4A

electron energy 89 eV

resulting electrometer current 15 - 20µA

Voltage settings

HV settings #1 (see TOF-manual)→ last- and central grid al-

ternately adjusted for best resolution (Ucentralgrid =

2.25 kV, Ulastgrid = 1.08 kV)

repeller o�set 5.2

mass �lter 250V

de�ect-x 5.75

de�ect-y 5.6

MCP 2.7 kV

Post acceleration 20 kV

1st aperture 2.7

Pulse generator

repetition frequency 4 kHz

duration e-beam 20µs

delay ion extraction / ionisation 0µs

duration ion extraction 6µs

delay mass �lter / ion extraction 1µs

duration mass �lter 3µs

Fast Multiscaler

number of sweeps 5 · 105 - 107

range 2 · 105

bin width 4

Start/Stop Disc. 0.3/-0.15

aSteurer, J. Helium Droplet Mediated Fabrication and Analysis of Noble Metal Nanoparticles.

Master's thesis, Graz University of Technology (2014).
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8.3. Settings / Operating Instructions for the QMS

8.3. Settings / Operating Instructions for the QMS

The quadrupole mass spectrometer installed on this machine is a Balzers Prisma QME

200, controlled by the Quadstar 7.0.3-Software. This software is old and only the "Mea-

sure" program, which operates the QMS and displays the signals, works under Windows

7 without problems. Usually, this device is used to gain qualitative data (i.e. if there

is a signal at a speci�c mass or not), quantitative statement can be made in terms of

ratios (e.g. helium signal with and without doping). The comparison of di�erent QMS-

measurements is di�cult due to their dependance on the vacuum conditions and the

position of beam blocking elements such as the microbalance and the TEM-substrate

holder.

The QMS can be switched on by the I/O - switch on the power supply cable. After

that, the software ("QMS Measure"-icon on the desktop) can connect with the detec-

tor. Setup → SEM / Emission Control opens a window with two check-boxes which

switch on the emission current and the secondary electron multiplier (SEM). The SEM

voltage is normally set to 2000V. Usually, a drift of the signal intensity occurs during

the �rst half hour of operation, afterwards, the signals are stable. There are two typi-

cal modes for measurements: "Analog" and "Versus Time". The former shows a mass

spectrum and the latter the evolution of the signal of a speci�c mass with time. For

both modes there are templates available ( Scan → Analog → test.sap and MID →
Versus Time → he4.mip). After loading one of these templates, the settings can be

changed by Parameters → Setup and more importantly Parameters → Channel .

In both cases, the changes made in the new windows are saved to the template (!) and

activated after closing the windows.

Before switching o� the device (I/O - switch on the power supply cable) the SEM volt-

age and emission current should be turned o� by the software ( Setup → SEM / Emission Control ).

Extensive information on Quadstar can be found in the printed manual (white folder)

as well as in the help �le "Quadstar 32-bit.chm".
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A. Engineering Drawings

The following pages contain engineering drawings of the most important home-made

parts needed for the buildup of the apparatus, which are:

The new nozzle,

the resistive pickup cells,

and the modi�cations on the measurement chamber in order to enable laser

ionization for the TOFMS.

Besides the drawings here, 3D-CAD constructions for the whole apparatus are avail-

able on the laboratory computer. These CAD-constructions were conducted using Pro-

Engineer Wild�re, for which the university has a license.
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B. Helium Flux and Droplet Size

For the production of clusters/nanoparticles with a desired size distribution, it is essen-

tial to set the adequate droplet size distribution. This is accomplished by setting the

expansion conditions accordingly, following the table below (Reprinted with permission

from a. Copyright 2011, AIP Publishing LLC.):

aGomez, L.F., Loginov, E., Sliter, R. & Vilesov A.F. Sizes of large He droplets J. Chem. Phys 135,

154201 (2011)
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B. Helium Flux and Droplet Size

Besides the droplet size also the total He-�ux changes with the nozzle temperature,

which can be seen in the following graph.

Figure A.21.: Temperature dependent He �ux through a cooled nozzle (5 µm diame-

ter) at 20 bar stagnation pressure. The red line symbolizes the theory for

free jet expansion, which is no longer valid below ≈ 30K. Reprinted with

permission from a. Copyright 2011, AIP Publishing LLC.

aGomez, L.F., Loginov, E., Sliter, R. & Vilesov A.F. Sizes of large He droplets J. Chem. Phys 135,

154201 (2011)
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C. Vapor Pressure Diagrams

Figure A.22.: Temperature dependent vapor pressures for various materials (data taken

from a)

aLide, D.R. (ed.), CRC Handbook of Chemistry and Physics (CRC Press, Boca Raton, FL, 1996),

77th edn.

A 85





D. Time of Flight - Checklist
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E. Reference: TOF Mass Spectra

The following pages contain exemplary spectra obtained on this machine in di�erent

experiments, each followed by a page listing the corresponding TOFMS settings.

The �rst spectrum shows a measurement of Xe-gas (1.5 · 10−6mbar). Both singly and

doubly ionized species are visible in the spectrum.

The second spectrum shows a measurement of undoped helium droplets at 8.0K noz-

zle temperature and 20 bar stagnation pressure. In this measurement, the HeN -comb is

visible until ≈ 500 amu. The missing signal below ≈ 40 amu is caused by the mass �lter,

which kicks out the frequently occurring light ions in order to avoid saturation of the

detector. The zoomed spectrum nicely shows that there is no other signi�cant signal

except for the HeN .

The third spectrum shows a measurement of silver doped helium droplets at 9.5K noz-

zle temperature and 20 bar stagnation pressure. In this measurement not only bare silver

clusters (Agn) but also silver clusters with 1-3 H2O molecules attached (Agn(H2O)m)

can be seen, as well as the typical multinomial peak distribution at a speci�c Agn, which

is caused by the di�erent naturally occurring silver isotopes.

The fourth spectrum shows a measurement of gold doped helium droplets at 9.0K

nozzle temperature and 20 bar stagnation pressure. In contrast to many other elements,

gold possesses only a single stable isotope and hence, a speci�c Aun only yields a single

peak in the mass spectrum. The small peaks in the zoomed spectrum belong to bare

HeN . Additionally, a very small signal can be seen at (Au3Hem with m = [1, 2, 3]).
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Xe - spectrum 

bin width=1,000000 

sweeps=2000000,000000 

time resolution (ps)=250,000000 

electron energy (eV)=70,00 

frequency (Hz)=10000 

duration electron beaml[µs]=  1,000 

delay ion extraction / ionisation[µs]=  0,000 

duration ion extraction[µs]=  2,000 

heating current=2,011450 

electrometer current=0,319989 

emission current=0,151001 

repeller=2,831053 

extraction=2,817410 

postacceleration=19,911194 

MCP=2,204163 

last_grid=0,337158 

central_grid=0,890808 

lens=2,968750 

liner=3,015137 

deflect_X(+)=2,962036 
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E. Reference: TOF Mass Spectra
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HeN - spectrum 

bin width=4,000000 

sweeps=1000000,000000 

time resolution (ps)=250,000000 

electron energy (eV)=89,00 

frequency (Hz)=4000 

duration electron beaml[µs]= 20,000 

delay ion extraction / ionisation[µs]=  0,000 

duration ion extraction[µs]=  3,000 

delay mass filter / ion extraction[µs]=  0,000 

duration mass filter[µs]=  3,000 

heating current=2,274829 

electrometer current=4,075931 

emission current=0,612427 

repeller=4,511014 

extraction=4,481299 

postacceleration=19,868469 

MCP=2,805618 

last_grid=1,114624 

central_grid=2,256775 

lens=8,021851 

liner=8,019409 

mass_filter=0,498779 

deflect_X(+)=8,247681 
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E. Reference: TOF Mass Spectra
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Agn - spectrum 

bin width=2,000000 

sweeps=10000000,000000 

time resolution (ps)=250,000000 

electron energy (eV)=89,00 

frequency (Hz)=7000 

duration electron beaml[µs]=  1,000 

delay ion extraction / ionisation[µs]=  0,000 

duration ion extraction[µs]=  3,000 

heating current=2,143848 

electrometer current=0,608231 

emission current=0,398560 

repeller=2,832413 

extraction=2,794830 

postacceleration=19,861603 

MCP=2,502380 

last_grid=1,385254 

central_grid=2,115784 

lens=8,013916 

liner=8,024902 

deflect_X(+)=8,043213 
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E. Reference: TOF Mass Spectra
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Aun - spectrum 

bin width=4,000000 

sweeps=2000000,000000 

time resolution (ps)=250,000000 

electron energy (eV)=89,00 

ramp voltage (V)= 9,99 

frequency (Hz)=5000 

duration electron beaml[µs]= 20,000 

delay ion extraction / ionisation[µs]=  0,000 

duration ion extraction[µs]=  5,000 

delay mass filter / ion extraction[µs]=  0,000 

duration mass filter[µs]=  4,000 

heating current=2,491745 

electrometer current=3,096161 

emission current=0,823486 

repeller=4,507388 

extraction=4,488626 

postacceleration=19,857788 

MCP=2,710770 

last_grid=1,113647 

central_grid=2,283691 

lens=8,023682 

liner=8,019409 

mass_filter=0,499603 

deflect_X(+)=8,211670 
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Instructions
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