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Abstract
This project applies superfluid helium droplets in two big areas: spectroscopy and
nanoparticles formation. Helium droplets, consisted of more than 103 helium atoms,
provide a non-friction and very cold (~0.37 K) environment for clusters/nanoparticles
growth, which offers unique advantages as a medium in applications of both
spectroscopy and nanostructures formation. By sequentially adding NaCl and water
molecules, the dissolution process of NaCl in water can be experimentally studied for
the first time. This is achieved by recording the infra-red spectra of NaCl(H2O)n (1 ≤ n ≤
7) complexes in O-H stretching region in combination with ab initio calculations. In
particular, two bands have been assigned to dissolution of NaCl in water.
The existence of quantum vortices in helium droplets has been firmly evident from
spherical Ag nanoparticles formed in a chain. Quantum vortices provide a new route
for the formation of one-dimensional nanostructures, which has been exploited in the
fabrication of novel nanowires. Finally the pioneering work on the fabrication of both
antiferromagnetic and ferromagnetic nanomaterials is reported for the first time,
taking Cr and Ni as examples respectively. It is found that we can force ferromagnetic
ordering in magnetic materials in superfluid helium. In particular, antiferromagnetic
chromium has been discovered to convert to ferromagnetic, and the magnetism of
ferromagnetic materials can have hugely enhanced magnetic moments that are close
to the theoretical limit. This will have potential for applications in biomedical science,
data storage and energy efficient technologies in the longer term.
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Chapter 1
Introduction
1.1 Bulk Superfluid Helium
Helium, with two isotopes of 4He and 3He, is the only element in nature that cannot be
solidified at atmospheric pressure even at absolute zero temperature. This is
attributed to the small atomic mass of helium together with the very weak attractive
force between helium atoms due to their closed electron shell. It is calculated that the
zero point vibrational energy of helium, which is inversely proportional to the atomic
mass in the function : 𝐸 =

𝑝2

2𝑚

(p is the atomic momentum and m is the atomic mass),

is about 7.15 K for 4He (1) which is comparable with their inter-atomic potential energy
(~7.2 K)

(2-4)

. Therefore a helium atom can still maintain its mobility even at 0 K,

without being confined within the lattice.
As seen in the phase diagram of 4He (Figure 1- 1), 4He does not have a triple point like
other elements. Below 25 bar stagnation pressure, as the temperature decreases
helium transits from a normal liquid phase (He I) to a superfluid phase (He II). The
transition temperature for He I to He II, which is also the boundary point of gas phase
helium, He I and He II, is around 2.17 K. Generally this transition point is also called
Lambda point – Tλ for the similarity of the shape of the boundary line with the Greek
letter λ. To solidify 4He, both low temperature and high pressure (> 25 bar) are
required.
The superfluidity of 4He was first discovered in 1938 by a series of extraordinary
observations of liquid helium: (i) non-friction flow through the narrow capillaries, (ii)
the fountain effect and (iii) the exponentially high thermal conductivity (30 times
higher than copper) below Tλ

(5, 6)

, i.e. in the He II phase. The earliest mode of He II

was proposed by Tisza (7) and Landau (8), in which the He II phase helium is composed
of a mixture of the normal fluid He and superfluid He with separated velocity vectors,
so the liquid can undergo separate motions at the same time. This mode was first
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experimentally proved by Andronikashvili

(9)

by solvating a stack of compact disk

torsional oscillators in He II. Instead of observing the increase of the moment of inertia
of the disks with the temperature reduction, which is expected in the normal liquid
with certain viscosity, he observed the moment of inertia quickly decays after the
temperature was cooled down to Tλ. This experiment provided convincing support to
the existence of a superfluid in He II and proved below 2.17 K, helium is superfluid.

Figure 1- 1 Phase diagram of 4He. The dash lines are the isentropic lines which helium follows
in the process of droplets formation. The figure is a reprint from Ref. (10) where the
isentropic data were measured at 20 bar stagnation pressure.

Fundamentally the superfluidity of helium can be explained by Bose-Einstein
Condensation (BEC), first proposed by London in 1938 (11). As a boson with no net spin,
4

He transfers into a BEC state at sufficiently low temperature (He II), i.e. all the He

atoms can occupy the same quantum state – ground state, dismissing their individual
particle identities. Therefore the entire ultra-cold helium atoms can be described by a
single macroscopic wave function. Since all the atoms are indiscriminately trapped in
their ground states, none of the atoms can be excited to higher energy levels when
one atom moves close to other atoms; therefore its energy and momentum can be
maintained during the movement. In the macroscopic scale, it behaves as if it is
experiencing no friction, thus superfluidity.
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It is worth mentioning that 3He is also a superfluid with a transition temperature of
0.003 K, at which two 3He atoms pair up, giving rise to a net integer spin. Since the
technique used throughout this thesis takes advantages of superfluid 4He, all the
helium mentioned in the following sections refer to 4He.

1.2 Helium Droplets Technique
Although the intriguing superfluidity of helium was discovered in the 1930s, it has not
presented much potential benefit to either scientific research or human’s real life for a
long time. Most of the early research focused on investigations of the properties of
superfluid helium. For example: the stable mass spectra of pure helium clusters had
been recorded using molecular beam technique (12); the appearance energy of He2+ at
around 20 eV, which is lower than the fully ionization energy of 24.6 eV due to Penning
ionization had been discovered
had attracted great interests

; the magic number of He4+ in the mass spectra

(13, 14)

(14-16)

; and the ionization cross section of He+ had been

systematically studied with the impact energy varying from 24.6 eV to 4000 eV (17-22).
However, almost all the early attempts of seeding foreign species into liquid helium
failed because the high mobility of helium prevented the dopants being isolated, but
made them precipitate out or aggregate on the surface

(23-25)

, which significantly

limited the applications of the superfluid helium. It was not until the 1990s when J. P.
Toennies’ group in Gottingen first successfully captured and isolated foreign species (26,
27)

in helium nanodroplet. Since then helium droplet techniques have been quickly

developed in mass spectrometry and spectroscopy investigations of molecules and
molecular clusters, and recently in the synthesis of nano structural materials.

1.2.1 HeDs Formation – Supersonic Expansion
Helium droplets are helium clusters consisting of more than 103 atoms (23, 28). Although
there were some attempts of forming helium droplets via liquid helium expansion in
the early days, the most common way currently to form helium droplets is using
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molecular beam techniques, where droplets are formed by the supersonic expansion
of pre-cooled helium gas in high vacuum

(23)

. Supersonic expansion occurs when the

gas ejects from a high backing pressure into a high vacuum environment via a small
pinhole. Apart from effusive expansion which happens at low backing pressure
conditions, supersonic expansion is favourable to aggregate into high density clusters
with the velocity higher than sound and concentrating in a narrow region (29), as shown
in Figure 1- 2.

Figure 1- 2 Schematic representation of the velocity distribution of supersonic expansion.
Reprinted from Ref. (29).

The molecular beam technique was first proposed in 1951 (30) and was experimentally
realized shortly after

(31)

. The first attempt of applying molecular beam technique to

helium droplets synthesis was reported by Becker et al. in 1961 (32). The advantage of
using a molecular beam to generate helium droplets is that it is feasible to precisely
control the droplet size; so the applications of helium droplets have been widely
stretched

(33)

. Additionally it is economically cheaper than directly pouring liquid

helium.
The process to form helium droplets by supersonic expansion can be described as
follows: compressed helium gas with stagnation pressure of 5 – 200 bar is pre-cooled
below 30 K before ejecting from an orifice of 5 – 20 µm into vacuum. Helium gas then
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expands into high vacuum, condensing into liquid when the temperature is below the
critical point. A typical nozzle configuration for helium droplets formation is sketched
in Figure 1- 3, where a 0.5 mm diameter skimmer is placed 15 mm downstream from
the source to collimate the droplets into a beam propagating forward.

Figure 1- 3 Schematic representation of the helium droplet formation by the supersonic
expansion of helium gas.

Supersonic expansion is an adiabatic process during which the system entropy
maintains constant. The isentropic lines which helium should follow during supersonic
expansion with respect to different pre-cooled temperatures T0 from 40 K to 2.6 K are
plotted in the dash lines in Figure 1- 1. The boundary line between the gas phase and
He I phase almost overlaps with the isentropic line at 11 K. Above 11K, helium crosses
the gas – liquid boundary line into the superfluid phase from the gas phase side, which
means helium droplets are formed by the aggregation of the helium atoms. The
regime of T0 > 11 K is referred to as the “sub-critical regime”. On the contrary, when T0
< 11K, helium crosses the boundary line from the liquid side, indicting the droplets
formation is due to the fragmentation of the large droplets ejecting from the pinhole.
This regime is defined as “super-critical regime”.
Figure 1- 1 also includes the separation line (the dotted line) of the helium velocity
varying from sub-sonic to supersonic. Above 6 K, helium crosses the velocity
separation line prior to the phase boundary line. That means after ejecting from the
nozzle, helium clusters are accelerated from sub-sonic to supersonic while expanding
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and cooling. However when T0 below 6 K, helium directly crosses the phase boundary
bypassing the velocity separation line, representing a new regime of helium droplet in
which helium is ejected from the nozzle as a liquid (23, 28).
The regime division according to the source temperature (T0) determines the droplets
size and the flux (see details in section 1.2.3), which in turn determines the different
applications of the helium droplets technique (as discussed in Chapter 2). However, no
matter in which regime, helium droplets would keep cooling themselves during the
expansion by evaporating the excess He atoms, each removing 5 cm-1 internal energy
from the droplet

(34)

. This process continues until the droplet reaches its equilibrium

temperature of 0.37 K (35-37), at this temperature the internal energy is not sufficient to
remove any He atoms from the droplet.

1.2.2 Superfluidity of HeDs
The superfluidity of helium droplets was proved by Toennies’ group

(36)

, who had

doped 4He droplets with the OCS molecule and had then recorded the infra-red
rotational spectrum. Well-resolved lines corresponding to the rotational transitions
from J to J – 1 and J to J + 1 (J = 0, 1, 2), where J is the rotational quantum number,
were observed in the wavenumber range 2061 cm-1 to 2063 cm-1. The line width is
about 0.02 cm-1. The generation of the distinct transition lines and their line width are
close to the spectrum recorded in gas phase. That means molecules trapped in 4He
droplets can rotate freely in a way similar to that in the gas phase, which indicates that
4

He droplets are superfluid. In comparison, the OCS rotational spectrum was also

recorded in 3He droplets whose equilibrium temperature is 0.15 K. At this temperature
3

He behaves as normal liquid whose transition temperature to superfluidity is 0.003 K.

Only one broad peak was observed at the corresponding wavenumber position in the
spectrum. These experiments therefore proved the superfluidity of 4He droplets.
Another remarkable feature observed in the rotational spectrum of OCS in 4He
droplets is the spacing between rotational lines is much smaller than in the gas phase.
This suggests a significantly increased moment of inertia

(23)

, because the energy
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spacing between two neighbouring rotational transitions for a linear molecular in the P
and R branches is equal to:
(1-1)

𝑃(𝐽) = 2𝐵(𝐽 + 1)

Where B is the rotational constant, equals to h2/8π2I, h is Plank constant, I is the
moment of inertia of the molecule and J is the rotational quantum number.
The increased moment of inertia derives from the attachment of helium atoms to the
dopant. By sequentially adding helium atoms into the OCS molecule, Toennies et al.
found superfluidity can only be observed when at least two layers of helium shells are
wrapping the dopant molecule which corresponds to 60 helium atoms. Fewer than 60
atoms, helium clusters would still behave as the normal fluid with viscosity hence
induce extra moment of inertia of the OCS molecule

(38)

. The experimental result

agreed very well with theoretical predication that the superfluidity occurs when a
droplet containing more than 64 He atoms (39).
In the same paper, the equilibrium temperature of the 4He droplet, which is 0.37 K,
was also experimentally determined by fitting the rotational line intensities to the
Boltzmann distribution. This also agrees with the theoretical results (35, 37).

1.2.3 Size of HeDs
The size of helium droplets is highly dependent on the pre-cooled source temperature
if other conditions, such as stagnation pressure and nozzle size, are fixed. During the
expansion process, the droplets are cooled from the source temperature to the
equilibrium temperature of 0.37 K by evaporating excess helium atoms. In the subcritical regime, the droplets size follows a log-normal distribution at each specific
source temperature (40). Whereas in the super-critical regime, the droplets size have an
exponential function distribution (41).
The average size of the droplets and their distributions at different source
temperatures are important for the applications of helium droplets. The average
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droplet size can be estimated by the average number of helium atoms <NHe> contained
in one droplet according to the relation (10):

where R is the radius of the droplet.

𝑅 ≈ 0.22 ∙ (𝑁𝐻𝐻 )1/3

(1-2)

The average number of He atoms in the droplet beam can be measured either by the
deflection technique

(42)

or the titration technique

(10)

. The former has been achieved

by doping a SF6+ ion into each He droplet and then electrically deflecting the beam into
a mass spectrometer, the angular distribution of the ion signal intensity, which
depends on the electron impact probability, can then be converted to the size
distribution. The latter estimates the number of atoms in a droplet by measuring the
He atom loss after colliding with the titrated gas.
The average size of helium droplets at various source temperatures has been
measured by Vilesov’s group at 20 bar stagnation pressure, as shown in Figure 1- 4.
Helium droplet size gradually increases as the source temperature drops in the subcritical regime and sharply rises up in the super-critical regime.

Figure 1- 4 Variation of the helium droplet size respect to the source temperature, reprinted
from Ref. (10). The data represented by the squares and circles are measured via titration
technique using collisional helium and argon gas respectively. The stars and triangles are the
data measured by the deflection technique (40, 42).
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It is worth mentioning that (see discussed in Section 2.3.1) our helium droplet system
is consistent with Vilesov’s system. Therefore the droplet size presented in Figure 1- 4
will be used as the reference to determine the droplets size in our experiments
demonstrated in the following chapters.

1.2.4 Pickup Process
It has been widely accepted that helium droplets are capable of capturing almost any
foreign species when they collide

(23, 26, 27, 33)

. Most of the atoms and molecules prefer

to be solvated in the droplets, however, alkali metals and alkaline earths materials
tend to reside on the centre of the droplet surface (43, 44) due to relatively weaker He–
M interaction (M represents for alkali and alkaline earth material)

(43, 45)

. This was

experimentally observed by the rotational spectroscopy of the HCN-Na complex in
helium droplets

(46)

. The rotational constant of HCN-Na complex is 55 times smaller

than that of HCN-Mg, which is, however, supposed to be similar in gas phase.
Therefore the explanation must be that the Na atom resides on the droplet surface so
that the rotational motion of the HCN-Na complex is greatly hindered by the droplets.
Due to the ultra-cold environment and ultra-high thermal conductivity of helium
droplets, the dopants would largely stay at their ground states in helium droplets after
releasing their kinetic energy and potential energy into the droplets through
evaporative loss of helium atoms. Since the average potential energy per He atom in
the droplets is 5 cm-1

(2-4)

, every electron volt excess energy will lead to the

evaporation of about 1600 He atoms from the droplets. Therefore there will be a size
limit of the dopants that can be added to each helium droplet.
The dopants can move freely inside of the superfluid helium droplets, therefore when
more than one atom/molecule is picked up by one droplet, they will bond into clusters.
To reach the optimum pickup conditions for a certain cluster size, the partial pressure
and the average size of droplets should be balanced, as will be discussed in detail in
Chapter 2. If we ignore the droplet size distribution during the pickup process, the

21

pickup probability of a specific number of the dopants can be represented by a Poisson
distribution:
𝑃𝑘 =

(𝜌𝜌𝜌)𝑘
𝑘!

(1-3)

exp(−𝜌𝜌𝜌)

where k is the number of dopant atoms/molecules being picked up, ρ is the number
density of the dopant, σ is the pickup cross section of the helium droplets beam and l
is the length of the pickup region

(28, 47)

. The pickup probability can be schematically

presented as in Figure 1- 5.

Figure 1- 5 The probability of the number of dopant atoms/molecules (k) being picked up by
helium droplets in response to the partial pressure. Graph is reprinted from Ref. (28).

Helium droplets will pick up any dopants or impurities on their pathways. Therefore
when helium droplets sequentially pass through more than one pickup region where
different types of dopants are present, binary clusters, such as HCN-H2
C2H2

(50)

and HF-Arn

H2O/N2 etc.

(51)

(48, 49)

, HCN-

etc., and core-shell structural clusters including H2O/O2 and

(52)

, can be experimentally formed and investigated. Particularly the

formation of core-shell clusters stimulates ambitions in forming core-shell
nanoparticles in helium droplets.
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1.2.5 Electron Ionization in HeDs
Electron impact ionization is the most widely used technique for detecting the dopants
trapped in helium droplets and thus plays a key role in mass spectroscopy (53-58), optical
spectroscopy

(59-64)

and configuration determination of the nanoparticle

(33, 65-67)

in

helium droplets. Besides the obvious dependency of the droplet flux and the
geometric cross section of the droplet, the cross section of the electron impact also
relies on the impact energy (IE) of the incident electron. The electron impact cross
section proportionally increases with IE, increasing from 24.6 eV (ionization threshold
of He) to 100 eV (17-22).
Basically, the electron impact collision of a helium atom can be explained by the elastic
collision mechanism

(68)

, in which, particularly for a He atom, the incident electron

equally delivers half of its excess energy to the two projectile electrons after fully
ionizing the He atom. The two projectile electrons fly back-to-back in most of the
cases, as illustrated in Figure 1- 6.

Figure 1- 6 Electron impact mode for a He atom.
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The helium droplet has a dense core with He atoms loosely bound in the outer shell.
There is a surface barrier, which is the energy that has to be consumed from an
incident electron before colliding and ionizing one He atom on the droplet surface. The
surface barrier of helium droplets is about 0.6 eV to 1.2 eV (69). There is an exponential
decay of the collision probability between an incident electron and the helium atoms
from surface to the interior (due to the geometric cross sections)

(70)

; therefore the

electrons are likely to collide with helium atoms near the surface of the droplets and
ionize He atoms before penetrating deeper into the droplets.
After being ionized, the charge near the surface will migrate to two possible terminals
via resonant hopping: (i) to the dopant which is normally trapped in the centre of the
droplet or on the surface

(28)

atom to form a He2+ core

(71)

(71-73)

; (ii) towards the droplet centre where attracting one He
. This charge hopping process occurs within in 60 – 80 fs

and the charge can hop in the droplets for an average distance of 34 Å

(70)

. The

generation of He2+ and dopant ions releases huge amounts of energy into the droplet,
causing massive fragmentation so that further charge hopping is prevented and the
dopants ions without He clusters attached can be dominantly detected

(71, 74, 75)

. In

other words, both processes terminate the charge transfer, leading to ions that are
ejected from the droplets.

1.2.6 Quantum Vortices
One of the unique features of superfluid helium is the existence of quantum vortices,
which is the circulation of the superfluid around a hole. The hole is a must because in
superfluid helium each atom needs to be identical; hence under rotation each atom
possesses the same angular moment. Consequently at the vortex core no helium atom
can stay in order to avoid zero-angular moment. Quantum vortex was first predicted
by Onsager (76), in whose theory the circulation can be quantized defined as:
𝜅=

ℎ

𝑀

(1-4)

𝜅 = ∮ 𝑣𝑠 ∙ 𝑑𝑑, vs is the circulation velocity, l is a closed path representing the vortex
ring, h is Plank constant and M is the mass of the superfluid. Calculations further
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suggest vortices can exist within helium droplets consisted by only a few hundred He
atoms (77, 78) and foreign particles can pin to the vortex line in the droplets (79, 80).
Experimental evidence of quantum vortices in bulk helium was first obtained by
Rayfield et al.

(81)

, by measuring the inverse proportional relationship between the

velocity of the ions doped in the liquid He and their energy, proving that ions circulate
with the vortex ring. Visual evidence was first seen in 2006 by bubbling the mixture gas
of hydrogen and helium through liquid helium (82). In the superfluid phase (T < 2.17 K)
arrays of the condensed hydrogen particles were observed showing that the particles
are pinned to the vortex line and the vortex core is about an angstrom in diameter.
The existence of quantum vortices in helium droplets had not been proved until
recently. Vilesov’s group first noticed the head-to-tail aligned Ag nano rods formed in
large helium droplets consisting of 107 – 1012 helium atoms. They attributed this
pattern as an indication of vortices existing in helium droplets (83). Later Spence et al.
provided solid evidence for the vortices existence with the similar experiments by
obtaining chains of spherical nanoparticles. Further addition of Si following Ag proved
that the alignment into a chain is intrinsic in the droplets (65). So other possible driving
forces of forming the chain structure such as the anisotropy of the nano rods and the
breaking up effect of the nanowire after impact to the substrate can be ruled out.
Direct imaging of quantized vortices in superfluid helium droplets has also been
achieved recently. Gomez et al. have imaged helium droplets embedded by Xe atoms
using X-ray diffraction technique (84). Until now all the evidence for quantum vortices is
observed in large helium droplets, i.e. in super-critical regime of helium droplets, there
is still no clue if they exist in sub-critical regime, despite the suggestion by theorists
that vortices should universally exist in all size of helium droplets (77, 78).

1.3 Spectroscopy in HeDs
The low-temperature environment is crucial in spectroscopy since the lower the
temperature, the more possibility that atoms/molecules can be constrained in low
quantum states, which makes the spectral peaks distinct and easy to assign.
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Additionally some chemical reactions can only happen at low temperature and hence
can only be investigated in a low temperature environment

(28)

. Currently two

techniques are widely applied to provide cold environment for spectroscopy study:
molecular beam technique and matrix isolation technique.
In the molecular beam technique, the target atoms/molecules are seeded in the
carrier gas such as Ar or He, and then the mixed gas is expanded under pressure into a
vacuum chamber and undergoing a supersonic expansion. The temperature is cooled
by two-body collisions during the expansion and the internal energy of the seeded
molecules is largely converted into translational energy. However, the quickly reduced
gas density in the vacuum eliminates the occurrence of multi-collisions so that the
cooling may not be completed and some of the “hot band” may confuse the output
spectra

(85)

. Another challenge existing in conventional molecular beam techniques is

the difficulty to produce the binary clusters which contain more than one species (23).
The reactions between the desired dopants are hard to control due to lack of isolation.
Matrix isolation, however, can freeze the target atoms/molecules in a cold
environment, such as Ar or H2, and the temperature can reach as low as sub-Kelvin
range (86). Since this technique normally involves co-deposition of the matrix and target
atoms/molecules into a solid matrix, any probing laser can be easily aligned to the
target. The biggest problem for this technique is the solid matrix provides a crystal
field i to the target atoms/molecules. The strong interaction between the targeted
species and the surrounding matrix significantly broadens the spectral line. Moreover
since being constrained in the solid crystal, the species cannot be mobile anymore
which makes it difficult to investigate the reactions between two or more types of
atoms/molecules.

i

Crystal field is induced by the surrounding electrons, such as the non-bonding electrons from ligands,
and effect on the transition metals trapped. The interaction between the surrounding electrons and the
metals breaks the degeneracies of the electron orbitals, usually d or f orbitals. In particular, sub-orbitals
with magnetic quantum numbers (ml) in d or f orbitals are split, causing the energy gaps in between.
Therefore electrons in the metal atom are re-coordinated in these sub-orbitals. And the product in
crystal field can be classified as high-spin or low-spin complex. Crystal field theory can successfully
explain some magnetic properties, colours, hydration enthalpies and spinel structures of transition
4
metal complex. He, due to its closed electron shell structure and highly constrained distribution of the
electrons around nuclei (small radius), eliminates the crystal field to the dopants trapped in.
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Helium droplet technique, as a combination of the conventional molecular beam
technique and the matrix isolation technique have the advantages over these two.
Firstly, due to its low equilibrium temperature of 0.37 K and ultra-high thermal
conductivity, dopants being picked up will be instantly cooled down to the ambient
temperature of helium droplets. Secondly, since superfluid helium remains liquid at
equilibrium temperature without any viscosity, dopants trapped in the helium droplets
can move freely and bind to form clusters; so each droplet provides ideal isolation for
the dopants. Thirdly, there is no crystal field in liquid helium matrix

(87)

. This is highly

important property for helium droplets, which not only greatly improves the spectral
quality but also dramatically benefits the cluster and nanoparticle formation which will
be discussed in detail in Chapter 4 and 5. In addition, helium droplets are transparent
to electromagnetic waves from the far IR to UV range (23, 28), making it suitable for most
of the spectroscopy required. Finally by carefully adjusting the source temperature and
the partial pressure of the dopants, precise control of the pickup conditions and thus
optimal pickup of the desired clusters can be achieved. Helium droplets can acquire
more than one type of materials so binary clusters and even core-shell structural
clusters can be formed in helium droplets.

1.3.1 Depletion Spectroscopy
The most widely used technique in recording the spectra using HeDs is the depletion
technique. Once the dopants in helium droplets are excited, the specific absorption
energy in most cases converts to heat. The heat is then dissipated by the droplets and
causes the droplet size to shrink; about 1600 He atoms will be evaporated by every eV
thermal energy.
Depletion spectroscopy was initially observed using a bolometer detector, which is
sensitive to the total energy of the incoming helium droplets

(62)

. Alternatively taking

advantage of electron ionization by an equipped mass spectrometer, ions can be
detected. The droplet size shrinkage reduces the electron ionization cross section thus
reducing the probability of the ionization of the helium droplet and the dopants
trapped in, which leads to the depletion of the number of ions detected by the mass
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spectrum at the resonant laser frequency. As shown in Figure 1- 7, when laser is fired
with the resonant frequency, around 15% of the total number of the ion counts is
depleted comparing to the counterpart when laser pulse is absent. The width of the
depletion is the fly time of the dopants travelling from the pickup cell to the ion
detector.
When laser scans across a wavelength range, optical spectra will be obtained with the
depletion peak appearing at the resonance wavelength.

Figure 1- 7 A typical depletion signal recorded by a quadrupole mass spectrometer. The
width of the depletion peak is the fly time of the ion from the pickup region to the mass
spectrometer.

1.3.2 Infrared and Electronic Spectroscopy in HeDs
The first spectroscopy experiment in helium droplets was reported by Scoles et al. in
1992 (62). Using a bolometer detector, they observed SF6 vibrational spectra. The halfwidth of the absorption lines are approximately 0.25 cm-1 which is much narrower
than in other matrices. Since then vibrational spectroscopy on molecules, clusters and
binary clusters isolated in helium droplets has attracted more attention. Special
examples include two important works carried out by Miller’s group, who used
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infrared (IR) spectroscopy to discover the formation of a cyclic structure of (H2O)6

(60)

and a chain structures formed by (HCN)n clusters (88) in helium droplets. Moreover the
IR spectrum of binary clusters of (HCl)m(H2O)n have been successfully studied in helium
droplets which is impossible to obtain the resolved spectra using other techniques (89,
90)

. This pioneering study opens up intriguing research in the science of the dissociation

process of the molecules in water (90).
All the previous IR spectroscopy work in helium droplets suggested that the shift of the
vibrational transitions in helium droplet system is limited to less than 10 cm-1
compared to the gas phase spectra, although the bands are somehow broadened.
Depletion techniques can also be used to record the electronic spectra of the dopants
inside helium droplets

(59, 64, 91)

. However, in contrast to the IR spectroscopy in which

the excited vibrational energy is normally rapidly released into helium droplet, causing
significant depletion spectrum, excess energy released from the electronic excited
states are usually much slower which restricts the depletion technique being used in
the investigation electronic spectroscopy of molecules embedded in helium droplet. In
some occasions, energy in electronic excited states does not transform to heat but
radiates in form of fluorescence. Therefore laser-induced fluorescence (LIF) technique
(92)

and resonance-enhanced multi-photon ionization (REMPI) technique

(93, 94)

are the

alternative means for the investigation of electronic spectroscopy in helium droplets.

1.4 Nanoparticles Formed in HeDs
Compared to the fruitful research on the spectroscopy, it was not until 2011 when
Vilesov et al. used helium droplets in the super-critical regime, with the average
droplets composed of 2.4 × 106 – 4 × 107 He atoms, to achieve another important
application for helium droplets technique – the formation of nanoparticles. The Ag
particles they deposited is within the range of 300 to 6000 Ag atoms according to the
TEM images

(95)

. A subsequent spectroscopy measurement on Ag nanoparticles

suggested one important phenomenon for particle aggregation in helium droplets –
multi-centre growth

(96)

, which occurs in large He droplets when the time between
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successive doping events is shorter than the time required for atoms aggregating
together, leading to the formation of a number of small particles in the droplets rather
than one large compact particle inside a helium droplet. This phenomenon is further
supported by our research which will be discussed in details in Chapter 2.
Core-shell structural nanoparticles were first synthesised in 2013 at Leicester by
sequentially passing the helium beam through two evaporators containing Ni and Au
respectively, where the core-shell structure was confirmed by the XPS analysis

(67)

.

Since the discovery of quantized vortices, our group has exploited the growth of 1D
nanostructures in superfluid helium droplets, taking advantage of quantum vortices
existing in the ultra-large helium droplets. These include Au, Ag, Si, Ni and Cr

(65, 66)

.

More recently core-shell structural Au/Ag nanowires were also synthesized in helium
droplets (97) following the same idea. Until now in addition to the materials mentioned
above, materials such as Mg (98), Al (58), have also been used in forming nanoparticles,
core-shell nanoparticles and nanowires in helium droplets.
Helium droplets provide a unique environment for nanoparticle growth. The ultra-cold
ambient temperature and ultra-high thermal conductivity cool all the atoms picked up
down to 0.37 K. Therefore not only solid material, but also liquid and gas which
normally cannot be used in forming nano materials in other techniques can be
condensed in helium droplets, hence can be the ingredients of nano materials.
Superfluidity allows atoms to freely move inside of droplets while maintaining their
temperature at 0.37 K. When atoms aggregate into nanoparticles one by one, the
process is out of thermal disturbance. Therefore nanoparticles formed in this way are
supposed to have perfect crystalline structure, which has been proved by high
resolution TEM images

(67, 99)

. In conventional ways of forming nanoparticles the

annealing process is always included, which aims for improving the crystalline
structure by rapid cooling. However, this cannot completely prevent defects emerging
in the crystalline structure which inevitably causes negative effects on properties of
the desired nano structures

(100)

. The ultra-high vacuum system eliminates the

impurities involved in the particle growth process and the isolation induced by the
inert helium further prevents the crystal field effect to the dopants, particularly for
those highly active materials, therefore the purity can be protected.
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As mentioned above, core-shell structural nano materials, which are normally a big
challenge in other techniques, can be easily realized by using helium droplets and the
inter-diffusion between the different layers can be minimized due to the ultra-cold
environment. It has been noticed that the size of nanoparticles formed in helium
droplets follows either log-normal or normal distribution

(67, 99)

with the majority of

nanoparticles of uniform size. The particle size can be easily controlled by adjusting the
droplets source temperature and dopants vapour pressure.
In summary, compared to the conventional methods of forming nanoparticles, such as
wet chemistry, lithography or chemical vapour deposition methods, the helium
droplets technique has its unique advantages:
i.

It is a highly versatile technique. There is nearly no limitation for materials
selection. Materials of solid, liquid and gas can all be applied to this technique
as long as they can be vaporized. Highly active materials can also be compatible
with this technique where their elemental purities can be maintained.

ii.

Perfect crystalline structures can be realized.

iii.

Nano structures formed in this way are free of contaminations.

iv.

Core-shell structures with minimum inter-diffusion can be generated.

v.

Particles formed have a narrow and tuneable size distribution.

vi.

Nano rods and nanowires can also be formed without seriously changing the
experimental set-up. Lowering the source temperature and regulating vapour
pressure simply make the formation possible.

However, there are two major drawbacks of this technique in forming nanostructures
at current stage:
i.

The particles struggle to grow larger due to the vortices existence and multicentre growth in large helium droplets. The largest nanoparticles grown in
helium droplets we observed until now is Ag nanoparticles, with a size of
limitation about 8 nm in diameter. For other materials, particles more
favourably aggregate into rods rather than spherical nanoparticles inside large
helium droplets.
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ii.

The production rate is relatively low, and it is much lower than wet-chemical
methods. The typical production rate is a few nano-grams per minute for
nanoparticle growth. Therefore in most cases the nanoscience in helium
droplets is restricted to proof-of-concept and/or generates high-standard
nanoparticles that need scaling up by other methods.

1.5 Magnetic Nanoparticles
Like other materials, magnetic materials at the nanoscale possess some extraordinary
properties compared to their bulk phase, such as superparamagnetism, enhanced unit
magnetization etc., which have great potential in applications in biomedicine
magnetic resonance imaging

(102)

, data storage

(103)

, optical filter

(104)

(101)

,

and energy

efficiency technologies. Besides the conventional synthesis methods such as wetchemical methods

(105)

and gas phase deposition

(106)

, helium droplets can also be

applied to magnetic nanoparticles synthesis, which will be exploited in this work.

1.5.1 Free Atom Magnetization
Although the origin of the atomic magnetization is still not fully understood, it is widely
accepted now that atomic magnetic moment originates from the magnetic moments
of orbitals and spin (107), which are generated as electrons travel around the nuclei in a
closed loop. The orbital and spin moments can be expressed as:
𝑒

𝝁𝑳 = − 2𝑚 𝑳
𝑒

𝑒

𝝁𝑺 = − 𝑚 𝑺
𝑒

(1-5)
(1-6)

µL and µS are the magnetic moments induced by the orbital and spin respectively; e
and me are the charge and mass of the electron respectively; L and S are the orbital
angular momentum and spin angular momentum respectively, their absolute values
are:
|𝑳| = �𝐿(𝐿 + 1)ℏ

(1-7)
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|𝑺| = �𝑆(𝑆 + 1)ℏ

(1-8)

where L is the total orbital angular momentum quantum number given by the sum of
the magnetic quantum number ml; S is the total spin angular momentum quantum
number. Only unpaired electrons can contribute to the magnetic moment, each has a
spin quantum number of ms = 1/2. The paired electrons occupying the same suborbital according to Pauli’s exclusion principle should have anti-parallel spins,
therefore giving rise to a spin quantum number S = 1/2 – 1/2 = 0.
The overall atomic magnetic moment has a contribution from both orbital and spin;
therefore spin-orbital coupling would play an important role in determining the atomic
magnetic moment. The spin-orbital coupling can be schematically illustrated in Figure
1- 8. J is the total angular momentum which equals the vector sum of L + S, and its
absolute value is:
|𝑱| = �𝐽(𝐽 + 1)ℏ
𝐽 = |𝐿 ± 𝑆|

(1-9)
(1-10)

The +/- sign in Equation (1-9) is determined by Hund’s rulesii.

Figure 1- 8 Schematic of atomic magnetic moment from spin-orbital coupling.
ii

Hund’s rules were proposed by Friedrich Hund in 1927, which are the rules for electron configuration
of the ground state of a multi-electron atom. The three rules are:
1) Electron configuration should maintain the largest possible multiplicity which equals 2S+1 to settle
to its minimum energy, S is the total spin quantum number for all electrons. Therefore S should be
as large as possible.
2) For a given multiplicity, the minimum energy criterion requires the total orbital quantum number L
to be as large value as possible.
3) Having decided L and S values according to rules 1) and 2), the total quantum number J can be
determined by the L-S coupling scheme, which is J = L – S for electron shells that are less than half
full and J = L + S for shells that are more than half full.
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As the coefficients of L and S in µL and µS are not equal, the total magnetic moment is
not parallel to the total angular momentum. Actually the total magnetic moment µtot =
µL + µS can be regarded as rotating around J, resulting in a permanent magnetic
moment µeff that can be calculated by combining Equation (1-4) to (1-8), given as:
𝑒

𝝁𝒆𝒆𝒆 = −𝑔(2𝑚 ) 𝑱

g is called Landé g-factor, which equals:

3

𝑔 =2+

𝑒

𝑆(𝑆+1)−𝐿(𝐿+1)
2𝐽(𝐽+1)

(1-11)

(1-12)

From the discussions above, the direction that µeff points is determined by the
direction of J, which however, can point to any direction in the three dimensional
space without an external magnetic field. When an external field B is applied, atomic
magnetic moments will respond accordingly.
Assuming B is aligned to z axis, the component of J along z axis is defined by:
|𝑱𝒛 | = ℏ𝐽

(1-13)

|𝝁𝒛 | = 𝑔𝑔𝜇𝐵

(1-14)

Therefore the theoretical limit of an atomic magnetic moment (along z axis) can be
deduced as:

µB, called Bohr magneton, equals to -eħ/2me ≈ 9.27 × 10-21 emu.
For a given J, there are 2J+1 discrete magnetic energy levels from –JZ to JZ with integer
spacing. When all the atoms in a system simultaneously stabilize at the minimum
magnetic energy level –Jz, the system possesses the maximized magnetization 𝑁𝑁𝑁𝜇𝐵

(N is the number of atoms). This state is called magnetic saturation, as shown in Figure
1- 9 (a). At the ground state, the electron configuration strictly follows Hund’s rules
with the maximal J and the minimum –Jz energy level. Therefore the saturation can
reach the globally maximizing magnetization. At higher temperature, thermally excited
electrons break the Hund’s rules. Consequently a lower J value notated J’ is expected,
whose z component can be notated as Jz’. Therefore the system can only potentially
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reach a lower saturation of 𝑁𝑁𝑁′𝜇𝐵 when all atoms are populated at the local

minimum magnetic energy level – Jz’.

Figure 1- 9 (a) Illustration of the occupation of Jz energy level by atomic magnetic moments
when saturation, taking Mn as an example whose J = 5/2. (b) The occupation at Jz energy
level of magnetic moments in the process of magnetizing. (c) A macroscopic view of the
magnetizing process. Every blue arrow corresponds to a discrete energy level. θ is the
ultimate angle of an atomic magnetic moment can rotate towards the magnetizing direction
(z axis).

In order to reach the saturation state, the external magnetic field need be sufficiently
strong, thus can override the thermal disturbance. When the strength of the external
magnetic field is comparable with the thermal disturbance, i.e. the material is in the
process of being magnetized, atomic magnetic moments will have some probability
occupying higher Jz levels (Figure 1- 9 (b)). Therefore to reach saturation, stronger
external magnetic field is needed to populate all the atoms to the minimum -Jz
magnetic energy level. Taking a macroscopic view, the magnetizing process can be
regarded as the atomic magnetic moment µeff rotating towards z axis, driven by the
external field B. The measured magnetization is the projection of the µeff onto the z
axis. The saturation state corresponds to the angle limitation that µeff and z can reach,
as shown in Figure 1- 9 (c).
In summary, the electron configuration of an atom and hence the value of J and µeff
depend on the temperature; while the angle (θ) between µeff and z, hence the
measured magnetization µz for a fixed temperature are determined by the intensity of
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external field B. The temperature and external field dependence of the atomic
magnetic moment can be deduced according to Brillouin Function as (107):

where 𝑦 = (

𝐽𝐽𝜇𝐵 𝐵
𝑘𝑘

).

|𝝁| = 𝑔𝑔𝜇𝐵 �

2𝐽+1
2𝐽

coth �

2𝐽+1
2𝐽

1

𝑦

(1-15)

𝑦� − 2𝐽 coth(2𝐽)�

1.5.2 Magnetism Measured in a Many-atom System
From the discussion above, it is known that magnetism originates from the unpaired
electrons. Therefore magnetism is normally observed in 3d and 4f (rare earth)
transition metals due to their high number of unpaired electrons. For 4d and 5d
metals, which also contain large numbers of unpaired electrons, no obvious
magnetism can be observed. The reason for this contradiction is still unclear, yet it is
widely thought to be due to strong spin-orbital coupling or d-d hybridization (108, 109). In
this section, we start to illustrate the magnetism in the many-atom system, from
clusters to the bulk phase, which is the magnetism that can be measured by a
magnetometer and applied in reality. Currently, we will only concentrate on the 3d
and 4f materials.
According to Equation (1-14), the theoretical limit of atomic magnetization at the
ground state can be calculated. The outcome of this calculation matches pretty well
with the experimental results measured at 0 K for 4f (rear earth) metals and the
fulfilled ions of 3d materials such as Gd (110), Dy (111), Mn2+, Eu2+ (112), Cr3+, Fe3+ and Gd3+
(113)

. Table 1- 1 shows the comparison between the theoretical and experimental

atomic magnetization for selected materials. For unfilled ions of 3d materials, such as
V2+, Cr3+, Mn4+, Cr2+, Mn3+, Fe2+, Co2+, Ni2+ and Cu2+ etc., the measured magnetization is
far below the theoretical value predicted by Equation (1-14)

(107)

. However, when

considering only the spin contribution to the magnetization, the two values are much
closer. That suggests the orbital contribution to the magnetization has been quenched
for 3d metals.
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The orbital quenching is thought to be due to the crystal field. 3d electrons have a
higher probability of extending into the outer shell, so they are more likely to generate
chemical bonds due to the strong interaction with the environment. Therefore only
the spin should be responsible for the aroused magnetic moment. In contrast, since
the 4f electron density is more concentrated within the 5s-p orbitals, atoms of 4f
materials are more isolated. Therefore the magnetization of the rare earths is more
free-atom-like.

Table 1- 1 Comparison between experimental and theoretical value of atomic magnetization
of selected 4f metals and fulfilled 3d ions.

*This value is calculated via effective magneton number known as 𝒈𝝁𝑩 �𝑺(𝑺 + 𝟏), where
only spin is counted.

For 3d metals, particularly the ferromagnetic material of Fe, Co and Ni, the magnetic
property becomes more complicated. It is observed that once the atoms start to
cluster the magnetization of the system quickly decays from the atomic value, and can
never return to the atomic value

(114)

. Even if taking off the orbital contribution, the

measured magnetization is still much lower than the expected value

(107)

. This is

because the high density 3d electrons appearing in the outer space easily bond
together, so that the discrete energy levels are broadened to energy bands. In these
bands, electrons of both spin up and spin down co-exist, both with varying distribution
of the density of states. When polarized by a magnetic field, some of the spins will
reverse their orientation to align with the external field, resulting in the imbalance of
the populations of the two spins. In this case not all the unpaired electrons in the free
atom can contribute to the magnetism, the detected magnetization derives only from
the net spins as: 𝜇 = (𝑛1 − 𝑛2)𝜇𝐵 , n1 is the number of majority spins which orientate
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to the same direction with the magnetic field, n2 is the number of spins orientating
oppositely

(107)

. That means the magnetic contribution from spin is also partially

quenched in 3d transition metals.
When the 3d atoms keep aggregating beyond the cluster scale to the bulk phase,
magnetic domains start to form and the magnetism is reduced to a fixed value for each
specific material, as listed in
Table 1- 2. Magnetic domains are very small regions inside which all the atomic
moments point into one direction. Magnetic moments in different domains have
different orientations in order to decrease the total magnetic energy, although at the
domain boundary the misaligned moments cause the exchange interaction to increase.
The domain size is determined by the minimum total energy as a compromise between
the magnetic energy and exchange interaction. Consequently under an external field,
the stimulated magnetic moments in a bulk phase metal cannot be fully aligned,
resulting in the quenched magnetization.
The magnetization of bulk phase ferromagnetic metals, Fe

(115)

, Co

(116)

and Ni

(117, 118)

measured at 0 K in comparison with the theoretical values are shown in
Table 1- 2, it can be noticed that even ignoring the orbital contribution, the measured
magnetizations in bulk phase still deviate significantly from the atomic theoretical
limit.
Table 1- 2 Comparison between experimental and theoretical value of atomic magnetization
of ferromagnetic metals including the theoretical magnetization after orbital quenching.

1.5.3 Types of Magnetic Materials
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Equation (1-15) suggests the atomic magnetic moment only arises under an external
magnetic field. When B = 0, the magnetic moment is extinct, this represents the case
where there is no interaction between the magnetic moments of the neighbouring
atoms, so that the atomic magnetic moments can randomly point in any direction with
equal probability. Therefore the overall magnetic moment has been cancelled out. A
material that behaves like this is known as paramagnetic material, for example Mg, Al
and Na etc..
For materials with fully filled electron shells, under the influence of an external
magnetic field, there will be no net spin and the moving electrons will generate a weak
magnetic moment antiparallel to the external field, according to Lenz’s law. The
internal resistant magnetic field will disappear when the external field is absent. These
materials are classified as diamagnetic, such as N2, Au and Ag.
For transition metals with large number of unpaired 3d electrons, Equation (1-14) and
(1-15) can no longer be used to predict the magnetization of the system containing
more than one atom, because the electron cloud of 3d electrons has a large radius and
the exchange interaction between the neighbouring magnetic moments cannot be
neglected. Exchange interaction is a short-range interaction, only occurring between
neighbours and is a purely quantum effect (107).
Assuming two neighbouring atoms with the total spin momentum of S1 and S2
respectively, the exchange interaction can be expressed as:
𝐸𝑒𝑒 = −2𝐽𝑺𝟏 ∙ 𝑺𝟐

(1-16)

J is called exchange constant, which can be either positive or negative corresponding
to the parallel alignment favoured or the anti-parallel alignment favoured magnetic
moments excited by the external magnetic field. Only spins are taken into account
here because of the orbital quenching by the crystal field. The exchange interaction is
in the magnitude of a few eV, significantly stronger than the magnetic dipolar
interaction which is normally about 2.5 × 10-6 eV (119).
The function presenting the relationship between the value of J and the inter-atom
separation is known as Bethe - Slater curve (120). As seen in the Figure 1- 10, clearly two
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groups of materials can be classified according to the sign of the exchange constant
among 3d transition metals (Cr, Mn, Fe, Co and Ni). rab is the equilibrium distance
between atom a and b, rd is the atom radius up to d orbital.

Figure 1- 10 Bethe-Slater curve demonstrating the value of exchange constant in function of
the inter-atom separation of different element. Figure is reprinted from Ref. (121).

Elements with negative J and smaller inter-atom separation are classified as
antiferromagnetic materials, such as Cr, Mn and NiO. For antiferromagnetic materials,
each stimulated magnetic moment orientates anti-parallel to its closest neighbour to
maintain the minimum total energy. Therefore a bulk antiferromagnetic material does
not manifest any magnetism.
Whereas for ferromagnetic materials corresponding to positive exchange constant,
such as Fe, Co and Ni, the magnetic moments tend to align in parallel to each other.
Consequently the exchange interaction between the neighbouring atoms generates an
internal magnetic field so that remanent magnetization can be detected after the
external magnetic field is removed, which is a typical character of ferromagnetism (107).
Another typical feature for ferromagnetic material is the saturated magnetization can
be achieved at a moderate magnetic field, i.e., at a magnetic field, normally below 2 T,
the stimulated magnetization can reach the maximum and cannot be further enhanced
no matter how large the external magnetic field further increases. This saturation
character is also a consequence of exchange interaction

(107)

. As suggested by the

Brillouin Equation (1-15), y needs to approach infinite high to result in a saturated
magnetic moment µ for a free atom, i.e., µBB >> kT. However, a simple calculation will
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suggest that requires B >> 447 T at room temperature. This is inconsistent with the
practical observations where ferromagnetic materials can be easily magnetized to
saturation at room temperature. Fundamentally it is the ferromagnetic exchange
interaction which assists to align the magnetic moments inside of the materials so that
the saturation can be achieved under a moderate magnetic field. In contrast, the
Brillouin Function is only valid for predicting the magnetism of a paramagnetic material
in which the exchange interaction is absent. Therefore it is almost impossible to
magnetize paramagnetic material to saturation.
One critical feature that can be read from the Bethe–Slater curve is that the exchange
interaction, thus the magnetic ordering, both depends on the inter-atom separation.
Ferromagnetic ordering forces the neighbouring atoms to be repulsive to each other,
thus corresponds to the longer inter-atom distance. In contrast, antiferromagnetic
ordering attracts the neighbouring atoms closer, resulting to a shorter inter-atom
separation. For both anti-ferromagnetic and ferromagnetic material, longer interatom separation will result to a weaker exchange interaction. For antiferromagnetic
material, larger inter-atom separation will weaken the antiferromagnetic ordering
between atoms, or even reverse flip them to ferromagnetic ordering. For
ferromagnetic material, when inter-atom separation further enlarges, the exchange
interaction quickly decays, and atom involved in the system returns to the free-atom
style, such as for rare earth material. All of these deductions can be obtained from
Figure 1- 10.
Both antiferromagnetic and ferromagnetic properties are temperature dependent,
which tend to be paramagnetic at high temperature. This is because high temperature
thermally disrupts the order of the magnetic moments inside of the materials, so that
the magnetic moments have equal probability of orientating to all the possible
directions and no net magnetization can be detected when the external magnetic field
is absent. The transition temperatures of paramagnetism to antiferromagnetism and
ferromagnetism are known as Néel temperature (TN) and Curie temperature (TC),
respectively.
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Another member in the group of magnetic materials is called ferrimagnetic materials,
which are similar to antiferromagnetic materials is that the magnetic moment
stimulated by an external field will orientate opposite to its closet neighbour, but the
moments amplitudes are not equal

(122)

. Therefore a spontaneous magnetization

remains under external field. The most common examples of ferrimagnetic materials
are ferrite, such as Fe3O4. A simple schematic illustration of the magnetic moments
under the influence of an external magnetic field for ferromagnetic, anti-ferromagnetic
and ferrimagnetic materials are shown in Figure 1- 11.

Figure 1- 11 Magnetic moments display with the existence of external magnetic field in (a)
ferromagnetic materials; (b) anti-ferromagnetic materials; (c) ferrimagnetic materials.

1.5.4 Magnetic Material at Nanoscale
At nanoscale the magnetic properties of materials show dramatically different
properties when compared to their bulk phase. For instance, a diamagnetic material
such as Ag (123) and Au

(124, 125)

can have weak magnetism in small clusters, due to the

contribution from the unpaired 5s and 6s electrons that can no longer be neglected at
such scale. Antiferromagnetic nanomaterials can show certain magnetism in all
temperature range due to the uncompensated spins locating on the surface

(126)

.

Meanwhile ferromagnetic (FM) materials at nanoscale become superparamagnetic
(SPM) below the Curie temperature

(127)

. SPM has recently attracted more and more

attention in scientific research, since its great potential in applications of drug delivery,
magnetic hyperthermia and being a contrast agent in magnetic resonance imaging
(MRI) etc. (127).
As shown in Figure 1- 12, M-H curve reflects the detected magnetization M of the
sample in response to the external magnetic field H. For ferromagnetic materials in the
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bulk phase, M-H curve presents as the hysteresis loop with the saturated
magnetization at high H value, the remanence magnetization for H = 0, and the
coercivity value HC as the threshold external field that material can start to be
demagnetized. While at the nanoscale, thermal influence becomes dominant relative
to the internal magnetic field when the external field is removed. As a result the M-H
curve will pass through the origin point, with no remanent magnetization when the
external field is switched off. On the other hand, the magnetic susceptibilityiii of the
nanomaterial is still as high as its bulk value, so they can be easily magnetized to
saturation. This kind of materials is known as the superparamagnetic materials.

Figure 1- 12 M-H curve expression of the transition from ferromagnetic material in bulk
phase to superparamagnetic material at nanoscale.

1.6 Aim and Structure of the Thesis
As a blooming experimental technique, at current stage helium droplet is mainly used
within two areas of study, specifically in areas of spectroscopy study and
nanostructure formation. Helium droplets can behave as an ultra-cold matrix with
superfluidity to freezing molecules in the spectroscopy study, which has been proven
to be an irreplaceable technique since 1990s. On the other hand, helium droplet has
been developed as a versatile technique for nanostructures growth in the last few
years, which provides a cold and disturbance free environment for nanostructures
iii

Magnetic susceptibility reflects the ability of a material being magnetized, which can be
𝑀
mathematically expressed as: 𝜒 = .
𝐻
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aggregating atom by atom. By this means, this thesis focuses on a series of study which
aim to penetrate deeper in the applications of the helium droplets technique, covering
both of the mainstreams.
In Chapter 2, the apparatus of the helium droplets system equipped in the University
of Leicester and all the characterization equipment involved in this project will be
introduced in detail. Particularly we will systematically demonstrate our effort on how
to synthesize nanoparticles and control its growth in helium droplets.
In Chapter 3, we will present our pioneer study on the dissolution process by
sequentially doping NaCl and H2O molecules into helium droplets. The complex
molecules are investigated by Infra-red spectroscopy within the O-H stretching region,
from which the boundary structure of the dissolution occurrence can be determined.
In Chapter 4, the quantum vortex in helium droplets will be studied. Solid evidence of
the existence of the quantum vortex will be given by observing the nanoparticles
aggregation along the vortex line. Taking advantage of the quantum vortex, helium
droplets can perform as a highly versatile nano-reactor to produce 1 dimensional
nanostructure without material limitation, which will also be demonstrated in this
Chapter. Additionally the trace of the high order quantized vortex in helium droplets
will be discussed.
Finally in Chapter 5, we will present the first attempt in the world to produce the
functional

nanostructures

in

helium

droplets,

i.e.,

to

generate

magnetic

nanoparticles/nano wires. Both anti-ferromagnetic and ferromagnetic materials will be
taken into concern, taking chromium (Cr) and nickel (Ni) as examples respectively.
Both Cr and Ni samples synthesized perform much stronger magnetism than the
counterparts formed by conventional methods, which indicates great potential for the
applications in the future.
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Chapter 2
2 Experimental Apparatus and Characterization
2.1 Overview of the Helium Droplet Source

Figure 2- 1 shows the block diagram of the UHV helium droplet apparatus that has
been used in this project. Metal-sealing using copper gaskets are employed instead of
O-rings to achieve ultra-high vacuum, which is the essential for the synthesis of highpurity nanoparticles without the contamination of the water and other residuals in
background. In addition, to fully avoid oil contamination, the vacuum system is
evacuated by Maglev turbomolecular pumps and is backed up by scroll pumps.

Figure 2- 1 Block diagram showing the overall chamber configuration of the helium droplets
system. (a) helium source; (b) skimmer; (c) pick- up cells; (d) deposition monitor and shutter;
(e) deposition station; (f) load-lock chamber; (g) quadrupole mass spectrometer; (h) He/Ne
laser for alignment of the chamber.

The apparatus can be divided into three sections: source chamber, middle chamber
which includes the pick-up chamber and the deposition station and mass
spectrometer, isolated by two gate valves. When both valves are closed, the mass
spectrometer chamber can be vacuumed to 10-10 mbar, and the middle chamber can
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reach low 10-9 mbar. For the source chamber, the pressure can be maintained at 10-6
mbar at the room temperature with a stagnation pressure of 15 bar.
The key components assembled inside of the UHV helium droplets system is
schematically shown in Figure 2- 2. A key apparatus in the helium droplet source is a
close-cycle cryostat (Sumitomo RDK-415D) in the source chamber, which is used to
pre-cool the helium gas expanded through a pinhole nozzle. The nozzle is a 5 µm
diameter disk (Pt/Ir (95/5) electron microscope aperture produced by Frey Precision)
with a 5 µm circular aperture and a thickness of 2 mm. This disk is sandwiched
between a copper cylinder with a 1 mm diameter straight channel cut through its
centre, and a copper face plate with a 0.5 mm diameter aperture and conical angle of
90° extending outwards in to the vacuum chamber. The sealing between the nozzle
and the copper cylinder is achieved by using an indium sheet.

Figure 2- 2 Schematic of the UHV helium droplets for the synthesis of nanoparticles.

Within the cryostat, the high-purity helium gas (99.9999%) can be pre-cooled to as low
as 2 K. To fully control the temperature in the range of 4 – 300 K a button heater is
attached to the nozzle body, which can control the temperature of the nozzle through
a balance of heating (by the heater) and cooling (by the cryostat). A temperature
controller (LakeShore 336) is then used to stabilize the source temperature through a
PID control, offering a minimum temperature variation of ± 0.2 K after optimizing the
PID control of proportional, integral and derivative values. When expanded through
the nozzle, helium gas experiences a supersonic expansion, which further reduces the
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temperature of helium gas, leading to the formation of helium droplets (HeDs). Helium
droplets are then collimated into a droplets beam by passing through a 0.5 mm
diameter skimmer. In addition, an XYZ manipulator is mounted on the cryostat with a
DN CF150 port, which allows the helium beam to be precisely aligned all through the
apparatus at real time. The nozzle-skimmer distance is usually 15 – 20 mm.
When the helium droplet beam enters the pick-up chamber, the droplets can pick up
atoms and molecules in the gas phase when they encounter, and sequential pickup of
more than one material is possible when the droplets travel through different pickup
regions. In this case binary molecule clusters and/or core-shell structural nanoparticles
can be formed.
There are two types of pick-up cells used in our experiments. The first is the stainless
steel cell that is used to add liquid and/or gas samples with/without additional heating.
The stainless steel cell has a central axial hole with an inner diameter of 6 mm,
allowing the helium beam to travel through and capture impurities. Solid samples with
relatively high vapour pressures can be loaded directly inside the tube; while gaseous
and liquid samples can be externally prepared and fed to the tube through Swagelok
connections. In the latter case a needle valve is employed to adjust the partial
pressures of liquid/gaseous samples in the pickup region in order to control the doping
rate.
The other type of pick-up cells is high-temperature ceramic oven resistively heated by
Ta wires. The oven is 70 mm long with 22 mm outer diameter and 14 mm inner
diameter. The external surfaces have been carved with fine grooves where Ta wires
can be fitted. On each end, a ceramic wafer is pasted to the oven to prevent the
material flow, with a 6 mm hole in the centre to allow the helium beam travelling
through. The details of the ceramic oven can be seen in Figure 2- 3. Tantalum wires are
chosen rather than tungsten because they are more flexible, and can be easily
wrapped around the grooves. High-temperature alumina glues are then pasted on the
grooves in order to enhance thermal conduction between the wire and the alumina
cell. The oven can reach a temperature up to 1950 K, which is capable of evaporating a
wide range of materials. To reduce the heat load to the vacuum system, we have used
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water cooling pipes surrounding the alumina cell. Finally, an alumina lid with 6 mm
hole is mounted at each end of the oven to eliminate the free diffusion of the
evaporated materials and also to concentrate the heat within the oven.

Figure 2- 3 Left: The configuration and dimensions of the ceramic oven used. Right: Oven at
working in the vacuum chamber.

So far a maximum of 4 ovens have been placed in the pickup region and potentially a
few more ovens can be inserted. Downstream to the pick-up region is a thin film
deposition monitor with a shutter mounted on the front face. The shutter can be
manually controlled to block the helium beam when necessary, in order to precisely
control the deposition time of nanoparticles. The thin film deposition monitor can be
manipulated by a one-dimensional translating arm, and can be translated across the
helium droplet beam. The working principle of the thin film deposition monitor will be
described in the next section.
As shown in Figure 2- 1 and Figure 2- 2, further downstream a deposition station is
employed with which the deposition target can be loaded or unloaded without
breaking the vacuum through a load-lock system, i.e., a separate vacuum system that
can be isolated from the UHV helium source by a gate valve. Sample substrates can be
fixed to the baseplate attached to a magnetically coupled translation arm when the
gate valve is shut and the load-lock chamber is opened to air. After uploading the
deposition targets, the load-lock chamber can then be evacuated by a turbomolecular
pump (50 L/s) before translating samples into the UHV chamber. At a pressure of 10-6
mbar the gate valve between the load-lock chamber and the UHV helium source can
be opened to allow the deposition targets being translated into the deposition region.
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A XYZ manipulator mounted on the opposite side of the pick-up chamber can then
receive the baseplate through a “click-lock” mechanism. The translational arm can
then be withdrawn from the UHV chamber and the gate valve can be shut. A reverse
procedure will be applied after the deposition, allowing the deposition targets being
removed from the vacuum for investigations.
Two sets of sample holders have been used to clamp substrates in position: one is for
TEM substrates (3mm diameter carbon thin film disk with meshed Cu grids) and the
other is for clamping rectangle polyether ether ketone (PEEK) substrates used for large
amount sample deposition. For TEM substrates, the sample holder has a 3 × 3 array for
loading multiple substrates. At the centre of the sample holder is a through hole with
slightly larger aperture, which allows helium droplets to pass through. Alignment of
the helium droplet beam through the centre of this aperture can be achieved by
monitoring helium gas signal in the mass spectrum. The hole position can then serve as
the reference to precisely target all the TEM substrates during the deposition. For PEEK
substrate, a hollow frame with a girder in the middle can hold two substrates to the
substrate holder, one of which can be moved to the axis of helium droplet beam for
deposition.
Beyond the deposition station, helium droplets will enter the quadrupole mass
spectrometer (QMS) through a second skimmer (2 mm aperture). On the very end of
the quadrupole chamber, a quartz observation window is mounted to a CF40 port.
Therefore the He/Ne laser beam can be guided through to align the apertures in the
UHV chambers, including 2 skimmers and ovens/pickup cells using as the reference.
The picture of the UHV helium droplet system is shown in Figure 2- 4.
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Figure 2- 4 The UHV helium droplet source for the synthesis of nanoparticles.

2.2 Detection Equipment
2.2.1 Quadrupole Mass Spectrometer
A quadrupole mass spectrometer (Extrel MAX-4000) has been used to characterization
of helium droplet source and the pickup of molecules/atoms (see Figure 2- 1 and
Figure 2- 2), which provides useful information for the pickup condition, in particular,
in the formation of nanoparticles. The mass spectrometer is equipped with an electron
impact ionization source, where continuously emitted electrons can ionize
molecules/atoms and their clusters via a charge transfer mechanism when they
impinge on the droplets

(70)

. The electron impact energy (IE) is normally set between

the range of 60 eV to 90 eV depending on experiment conditions and dopants. The
resolution of the impact energy is ± 1 eV.
After being ionized, the ejected cluster and molecular ions can be directed into the
quadrupole region through a series of ion optics. In quadrupole region, the ions fly up
through a DC ramp voltage and an RF voltage varying with time. At a specific RF
voltage, ions of a particular mass to charge ratio (m/z) are allowed to pass through,
which are then detected by an ion counting device, the channeltron. As the RF voltage
changes, ions of different m/z are detected and an overall mass spectrum covering a
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certain m/z range can be obtained. The signal can be enhanced by an analogue or a
digital preamplifier, and can be displayed in Merlin software.
The QMS is capable to detect the mass range up to 4000 m/z. A typical mass spectrum
recorded is shown in Figure 2- 5, which shows prominently the helium clusters. The
spectrum shows a very weak water monomer peak at m/z = 18, and trace N2 and CO2
at m/z = 28 and 44 respectively, which means the UHV system is free of contamination.

Figure 2- 5 Mass spectrum of pure helium droplets (6 < m/z <100), recorded at T0 = 12 K, P0 =
15 bar, IE = 70 eV.

In spectroscopy measurement, the ion signal at a particular m/z can be monitored as a
function of time using single ion mass (SIM) scan function, which allows the optical
spectrum for a single mass channel being detected. The m/z width and accumulation
time can be tuned in Merlin software.
SIM scan is a very useful tool for the alignment of helium droplet beam and
optimization of the pickup conditions. For example, it can be used to monitor the realtime changes on the ion signal, which provides a good reference to align the helium
beam, i.e., by maximizing the helium signal (normally helium dimer signal) with respect
to the different nozzle positions. On the other hand, it can be used to show the
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variation of a particular ion channel at different pickup conditions, e.g. by varying the
source temperature and the doping rate. Therefore the optimum combination of the
experimental set-up can be determined. The influence of the free diffusion from the
metal oven can also be inspected by comparing the gas phase mass spectra (when the
gate valve close to the source chamber is shut) and the mass spectrum of doped
helium droplets. It is suggest by the comparison that the free diffusion influence can
be neglected in our project, and only the helium droplets picked up dopants can reach
to the deposition target and the quadrupole mass spectrometer.

2.2.2 Laser System for Spectroscopy
The optics configuration and working principle of OPO/OPA laser is schematically
shown in Figure 2- 6. A Nd:YAG laser pumped OPO/OPA laser has been employed to
excite molecules embedded in the droplets and the optical spectroscopy is detected
using a depletion technique. The repetition rate of the Nd:YAG laser is 10 Hz, and the
emission at 1064 nm is used as the pumping source with a horizontal polarization. The
pump laser first passes through a beam splitter and split into two beams. One is
frequency doubled to 532 nm and then oscillates in OPO stage consisted of a plain
mirrors cavity with a KTP crystal in the middle. The KTP crystal converts the radiation
into two beams with different frequencies. The higher frequency beam is known as
signal beam with horizontal polarization and the lower frequency beam is termed as
idler beam with vertical polarization. After radiated from OPO stage, the signal beam is
dumped and the polarization of the idler beam is flipped when they pass through a
variable half-wave plate (Wp). And then the horizontal polarized idler beam enters the
OPA stage.
The other beam from the beam splitter is directed through a delay stage before
combining with the idler output from the OPO stage. The combined beam then passes
through an OPA stage containing four KTA crystals, producing two additional signal and
idler beams via difference frequency mixing. As exiting from the OPA stage the mixed
beam consisted by the residual 1064 nm pump, signal and idler beam co-propagate
into a dichroic (Dc) where the residual 1064 nm beam is removed. A Brewster “stack of
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plates” polarizer is positioned in the downstream to isolate either the vertically
polarized idler beam in the mid-IR range or the horizontally polarized signal beam in
the intermediate range.
The OPO/OPA laser is capable to generate laser of the near-IR range (710 nm – 845
nm), intermediate IR range (1.3 µm – 2.1 µm) and mid-IR range (2.1 µm – 5 µm) by
adjusting the orientation of the 532 KTP crystal and four 1064 KTA crystals, with a
resolution of 2 cm-1. The precise orientation control of the crystals is achieved by
software-controlled motors.

Figure 2- 6 Optics configuration and working principle of OPO/OPA laser.

Through several prisms and lenses the laser beam is steered into the UHV chamber,
where it counter-propagates against the helium droplet beam. To achieve the maximal
overlapping of the laser light to the helium droplet beam, a combination of concave
and convex lenses have been used to focus the laser beam. The focus point is tuned
right in front of the pick-up cell.
A two-channel photon counter (SR400) is used to process the signal from the
channeltron and count the ions flux. Two gates with the different time delays are set
to collect the respective ion counts in order to obtain the depletion signal. One gate is
set when laser fires, and its duration is set equal to the flight time of the helium
droplets from the pick-up cell to the quadrupole chamber. The other gate has the
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same duration but it measures the ion count when the laser is absent. Generally 400
counts in each gate are accumulated in order to obtain decent signal/noise ratio. The
vibrational intensity of the dopants can then be correlated to the ion counts difference
between the two gating channels.

2.2.3 TEM Imaging
Transmission electron microscopy (TEM) is a microscopy technique taking advantage
of the much shorter wavelength of electron compared with light to overcome the
Abbey diffraction limit iv. When a highly focused electron beam emitted from the
electron gun transmits through an ultra-thin specimen, the image is obtained due to
the interaction between electrons and the samples, for example, heavier atoms
generally give rise to darker images because more electrons are scattered. The image
is then magnified and focused onto imaging device, such as a fluorescent screen or a
CCD camera. In theory TEM can have atomic resolution.
Compared to other microscopy techniques, such as AFM, SEM and STM, TEM has
unique advantages which make it the best option for our research. For example, TEM
can offer much higher resolution than SEM which is suitable for probing our small
nanoparticles (128). TEM can keep fidelity of the particle size better than STM and AFM.
For STM it has been found that the scanned particle size is generally larger than the
actual size (129, 130); while for AFM, the particle size is normally lower evaluated than its
real size (129).
The most significant drawback of TEM is that under high resolution mode a high
voltage electron gun is required, which means that samples may be damaged by the
highly energetic electron beam, in particular, for relatively more chemically active
materials. For instance, we have observed the Ni nanoparticles being “melt” in the

iv

Abbey diffraction limit defines the theoretical angular resolution of an optical system due to the

diffraction, which is mathematically expressed as: 𝑑 =

𝜆

𝑁𝑁

, where d is the resolution limit, λ is the

wavelength of the incident light, NA is a dimensionless number called numerical aperture depending on
the material intrinsic property. In microscopy, NA = 2nsinθ, n is the index of refraction of the medium, θ
is the half-angle of the maximum cone of light that can enter or exit the optics.
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TEM when high-resolution mode is applied. It is therefore highly challenging to obtain
high-resolution TEM images of small magnetic nanoparticles.
The TEM used in this work is a JEOL JEM-2100 LaB6 transmission electron microscope
at the Advanced Microscopy Centre in the University of Leicester, which is equipped
with a field emission electron gun (FEG). The stated-resolution of this instrument is
0.14 nm for lattice structure, which, however, is hard to achieve in practice. Samples
can be tilted within the range between -42° – 42°, and a Gatan 2k × 2k digital camera is
installed to take pictures of samples.
Normally 3 nm ultra-thin carbon substrates on 300 mesh copper grids (Ted Pella, Inc.)
are used as the substrate for sample deposition. Other types of substrates such as nonporous 5 nm thickness silicon grids (SiMPore, Inc.) can also be used if necessary.
Particles sizes can be statistically obtained from the TEM images using software called
“Image J”, which can give the intersection areas of all the particles deposited. The
software working panel is shown in Figure 2- 7. In order to obtain a promising size
distribution, more than 1000 particles of each sample are normally taken into account.

Figure 2- 7 The description of how the software “Image J” works in determining the size of
the nanoparticles from TEM image.
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2.2.4 Mass Measurement of Deposited Nanoparticles
A SQM-160 deposition monitor manufactured by INFICON Inc. is placed downstream
to the metal ovens in order to measure the mass deposition rate in real time. A
deposition sensor is located in the vacuum chamber and can be controlled by a 2-D
translational manipulator. A shutter is fixed in front of the sensor so that the
deposition time can be precisely controlled.
The core component of the detective sensor is a 6 MHz type AT-cut quartz, which is of
0.55 inch diameter and gold-coated electrodes. The crystal is made by a piezoelectric
material that can create an electronic vibration signal whose frequency is precisely
proportional to the mass deposited with sensitive resolution. The resolution of the
deposition monitor can reach atomic level, as high as 1 Å. To reduce the error caused
by temperature rise (due to thermal radiation of the high-temperature ovens), a
circulated water cooling system is introduced to keep the temperature stable at room
temperature. This is essential to achieve the best performance for the quartz thin film.
The vibration frequency shift is measured and can be converted to mass changes via
the control software provided by the manufacturer. According to the Sauerbrey
Equation (131-133), the mass deposited on the quartz surface can be calculated from the
frequency change as:
𝑀𝑎

𝑀𝑞

=

𝛥𝛥
𝐹𝑞

(2-1)

Where Ma is the mass added to the crystal since the measurement starts; Mq is the
mass of the uncoated quartz crystal; 𝛥𝛥=Fq-Fc, where Fq is the vibration frequency of
the quartz before deposition, Fc is the frequency of the quartz after the addition of
materials. After simple substitution, this equation can be transformed into:
Ma =

Nat ρq Sq
Fq 2

�Fq − Fc �

(2-2)

where Nat = 166100 Hz∙cm is the frequency constant of the AT-cut quartz; ρq = 2.649
g/cm3 is the density of the quartz; Sq = 1.53 cm2 is the deposition area of the quartz.
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Equation (2-2) is valid only when the frequency shift is no more than 0.05Fq. Beyond
this range, a more precise equation should be used which extends the valid frequency
change range to 0.4Fq (134):
Nat ρq Sq

Ma = �

πFc Z

� arctan(Z tan[

π�Fq −Fc �
Fq

])

(2-3)

Here Z is a material special constant called acoustic dependent ratio. In practice, the
frequency shift for 30 min (the typical measurement time used in our experiments) is
only a few Hz (compared with the quartz frequency of 6 MHz); therefore equation (22) can provide sufficient precision in our measurement.
Figure 2- 8 shows a typical deposition rate of Ni nanoparticles measured in 30 minutes.
The red spots are the original vibration frequency change of the quartz during the
measure period and the blue are the mass accumulation transformed from the
frequency change according to Equation 2-2. It can be noticed that the mass
deposition is steady in our experiments because of a constant dopants pick-up by
helium droplets, resulting a linear relationship between the mass accumulation and
the deposition time. The gradient of the linear line is the deposition rate, which can be
transformed into the sample mass deposited by multiplying the total deposition time.

Figure 2- 8 The deposition rate measurement using the thin film deposition monitor. Upper
panel: the original frequency change. Lower panel: Accumulated Mass calculated from the
frequency change according to Equation 2-2. The gradient is the deposition rate in units of
µg/min.
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In our experiments the deposition rate is measured both before and after the sample
deposition, each for 30 minutes, to confirm its consistency. The final deposition rate
used for the sample mass estimation in this work is obtained from the average of the
two measurement results.
It is worth mentioning that the mass estimated by this way is the upper limit of the real
mass deposited on the substrate. Because there is an implicit assumption underlying in
this method that all the samples reaching to the deposition monitor will be deposited
on the substrate. However in practice, some of the samples may drift out of the
substrate in the downstream because the helium beam is slightly divergent; so the
deposition substrates, such as TEM grid with 3 mm diameter, will not be able to cover
the entire helium droplet beam.
Alternately the mass of the deposited sample can be determined according to the TEM
images. We can calculate the mass density of the samples observed in the TEM image
with respect to the area of the image and then convert it to the mass deposition rate.
Based on our comparison using Ag as an example, mass estimated from TEM images
has a good agreement with that estimated from the deposition monitor, as shown in
Table 2- 1.

Table 2- 1 Comparison of deposition rate measured by deposition monitor and TEM images.
Samples taken in account is Ag tested at different source temperature from 10 K to 6.25 K.

XTM = quartz crystal thin film deposition monitor.
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As expected, the deposition rate estimated by TEM images is slightly lower than that
measured by deposition monitor. However, measurement using TEM images is more
reliable than the thin film deposition monitor because this counts the exact number of
particles deposited on the surface of the TEM substrates.

2.2.5 XPS Analysis
To detect the particle composition and the abundance of each element, X-ray
photoelectron spectroscopy (XPS) can be employed to analyse the elements within
nanoparticles. This is one of the key techniques applied in this work to confirm coreshell in Ni/Au nanoparticles.
The working principle of XPS can be generally described by photoelectron effect. An Xray source is used to produce photons at a given frequency. When photons are
incident to a sample surface, atoms will be ionized and projectile electrons will be
generated. The excess energy is then transformed to the kinetic energy of the
projectile electrons, which can be measured through the velocity of the electrons.
Therefore the original binding energy between the electron and nuclei can be worked
out following the equation:
𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝑝ℎ𝑜𝑜𝑜𝑜 − (𝐾𝐾 + 𝜙)

(2-4)

Ebinding is the electron binding energy, Ephoton is the X-ray photon energy, KE is the
kinetic energy detected from the ejected electrons and 𝜙 is the work function of the
spectrometer accounting for the kinetic energy absorbed by instrument detector.

According to the calculated binding energy, the quantum orbitals from which the
electron originates can be determined; hence the element with its valence can be
identified. This is laid out in form of individual peak in XPS spectra and the intensity of
each peak reflects the abundance of the elements in the sample. Normally peaks of
pure metals have a full width at half maximum (FWHM) in the range of 0.3 eV – 1.0 eV
and for their metal oxides the peaks are significantly broader, with an FWHM often in
the range of 0.9 eV – 1.7 eV (135-138).
XPS spectra are charge-corrected in reference to the main C 1s peak at 285 eV. After
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subtracting the baseline signal using the Shirley background subtraction method

(139)

,

the peaks can be resolved into individual component peak in shapes of Gaussian
curves.
It is desirable to have a substrate that contributes little to the spectrum in XPS
measurement, so highly ordered pyrolytic graphite (HOPG) is chosen. The XPS
measurements are carried out in collaboration with University of Nottingham, where a
Kratos AXIS ULTRA with a monochromated Al Kα source (1486.6eV) operated at a 10
mA emission current and 10 kV anode potential is used. The ULTRA XPS is used in fixed
analyzer transmission (FAT) mode with a pass energy of 80 eV for wide scans and 20 eV
for high resolution scans. The take-off angle of the photoelectron analyzer is 90° and
the acceptance angle is 30° (in magnetic lens mode). The X-ray can penetrate as deep
as 10 nm down to the sample surface.

2.2.6 Magnetic Property Measurement
Magnetic measurements that have been employed in this project include the M-H
curves and zero-field cooling and field cooling (ZFC/FC) measurements.
M-H curve shows stimulated magnetization of samples in response to the applied
magnetic field, from which the classification of the sample magnetism, such as
diamagnetic, paramagnetic, ferromagnetic or superparamagnetic, can be identified.
For diamagnetic materials (DM), the stimulated magnetization of the material is
inversely proportional to the external field. For paramagnetic material (PM), the M-H
curve is normally a straight line or a smooth curve passing through the origin point.
The magnetization weakly increases with the external field and cannot be saturated
unless an exceptional high magnetic field (>10 T) is applied. While the M-H curve for
ferromagnetic material (FM) presents a shape of hysteresis loop with interceptions on
both the H axis (applied magnetic field), known as coercivity and the M axis (measured
magnetization), known as remanent magnetization. The magnetization is often
saturated at around 1 T external field. Superparamagnetism (SPM) is the magnetic
property presented by the ferromagnetic material at nanoscale below Curie
temperature. The M-H curve can be saturated under moderate external magnetic field
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as ferromagnetic material meanwhile it also pass through the origin point as
paramagnetic material, i.e., at zero field both coercivity and remanent magnetization
are zero

(122, 140)

. The typical M-H curves assigned to different types of magnetic

materials are shown in Figure 2- 9.

Figure 2- 9 Typical M-H curves of (a): diamagnetic material; (b): paramagnetic material; (c):
ferromagnetic material. Hysteresis loop of multi domain ferromagnetic material (dash line) is
narrower than the single domain one (solid line); (d): superparamagnetic material. Picture is
adapted from Ref. (140).

ZFCFC measures the stimulated magnetization of magnetic materials in response to
the environmental temperature. It contains two measurements over magnetization:
zero field cooling (ZFC) and field cooling (FC). The process of measurement can be
briefly described as: sample is first cooled down to a low targeted temperature, e.g. 5
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K, without an external magnetic field, known as zero field cooling. Then an external
magnetic field is applied and the sample is gradually warmed up, during which the
magnetization of the sample is measured at each temperature step. This gives the
relations between magnetization and temperature (M/T) under ZFC. To obtain the M/T
curve under FC condition, the sample is cooled down to the target temperature again
without removing the external field (field cooling process). And then the magnetization
is measured at each temperature step as the sample is gradually warmed up. The
features lying in ZFCFC curves, such as the appearance of peak and split between FC
and ZFC curve, contain valuable information regarding to the magnetic properties of
materials.
In this project the M-H curves at room temperature have been measured by use of a
commercial vector vibrating sample magnetometer (VSM), (vVSM, ADE-Technologies,
Model 10) equipped with two sets of pick-up coils and a rotating (from 0 to 36)
electromagnet that can supply a maximum field of 2 T. The VSM has a detection limit
of about 1 µemu, and can detect the M-H curves in the temperature range of 100 - 780
K without the need to switch from a cryostat to a high-temperature module. Signals
from the two sets of pick-up coils are combined and converted to give the components
of the magnetization vector along four different directions, i.e. parallel and
perpendicular to the sample (stationary reference system), parallel and perpendicular
to the external magnetic field. The rotation and vector options allow angle-dependent
measurements, magnetic anisotropy measurements and the determination of the
intrinsic magnetic behaviour.
More precise measurement at lower temperatures can be achieved by employing a
superconducting quantum interference device (SQUID) magnetometer, which can
apply a high magnetic field up to 7 T and the temperature as low as 2 K.
The VSM and SQUID measurements were carried out in collaboration with the Institute
of Structure of Matter, National Research Council (CNR) in Italy and Shanghai Jiaotong
University in China.
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2.3 Clusters and Nanoparticles Formed in HeDs
2.3.1 The Dependence of Helium Droplet Sizes on the Source Conditions
As discussed in Chapter 1, helium droplets, depending on the source temperature, can
be formed in two regimes – subcritical regime and supercritical regime

(13, 141)

.

Experimentally, the transition from subcritical to supercritical for a given helium
nanodroplet system can be determined by recording the mass spectra of helium
clusters with respect to the varying source temperature, and monitoring the ratio of
He4+/He2+ from the mass spectrometer. A typical example measured using our helium
droplet apparatus is shown in Figure 2- 10. He4+ and He2+ signal are measured from 5.5
K to 15 K by the quadrupole mass spectrometer after the helium beam being aligned.
The impact energy of the quadrupole is set to 65 eV, which gives maximum He2+ signal
intensity.

Figure 2- 10 He4+/He2+ ratio variation in the source temperature range of 15 K to 5.5 K,
recorded by the quadrupole mass spectrometer at stagnation pressure of 15 bar, IE = 65 eV.

As the source temperature decreases, the He4+/He2+ ratio experiences three stages:
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i)

15 K – 10.7 K: the ratio maintains roughly constant, which is not very
sensitive to the temperature variation.

ii)

10.7 K – 6.4 K: Starting from 10.7 K, the He4+/He2+ ratio dramatically grows
when the temperature drops and stabilizes at a plateau of about 60%. The
turning point at 10.7 K is the known as the boundary temperature between
the sub-critical and supercritical regime of the helium droplets.

iii)

Below 6.4 K: The ratio sharply decays as the temperature drops further.

These three stages exactly fit the curve of the helium droplets size variation with
respect to the temperature as discussed in Ref. (10), where helium droplets size
experiences a gradual bloom from 103 to 104 He atoms, as the temperature cooled
down in the subcritical region and then the size sharply increases up to 1012 He atoms
as the temperature further cooled down in supercritical region. Therefore three
regions of helium droplets can be applied for different application purposes, as will be
demonstrated in detail in later sections and following chapters. Here we first list the
simple conclusion for each region:
i)

15 K – 10.7 K: Small dopant clusters (less than 20 atoms/molecules) can be
formed which is suitable for mass spectrum investigation and small clusters’
spectroscopy study.

ii)

10.7 K – 6.4 K: Nanoparticles (normally smaller than 10 nm in diameter) can
be formed.

iii)

Below 6.4 K: Nanowires in wide range of length can be formed, taking
advantages of quantum vortices which remarkably exist in helium droplets
at this stage.

The boundary temperature depends on the helium stagnation pressure and the
apparatus conditions including the cryostat, nozzle and vacuum conditions etc.
Figure 2- 11 plots the He4+/He2+ ratio at different helium stagnation pressures. As the
stagnation pressure increases, the boundary temperature rises correspondingly, e.g.,
from 10.2 K at 10 bar to 12.2 K at 30 bar.
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Figure 2- 11 The dependence of He4+/He2+ ratios on the source temperatures. Different
stagnation pressures have been applied, i.e., at 10 bar, 15 bar, 20 bar, 25 bar and 30 bar,
respectively.

In comparison with the Ref. (18), the boundary temperature at 15 bar of our apparatus
is exactly the same as Vilesov’s at 20 bar, which offers an easy way of calibration of the
source temperature and the measurement of helium droplet size.

2.3.2 The formation of Small Clusters in HeDs
The size distribution of helium droplets is temperature dependent, and it is known that
the addition of molecules/atoms to the droplets follows a Poisson distribution for each
droplet (28). Consequently, at a specified source condition and a partial pressure of the
sample in the pickup region, the overall distribution of the clusters embedded in the
droplets is a convolution of the size distribution of helium droplets (lognormal or linear
exponential) and the Poisson statistics. For clusters consisted of up to a few tens of
atoms/molecules, the pick-up condition can be monitored by quadrupole mass
spectrometry, which is critical for spectroscopy study and the formation of
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nanoparticles. In this section, mass spectra of dopants embedded in helium
nanodroplets will be discussed.
As mentioned in Chapter 1, when picking up dopants, helium droplets have to quench
their kinetic energy and potential energy, which leads to the evaporation of helium
atoms and the shrinkage of their geometric cross sections. Consequently to observe a
promising mass spectrum in a helium nanodroplet, we need to balance two factors –
the initial helium droplets size which determines the pick-up cross section, and dopant
vapour pressure which controls the number density of the dopants in the pickup
region.
First, the droplets size needs to be sufficiently large for picking up large clusters if we
want to observe them in the mass spectrum. However, when the droplets become too
large (>104 helium atoms), the electron ionization probability of the dopant inside of
the helium droplets becomes negligible

(70)

, therefore clusters cannot be detected by

the mass spectrometer. That is because the electron impact cannot directly ionize the
dopant locating at the centre of the helium droplets; instead, a helium atom near the
surface of the droplets is first ionized, which then transfers the charge to the dopant
through a resonant charge transfer process

(142)

. Theoretical calculation suggests, He+

can only freely hop by an average distance of 34 Å in helium droplets (70). That means
after picking up dopants and the size shrinkage, if the droplet is still over 13 nm in
diameter (double of the average charge transfer distance in helium droplets), the
probability of the charge transfer from He+ to the dopant can be neglected.
We take Ni as an example to examine the initial droplet size requirement to observe a
promising mass spectrum. The dissociation energy for Ni cluster varies between 0.8 eV
and 1.1 eV per atom (143). Taking the upper limit for approximation, one added Ni atom
bonded to an existed cluster in droplets would evaporate 1775 helium atoms,
assuming one helium atom removal need 6.2×10-4 eV energy (23). At 950 K, the kinetic
3

energy of one Ni atom that needs to be quenched is 𝐸 = 2 𝑘𝐵 𝑇 = 0.123 eV, which

removes 185 helium atoms. Therefore formation of a Ni10 cluster will result in the loss

of ca 19,600 atoms. At T0 = 10 K and P0=15 bar, on average the helium droplets consist
of about 7×104 He atoms (15 nm). After picking up a Ni10 cluster, the droplet size will
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shrink to 14 nm, which is still too large for the charge transfer to the dopant.
Unsurprisingly at 10 K small Nin clusters (n = 1 – 10) can hardly be observed in the mass
spectrum. At even lower temperature, the droplet size will exponentially increase and
there will be less chance to detect Ni clusters. However, Ni monomer ion can be
observed, which is attributed to free diffusion of Ni atoms in the vacuum chamber (67).
Figure 2- 12 shows a series of mass spectra of Ni clusters with varying source
temperatures from 18 K to 10.5 K and fixed oven temperature at 950 K. It can be
noticed as the source temperature drops from 18 K, more Ni clusters start to appear in
the mass spectrum, but at 10.5 K source temperature, the clusters are less dominant
again comparing to 11 K, which exactly justifies the initial droplet size effect to the
mass spectrum observation discussed above.

Figure 2- 12 Mass spectra of Ni clusters recorded at different source temperatures.

When the helium droplet size is sufficiently large but still below the charge transfer
limit, the cluster ions observed from the mass spectrum should increase with the
dopant vapour pressure, thus the doping rate. However, if the vapour pressure is too
high, the number of the impurities colliding with the helium droplets will be sufficient
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to completely remove helium atoms in the droplets, leading to weaker ion signals in
the mass spectrum.
The Ni mass spectra observed at a fixed source temperature but varied oven
temperature (835 K – 966 K) are displayed in Figure 2- 13. In this range the increase of
oven temperature leads to the increase of metal vapour pressure v. The cluster ions
start to appear in the mass spectrum at 835 K. The best pickup is found at 932 K,
beyond which the ion signal starts to decay until they almost vanish at 966 K.
Combined with the Figure 2- 12, the optimum pickup condition of Ni is at 11 K source
temperature and 932 K Ni oven temperature.

Figure 2- 13 Mass spectra of Ni clusters at different oven temperatures.

Liquid and gas dopants share the similar pickup condition: the observation of a high
quality mass spectrum requires balance of the initial helium droplet size and dopant
vapour pressure until the droplets being evaporated to a “just right” size when all the
excess energy has been released. The bonding between gas/ liquid dopants is generally

v

The vapour pressure corresponding to the oven temperature are acquired from the website:
http://www.iap.tuwien.ac.at/www/surface/vapor_pressure
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weaker than a metallic bond; hence higher source temperature (smaller initial droplet
size) should be employed in order to observe decent cluster distribution in the mass
spectrum (detailed in the spectroscopy measurement of salt-water complexes in
Chapter 3).

2.3.3 The Growth of Nanoparticles in HeDs
In super-critical expansion regime, the droplets size follows a linear exponential
distribution, and very large helium droplets composed of >1010 atoms can be formed
(10)

, which are capable of capturing larger quantity of dopant atoms and molecules.

When more and more dopants are added to the droplets, they can aggregate into very
large clusters, with a dimension in nanometre scale. These are then termed as
nanoparticles. In this section, growth of nanoparticle in helium droplet and the control
over particle size will be addressed.
First, we focus on the nanoparticle growth at increasing vapour pressure using silver as
the examples because they are easier to image using TEM.
A selection of TEM images of silver nanoparticles formed at a constant source
temperature of 9.5 K with an approximate droplet size of 106 helium atoms, and the
various oven temperatures (vapour pressure) has been shown in Figure 2- 14. The
insets show the size statistics. We have tentatively used a Gaussian distribution

vi

to

describe the size distribution of Ag nanoparticles, which fits very well with the particle
sizes measured from the TEM substrates. With the vapour pressure gradually
increasing, the average size increases accordingly.

vi

Standard mathematical expression of Gaussian distribution is: 𝑓(𝑥, 𝜇, 𝜎) =

the expectation value of the distribution and σ is the standard deviation.

1

𝜎√2𝜋

𝑒

(𝑥−𝜇)2
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−

, where µ is
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b)

a)

c)

d)

e)

Figure 2- 14 TEM images of Ag nanoparticles at various oven temperatures: (a) 876 K, (b) 882
K, (c) 888 K, (d) 902 K and (e) 980 K. In all these experiments the source condition is kept at
T0 = 9.5 K and P0 = 15 bar, and the deposition time tdeposition = 5 min.

A full list of helium droplet sizes and fluxes at different oven temperature is given in
Table 2- 2. The average particle size and counts per image (N/image) are obtained by
averaging more than 15 TEM images for each sample and over one thousand particles.
The 15 TEM images were taken randomly from the different positions of the substrate.
Besides the increase in the average size from 3.61 nm diameter to 4.41 nm with the
oven temperature, a remarkable feature is that the number of nanoparticles on the
TEM images significant decreases at higher oven temperature. This might be due to
the full depletion of relatively small helium droplets when they pick up sufficient
number of Ag atoms, each removing ~5000 helium atoms. The consequence is that
particles initially formed in those droplets are unable to reach the deposition target.
This is also supported by the size distribution in Figure 2- 14 (e), where the count of
nanoparticle in the smaller size range (on left wing of the Gaussian profile), is
significantly lower than larger nanoparticles on the right wing of the profile.
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Table 2- 2 the sizes and fluxes of Ag nanoparticles measured in different oven temperature.

Following the same protocol, Table 2- 3 outlines the sizes of Ag nanoparticles formed
with a constant Ag oven temperature of 980 K, but various source temperatures from
10 K to 6.25 K, which correspond to the helium droplets composed of 105 to 5×107 He
atoms. The deposition rates were measured by use of the thin film deposition monitor.

Table 2- 3 Ag nanoparticles formed at different Source temperature with the oven
temperature maintained at 980 K.
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Three features can be concluded from Table 2- 3 when the source temperature
reduces: (i) The particle diameter continuously increases; (ii) The particle number
density (N/image) generally decays; (iii) The deposition rate increases but experiences
a dip at 8 K and 7 K. To explain these three features, the effect contributed by the
balance of cross section and droplet flux should be proposed.
At 10 K, small droplets can be evaporated completely when sufficient numbers of Ag
atoms have been added. As the source temperature continues to decrease, the droplet
pick-up cross section (hence the effective doping rate) will be increased, more and
more droplets can survive after picking up the dopants. Before the droplets become
too large when multi-centre growth kicks in, the atoms picked up by the smaller and
dispersing droplets are now able to aggregate into one single large nanoparticle in an
integral droplet. That is why in this case the deposition rate and particle size increase
with the temperature drop but the particle density decreases. When multicentre
growth occurs, the atoms aggregates into small nanoparticles first before they reaches
the centre of the droplets, i.e., the aggregation time is longer than the time between
successive pickup events (96). As a result, smaller nanoparticles will be formed.
Another reason for the decrease of the number density is that the helium droplet
velocity is inversely proportional to the droplet size, which can be decelerated from
239 m/s at 10 K to 200 m/s at 7 K

(10, 144)

. That means even without considering the

influence of cross section change, the reduced flux will cause a reduction of 18% of the
total number of particle deposited at 7 K compared to 10 K – that is about 20 particles
fewer in 5 min deposition. This also partially explains why there is a decrease of the
deposition rate at 8 K and 7 K in Table 2- 3.

2.3.4 Core-shell Structural Nanoparticles Formation
When sequentially passing through two pick up cells, helium droplets can serve as a
matrix for core-shell structure growth

(33, 52)

, and Ni/Au core-shell nanoparticles have

been first obtained which was confirmed by using XPS analysis (67). Figure 2- 15 shows

the TEM image of nanoparticles formed in helium droplets by sequential addition of Ni
and Au to the droplets, and XPS analysis on Au 4f edge. In principle, there are three
possibilities when three different materials are added to helium droplets sequentially:
(i) particle dimers; (ii) alloys; (iii) core-shell nanoparticles. The formation of particle
dimers can be ruled out directly by TEM image (Figure 2- 15), where pairs of spherical
nanoparticles in close vicinity is absent. The second case, alloy nanoparticles, is very
unlikely according to the XPS analysis. The peaks in XPS are well correlated to the
bonding energy of the electron from specific quantum state, which would be shifted by
the surrounding atoms. So if Ni and Au atoms are mixed into alloy, Au 4f orbital will be
hybridized, leading to a sizeable shift when compared with the corresponding peak of
pure Au. However, as seen in Figure 2- 15 (b), the two Au 4f peaks in both spectrums,
Au 4f7/2 and Au 4f5/2, are both shifted by about 0.3 eV to the higher binding energy
compared to the bulk value of Au due to the charge transfer (145). When compared with
the spectrum of Ni/Au nanoparticle, none of the Au 4f peaks are shifted relative to
each other. Although we cannot completely rule out the possibility of alloy generation
at the interface, this observation strongly suggests that core-shell Ni/Au nanoparticles
have been formed in helium droplets.

Figure 2- 15 Evidence for the formation of Ni/Au core-shell structures. (a) TEM image of
Ni/Au nanoparticles. (b) Comparison of XPS on the Au 4f edge between pure Au and Ni/Au
nanoparticles.
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Direct visual evidence that core-shell nanoparticle is formed in the helium droplet is
obtained afterwards from the TEM images of Ag/Si nanoparticle, where a high contrast
has been obtained due to the remarkable difference in scattering cross sections for Ag
and Si. On the TEM substrates Ag offers much higher contrast than Si, allowing coreshell structure to be identified if this does occur. As shown in Figure 2- 16 there is
clearly a light Si shell surrounding the dense Ag core.

Figure 2- 16 TEM images of Ag/Si core shell nanoparticles.
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Chapter 3
3 Infra-red Spectroscopy of NaCl/(H2O)n Complex
in Helium Droplets

3.1 Introduction
Dissolution of acids, bases and salts in the bulk phase, which leads to the proton
(146)

transfer and solvation

, is a basic concept in chemistry. The corresponding

generated ion pairs and the surrounded water, i.e. the electrolyte solution, play key
roles in industrial products (e.g. battery industry), bio-chemistry
atmosphere chemistry

(147, 148)

, marine and

(149, 150)

. Meanwhile Na+ and K+ in the electrolytic solutions in

the human body are important in cell signalling mechanisms thus dissolution of salts is
the foundation of biochemistry

(147)

. Understanding how and when the dissolution

happens is of fundamental interests in chemistry.
The properties of electrolyte solutions, particularly at nanoscale, are challenging to
investigate both theoretically and experimentally. From theoretical aspect, it is
straightforward to simulate the case of infinitely diluted solution where only ionsolvent interactions need to be concerned as the model potentials

(151)

by

computational approaches such as molecular dynamics and Monte Carlo simulations.
However this cannot be applied to the concentrated electrolyte solutions which are
commonly present in biological system and industrial process. In concentrated
solution, ion-ion interaction is a predominant effect that cannot be neglected. Even in
a finite concentrated solution, subtle balance between ion-solvent, solvent-solvent and
ion-ion interactions should be systematically taken into account in a high quality
modelling of aqueous electrolytes because there is a natural tendency for the cations
and anions to associate.
A well-known theory describing the dissociation of salt into ion pair is the Eigen-Tamm
model

(152)

, in which four states according to the energy minima are proposed.
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Molecular dynamics and Monte Carlo simulations show that these ion pairs
correspond to distinct energy minima but the potential and the barriers separating one
state from another depend strongly on the salt and the solvent

(153)

. Taking the

simplest salt NaCl as an example, the energy minimum at closest distance of ions is
called a contact ion pair (CIP). In this state NaCl remains intact, with a pair of ions
surrounded by water molecules. However, the Na-Cl internuclear separation is longer
than in the free NaCl molecule because of the effect of hydration. At a longer Na-Cl
distance there is a second energy minimum, known as a solvent-separated ion-pair
(SSIP), in which water has now inserted between the two ions. A third minimum can
sometimes be identified which is known as a doubly-solvent-separated ions pair (2SIP)
but this energy well is often very shallow and the difference between this and the fully
separated ions may be insignificant for many electrolyte systems. Finally there is a fully
dissociated (FD) state where ions are completely separated and surrounded by water.
The importance of these four states depends on several factors such as the
polarizabilities of the ions and the concentration of the solution. A vivid illustration of
these four states is shown in Figure 3- 1, the blue rings surrounding ions of Xm+ and Ynrespectively are water.

Figure 3- 1 Schematic illustration of four Eigen-Tamm states of the dissociated solution.
Reprinted from Ref (154).

Basically 2SIP means each ion is surrounded by an individual shell of solvent, SSIP
means two ions have the shared solvent and CIP means two ions contact with each
other without any solvent in between. The dissociation process under Eigen-Tamm
mechanism, i.e. the process of CIP transferring to FD can be expressed step by step as
(154)

:
𝐾1

[𝑋𝑋](𝑚−𝑛)+ ���� [𝑋 𝑚+ (𝑂𝑂2 )𝑌 𝑛− ]

CIP

(3-1)

SSIP
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𝐾2

[𝑋 𝑚+ (𝑂𝑂2 )𝑌 𝑛− ] ���� [𝑋 𝑚+ (𝑂𝑂2 )(𝑂𝑂2 )𝑌 𝑛− ]

SSIP

2SIP

𝐾3

[𝑋 𝑚+ (𝑂𝑂2 )(𝑂𝐻2 )𝑌 𝑛− ] ���� 𝑋 𝑚+ + 𝑌 𝑛−

2SIP

(3-2)

(3-3)

FD

X and Y are two types of ions with +m and –n charges, respectively, K1, K2 and K3 are
called association constants for each step. It is worth mentioning that the OH2
sandwiched in Xm+ and Yn- on the right side of Equation (3-1) does not mean that there
is only one water molecule intervened in the two ions in SSIP state, and the same
statement can be applied to the two OH2 in Equations (3-2) and (3-3).
An alternative means of extracting information relevant to CIPs and SSIPs is to form
complexes involving one or more salt-molecules in contact with a small number of
water molecules, and instigate the behaviour of small clusters at molecular level. Such
systems provide a means for exploring some of the interactions at play in bulk
solutions in a controlled environment and the complexes observed may approximate
the CIPs and SSIPs occurring in real bulk aqueous solutions. In addition, small
complexes are amenable to high quality quantum mechanical calculations.
Taking NaCl(H2O)n as an example, there have been several studies of these complexes
using ab initio techniques (155-160). These investigations have attempted to explore how
the NaCl molecule is affected as water molecules are added, and predict the optimized
geometry of the clusters. A particularly important aim has been to establish the
number of water molecules required to form a SSIP-like complex, since this represents
the onset of ionic dissociation of the solute at molecular level. Calculations have shown
that for n ≤ 5 the CIP-like complexes are formed while at n = 6, where six water can
form a closed cyclic structure and intervene between Na+ and Cl-, a SSIP structural
complex is obtained. CIP-like and SSIP-like complexes become nearly isoenergetic (157159)

. On this ground one might expect that heterolytic dissociation into Na+ and Cl- can

begin once six water molecules have been added to the complexes.
Although plenty of theoretical predictions on the ion-pair states have appealed, there
is a notable lack of experimental information to test the theoretical predictions, in
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particular, the direct proof of the individual Eigen-Tamm state

(161)

. The first

spectroscopy study on the simplest complex, NaCl(H2O) cluster, was reported by Ault
(162)

, who co-deposited NaCl vapour and water molecules into an argon matrix and

then recorded the infra-red spectrum. Two bands were observed in the O-H stretching
region, which were assigned to the NaCl(H2O) complex and a structure was deduced in
which the two O-H bonds were equivalent. However, this structure is inconsistent with
more recent ab initio calculations

(155-157, 159)

which predict that the most stable

structure has one O-H bond bound to the NaCl while the other is essentially a dangling
(free) O-H bond. More recently, Endo et al. studied the microwave spectroscopy on
NaCl(H2O)n clusters (n = 1, 2, 3)

(163, 164)

. In their study, NaCl was evaporated by laser

ablation, and then mixed with water and argon gases in an adiabatic expansion.
According to the increasing separation of Na–Cl bond with the addition of water
molecules observed from rotational spectra, CIP state of the complex was assigned.
For NaCl(H2O)3 the Na-Cl bond length was found to be no more than 2.8 Å, which is the
predicted inter-nuclear distance of CIP structures in an aqueous solution by molecular
dynamics simulations. However, to obtain a full picture of the dissociation behaviour
of NaCl, e.g. to form a SSIP state, three water molecules are insufficient to act as an
intervened medium to separate Na+ and Cl-.
The challenge in the experimental study of the dissociation behaviour of NaCl lies in
finding a technique that can be applied to dope water molecules one by one and
generalize sufficient large NaCl(H2O)n clusters so that various types of ion-pair complex
identified above can be covered, and then the spectra can be recorded. Ideally, this
technique should also be able to remove the strong spectroscopic contribution from
the pure water clusters.
In this chapter we will tackle this problem by recording the infra-red (IR) spectra of the
NaCl(H2O)n complex in the O-H stretching region. The complexes were formed in the
superfluid helium droplets, which can resolve the difficulties mentioned above, and IR
spectra with to n = 7 have been obtained. To make comparison with the experimental
results, we have also performed ab initio calculations on NaCl(H2O)n clusters.
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3.2 Method
The experimental set-up is sketched in Figure 3- 2. Helium gas of stagnation pressure
of 30 bar is pre-cooled to 16 K and then expanded into the ultra-high vacuum, leading
to the formation of droplets composed of ~5000 helium atoms on average. After
passing through the skimmer, the droplets beam sequentially passes through two cells.
The first is an oven cell containing NaCl and the second is water pick-up cell. The oven
is resistively heated to a temperature of 445 °C, producing molecular NaCl. Water has
been de-gased before use. The partial pressure in the pickup cell is around 10-6 mbar
which can be controlled by a needle valve. By this means (NaCl)m(H2O)n complexes can
be formed in helium droplets and the abundance of specific cluster ion can be
optimized by the partial pressures.

Figure 3- 2 Experimental set-up for the depletion spectroscopy on NaCl(H2O)n clusters doped
in helium droplets.

Infrared (IR) spectra of the NaCl(H2O)n complex were recorded in the O-H stretching
region, and we measure the depletion spectrometry focusing on Na+-containing ion
channels. By this means we can avoid the strong and broad absorption bands expected
from the pure water clusters. This is an important advantage compared with the
previous studies on HCl(H2O)n clusters in helium droplets (90), which produces H+(H2O)n.
Therefore mass selection cannot eliminate the contribution from pure water clusters.
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To measure IR spectra an OPO/OPA laser system with a tuneable wavelength that can
cover the full range of the O-H stretching vibration modes has been employed. The
laser beam was aligned anti-parallel to the helium beam and was focused just in front
of the water pick-up cell to maximize the overlapping with the helium droplet beam.
The complexes were then ionized through a charge transfer mechanism, i.e., a He+ ion
is first produced by electron impact, which then transfers its charge to the dopants if
they can meet within some ~10 hops. A specific ion channel is then selected and
detected by the quadrupole mass spectrometer (QMS). The absorption of photons at
vibrational frequencies of the complexes is then registered as the reduction of helium
droplet size, thus the depletion spectra are obtained. Electron impact energy of the
QMS is set to 90 eV to get optimized ion intensity.
To support the experimental work ab initio calculations were carried out on NaCl(H2O)n
complexes. The aim was to try and find as many energy minima as possible and to
predict the resulting infrared spectra in each case. The calculations were performed at
the MP2 level of theory and employed aug-cc-pVTZ basis sets. A scaling factor of 0.96
was applied to the O-H stretching harmonic vibrational frequencies, a value which
accounts for the substantial anharmonicity of these modes (159). The search for energy
minima was carried out by performing geometry optimizations using a variety of initial
structures. Once a minimum was found, vibrational frequencies were then calculated,
as well as the intensities to establish it as a true minimum rather than a saddle point.
The procedure used for finding possible minima is neither a systematic nor particularly
sophisticated way of searching the potential energy landscape. Consequently, it is
certainly possible that some minima were not found using this procedure, although we
think that is unlikely for the smaller complexes (n ≤ 3) considered in this study. Due to
computational limitations the calculations were restricted to complexes with n ≤ 6. All
the optimized calculation results are comparable with Ref. (158).
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3.3 Results and Discussion
3.3.1 Mass Spectra of (NaCl)m(H2O)n+ Clusters in HeDs
First we record mass spectra of the NaCl-H2O binary cluster to inspect the pick-up
condition in helium droplets, as shown in Figure 3- 3. Two ion series are predominant
in the mass spectrum, highlighted as H3O+(H2O)n and Na+(H2O)n. Ion series containing
more than one Na atom, i.e. Nam+(H2O)n (m > 1), are negligible in the mass spectrum
because we have deliberately avoided the pickup of multiple NaCl molecules in the
droplets. Other expected ion series, such as (NaCl)n+ and NaCl(H2O)n+ are always less
compared to the two highlighted series no matter how we regulate the doping rates of
salt and water. It is known that the evaporation of NaCl at the current temperature in
use produces almost exclusively intact NaCl molecules in the vapour phase, with
negligible production of sodium atoms vapour

(165)

. Therefore the Na+(H2O)n ions are

fragments from the ionization of NaCl(H2O)m complexes in helium droplets, where m
≥ n. In order to get a promising spectral quality, specific ion signal can be regulated by
controlling the water doping rate.

Figure 3- 3 Mass spectrum of helium droplets doped with NaCl and H2O molecules.
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3.3.2 Infra-red Spectroscopy of Pure Water Clusters
Since our aim is to investigate the influence of water to NaCl, we first recorded the
pure water IR spectrum in O-H stretching region as a reference when the salt oven was
switched off and the water pick-up was tuned at maximal hexamer signal so that a
reasonable water clusters distribution can be observed in the mass spectrum. Figure 34 shows all the O-H stretching bands from clusters (H2O)n (n = 1 – 6). This spectrum
was recorded at He2+ channel, which has contribution from all the water clusters
picked up by helium droplets.

Figure 3- 4 Pure water IR spectrum recorded at helium dimer channel (m/z = 8).

As seen in Figure 3- 3, the protonated ions are prominent, and each protonated ion is
produced from larger clusters, for example, (H3O)+ (m/z = 19) has to be generated from
water dimer or larger clusters and (H3O)+(H2O) (m/z = 37) is from water trimer or larger
clusters. Therefore we can assign these peaks via a “mass selection” protocol, i.e. by
successively scanning the IR spectrum on the protonated ion channel like m/z = 19, 37,
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55 etc.. The peaks that disappear at higher mass channels must be attributed to the
smaller water clusters. By this protocol we can assign the peaks in the spectra one by
one if high-quality spectra can be obtained at higher mass ion channels. The peak
assignment was also compared with the previous study on water clusters doped in
helium droplets

(60, 166)

, and as marked in the Figure 3- 4, as well as ab initio

calculations. The peaks located at 3792 cm-1 and 3717 cm-1 in the spectrum are known
to arise from the free O-H stretch from (H2O)2 and (H2O)n clusters respectively. The
band assignments of (H2O)2 to (H2O)6 in the wavenumber range of 3260 – 3190 cm-1
derive from the bonded O-H stretch of the clusters. The assignment shown in Figure 34 provides a good reference to the IR spectrum when NaCl is added. Surprisingly we
could not see any contribution from water monomer, which is possibly due to the very
lower abundance of the water monomer in helium droplets.

3.3.3 Calculation Results of NaCl(H2O)n+ Complex (n = 1 – 6)
We start with presenting the global and local potential energy minima calculation we
found for NaCl(H2O)n for n = 1 – 6. As expected there are some strong similarities of
our findings with those from earlier calculations

(155-159, 162)

. The structures obtained

including the Na – Cl separations, their relative energies and the frequencies contained
are summarized in Table 3- 1. The number in the bracket in the last column is the
intensity and the number highlighted in bold are those that have been assigned to the
observed bands in the spectra. For small clusters (n ≤ 3), we are confident of finding all
the possible structures existing in helium droplets since all the bands in the
corresponding IR spectra can be well assigned to our calculated isomers, as will be
discussed in details later. For large clusters (3 < n ≤ 6), too many potential structures
can exist in helium droplets simultaneously since the significant broad bands observed
in spectra, as will be shown in the later section. It is almost an impossible task to
identify all the discrete bands in those broad features and certainly our limited
calculation results cannot cover all the local minimum structures.
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Table 3- 1 Optimized geometry for NaCl(H2O)n (1 ≤ n ≤ 6) complexes including their Na – Cl
separations, together with their relative energy to the global minimum structure, intensities
and transition frequencies.

Molecule

Optimised Structure
(Na pink, Cl green)

NaCl(H2O)

Relative
Energy /
eV
0.00

Frequencies
/ cm-1
(Intensity)
3266 (787)
3758 (92)

0.24

3720 (177)
3764 (131)

0.00

3307 (914)
3335 (566)
3760 (148)
3761 (37)

0.05

3132 (1122)
3229 (979)
3731 (88)
3764 (77)

2.504 Å

2.438 Å

NaCl(H2O)2
2.631 Å

2.502 Å
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NaCl(H2O)3

0.00

3330 (655)
3330 (655)
3367 (768)
3751 (119)
3751 (119)
3753 (26)

0.05

3183 (992)
3284 (1094)
3374 (529)
3730 (97)
3759 (88)
3762 (72)

0.08

3184 (1132)
3341 (679)
3488 (393)
3739 (95)
3758 (96)
3759 (86)

0.19

3043 (1324)
3165 (1130)
3547 (301)
3731 (87)
3735 (75)
3764 (101)

0.00

3231 (869)
3325 (1018)
3381 (561)
3405 (544)
3730 (101)
3753 (105)
3753 (64)
3761 (70)

2.845 Å

2.615 Å

2.660 Å

2.524 Å

NaCl(H2O)4
2.792 Å
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0.01

3212 (303)
3230 (1749)
3314 (1499)
3339 (114)
3730 (148)
3732 (47)
3760 (74)
3762 (63)

0.02

3250 (965)
3345 (695)
3396 (598)
3436 (465)
3718 (88)
3732 (106)
3755 (82)
3757 (76)

0.05

3405 (4)
3408 (630)
3408 (631)
3450 (699)
3733 (145)
3733 (139)
3733 (7)
3734 (64)

0.00

3146 (1284)
3193 (774)
3437 (26)
3437 (934)
3557 (118)
3635 (390)
3729 (105)
3729 (85)
3749 (132)
3749 (13)

2.607 Å

2.798 Å

2.968 Å

NaCl(H2O)5

2.726 Å
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0.01

3264 (319)
3280 (1447)
3347 (936)
3366 (663)
3438 (441)
3733 (138)
3734 (65)
3755 (77)
3755 (58)
3756 (84)

0.01

3249 (952)
3314 (693)
3348 (644)
3523 (209)
3543 (315)
3700 (115)
3703 (226)
3729 (98)
3741 (52)
3742 (93)

0.10

3361 (512)
3374 (240)
3383 (629)
3419 (793)
3518 (279)
3683 (194)
3687 (68)
3730 (95)
3739 (75)
3749 (97)

0.12

3168 (1069)
3234 (1378)
3252 (1015)
3320 (1178)
3343 (231)
3731 (125)
3733 (79)
3737 (76)
3760 (105)
3760 (30)

2.758 Å

2.987 Å

2.956 Å

2.600 Å

87

0.13

3268 (646)
3308 (1008)
3356 (685)
3372 (731)
3445 (488)
3693 (94)
3739 (79)
3749 (117)
3754 (80)
3758 (78)

0.15

3136 (1311)
3237 (1010)
3315 (746)
3343 (755)
3434 (498)
3727 (65)
3734 (100)
3747 (111)
3751 (79)
3760 (66)

0.24

3083 (1329)
3214 (1150)
3370 (515)
3398 (601)
3450 (534)
3718 (66)
3734 (86)
3749 (116)
3754 (87)
3760 (83)

2.936 Å

2.672 Å
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NaCl(H2O)6

0.00

2.987 Å

0.01

2.939 Å

0.02

4.458 Å

3234 (1037)
3283 (782)
3366 (536)
3453 (477)
3533 (199)
3556 (184)
3636 (371)
3683 (227)
3730 (111)
3731 (98)
3742 (66)
3752 (76)
3228 (1089)
3283 (766)
3386 (513)
3446 (486)
3533 (205)
3557 (187)
3641 (359)
3687 (214)
3728 (106)
3730 (98)
3740 (71)
3753 (74)
3147 (938)
3147 (938)
3223 (996)
3482 (110)
3482 (110)
3500 (440)
3530 (0)
3562 (785)
3562 (785)
3722 (133)
3722 (133)
3724 (2)
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0.06

3289 (185)
3296 (522)
3316 (1955)
3375 (804)
3377 (1066)
3402 (38)
3733 (178)
3733 (47)
3735 (83)
3754 (86)
3755 (48)
3761 (63)

0.08

3321 (744)
3354 (665)
3378 (1046)
3407 (227)
3518 (292)
3581 (137)
3663 (95)
3671 (296)
3732 (140)
3738 (60)
3740 (108)
3748 (72)

0.09

3243 (722)
3316 (731)
3446 (491)
3473 (524)
3489 (457)
3492 (222)
3648 (158)
3696 (159)
3729 (114)
3738 (77)
3740 (64)
3744 (92)

2.737 Å

2.960 Å

2.937 Å

90

0.15

3217 (957)
3285 (1107)
3295 (925)
3355 (852)
3370 (649)
3447 (405)
3734 (159)
3735 (48)
3740 (83)
3753 (102)
3754 (49)
3756 (66)

0.24

3175 (98)
3189 (2394)
3259 (2159)
3267 (203)
3326 (861)
3351 (321)
3733 (122)
3736 (90)
3737 (89)
3738 (61)
3758 (77)
3758 (56)

2.746 Å

2.591 Å

For the simplest complex, NaCl(H2O), two structures were identified. The global
minimum has the O atom interacting with the Na atom, and one of the H atoms forms
an ionic hydrogen bond (IHB) with Cl. The other structure is a C2v structure which no
longer has the IHB link and this isomer has considerably higher energy (by 0.24 eV)
than the global minimum.
With two or more water molecules hydrogen bonds can be formed between water
molecules. However, for both NaCl(H2O)2 and NaCl(H2O)3 the global minima are
essentially the extended structures from NaCl(H2O), but with two and three IHB
linkages, respectively. In these structures, which have C2 and C3 point group
symmetries, there is no hydrogen bonding between water molecules. As noted in
previous studies (155-159), the Na-Cl bond length progressively increases from 2.504 Å for
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n = 1 to 2.845 Å for n = 3. The expectation from molecular dynamics simulations is that
the CIP complex in a bulk aqueous solution has a Na-Cl bond length of ~2.8 Å

(160, 167,

168)

. Thus on this ground the NaCl(H2O)3 complex resembles a CIP complex. For

NaCl(H2O)2 there is an isomer with 0.05 eV energy above the global minimum which
has a hydrogen bond between the water molecules. For NaCl(H2O)3 we have found
three such local minima with different degrees of inter-water hydrogen bonding.
As more water molecules are added the potential energy landscape becomes more
complex. For n ≥ 4 some degree of hydrogen bonding between water molecules is
unavoidable. We are particularly interested in finding SSIP structures of NaCl(H2O)n
complexes where the Na+ and Cl- have essentially separated. We have been unable to
find such minima for n = 4 and n = 5 but an SSIP isomer was found for n = 6, whose
structure agrees with previous theoretical studies of NaCl(H2O)n complexes (157-159). The
SSIP complex calculated in this work consists of Na+ and Cl- ions on opposite faces of a
cyclic water hexamer with an ion-ion separation of 4.458 Å. The total energy of this
isomer is marginally above (by 0.02 eV) the global potential energy minimum, which is
a CIP-like complex. In addition we have found another CIP-like complex only 0.01 eV
above the global minimum and a total of five CIP-like minima within 0.1 eV of the
global minimum, as seen in the table.

3.3.4 Infra-red Spectroscopy of NaCl(H2O)n+ Complex (n = 1 – 3)
To experimentally investigate NaCl dissolution in water, we first consider the IR spectra
of the n = 1 – 3 of the Na(H2O)n+ complexes, with mass/charge ratios of 41, 59 and 77,
respectively, in the mass spectrum. The spectra obtained in the O-H stretching region
are shown in Figure 3- 5, together with the global minimum structure for each
complex. The predicted bands of the global minimum structures are also displayed
beneath the spectra. It is important to note that IR spectra of n = 1 – 3 complexes are
distinct from each other. If some water loss occurred on ionization then one could
expect some contribution from the NaCl(H2O)n+1 complex to the depletion signal
recorded in the Na+(H2O)n channel. However, the fact that such signals are not seen
suggest that at least for small complex, the loss of the Cl atom is able to prevent
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further fragmentation by loss of one or more water molecules. For this reason we
attribute the IR spectra recorded by detecting the Na+(H2O), Na+(H2O)2 and Na+(H2O)3
ions to the neutral complexes NaCl(H2O), NaCl(H2O)2 and NaCl(H2O)3, respectively.
These assignments are further supported by more detailed analysis and the predictions
from ab initio calculations, as will be detailed below.

Figure 3- 5 Infrared depletion spectra recorded for (a) m/z 41, (b) m/z 59 and (c) m/z 77. Also
shown are the predicted global minimum energy structures. The blue stick beneath the IR
spectra is the calculation results, which mark the corresponding frequencies predicted by the
global minima structures. Note that doublers are observed in the depletion spectra because
of Fermi resonance.

For two predicted NaCl(H2O) structures shown in Table 3- 1, the C2v structure isomer,
which is 0.24 eV above the global minimum, can be ruled out according to the
spectrum. In this structure neither O-H group undergoes hydrogen bonding, which
would deliver two free O-H bands near 3700 cm-1. This is dramatically different from
the observed IR spectrum. In addition due to its relative high energy compared to the

93

global minimum structure, this C2v structure isomer is unlikely to be formed in the
helium droplets.
For the global minimum isomer there are two distinct O-H bonds, with one dangling OH bond and the other forming an ionic hydrogen bond (IHB) with the chloride ion. It
can be seen that the NaCl(H2O) spectrum is featured by a doublet between 3250 and
3300 cm-1 with almost equal intensities. These peaks are strongly red-shifted from the
O-H stretching frequencies of the free water molecule, indicating that they arise from
the O-H bond involved in the formation of an ionic hydrogen bond. As illustrated in the
shown in Table 3- 1, it is the formation of an IHB link to the chloride ion that is
responsible. This agrees with previous observation on anionic complexes between
water and halide ions in the absence of the Na+ counterion

(169-171)

, where the IHB

interactions between a halide and the O-H bond result in intense red-shift. In contrast,
the other O-H stretching vibration, i.e. the free O-H stretch, is similar to its value in free
water molecules, which can be assigned to the peak appearing at around 3742 cm-1.
The observed IHB stretching bands in small water clusters are in excellent agreement
with the ab initio prediction, as shown in Figure 3- 5 (a). The fact that we see two
bands rather than one was explained elsewhere and is attributed to a Fermi resonance
between the bending overtone mode (2ν2) of H2O and the IHB stretching fundamental
(169)

. The predicted bending mode appears at 1641 cm-1 thus 2ν2 = 3282 cm-1.

Therefore the observed two peaks are in decent agreement with the Fermi resonance
criteria in term of: 𝜐 + − 𝜐 − = 𝜐0+ − 𝜐0− , where 𝜐 + and 𝜐 − are the frequencies of two

perturbed (experimental observed) peaks as a consequence of Fermi resonance,
equals 3300 cm-1 and 3250 cm-1, and 𝜐0+ and 𝜐0− are two original unperturbed

(calculation predicted) bands, locating at 3282 cm-1 and 3266 cm-1, respectively. The
2ν2 and νIHB vibrations are heavily mixed since the two strong peaks have almost equal
intensities.
We can readily extend this interpretation to the IR spectra of NaCl(H2O)2 and
NaCl(H2O)3. For NaCl(H2O)2 the spectrum is featured by a series of four peaks, all with
similar intensities. The calculated lowest energy structure has C2 point group symmetry
with the two water molecules on essentially opposite sides of the NaCl. Symmetric and
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antisymmetric combinations of the two OHIHB stretches are expected in NaCl(H2O)2 and
MP2 calculations predict a splitting of ca. 35 cm-1 between these two vibration modes,
see Figure 3- 5 (b). Experimentally we see four rather than two bands in the OHIHB
region, suggesting that Fermi resonance with the water bending overtone mode occurs
as in the case of NaCl(H2O). Theory predicts that the OHIHB bands are moderately blueshifted as more water is added to the NaCl(H2O)n clusters, a finding confirmed by
experiment. The free O-H stretch of this complex is predicted to be very weak for the
global minimum structure.
The spectrum shown in Figure 3- 5 (c) from NaCl(H2O)3 is further blue-shifted and
consists of four bands. The series of spectra shown in Figure 3- 5 derive from CIP-like
structures where the NaCl remains intact and there is limited interaction between the
water molecules. This is in agreement with the structures for the n = 1 - 3 complexes
previously identified from microwave spectroscopy (163, 164). In addition to the relatively
sharp and prominent OHIHB bands there are also some weaker, broader features in the
spectra for n = 2 and 3. These additional bands may indicate contributions from higher
energy isomers containing hydrogen bonds between water molecules, leading to
broader spectral features.
Also in Figure 3- 5, a sharp negative-going peak at 3650 cm-1 can also be observed in
spectrum at each mass channel, which means these ions get their abundance
enhanced at that specific frequency. This can be explained as part of the small complex
(n ≤ 3) are from the fragmentation of NaCl(H2O)4 ions when this O-H band is excited,
the experimental proof is shown in Figure 3- 6 (a) in the next section.

3.3.5 Infra-red Spectroscopy of NaCl(H2O)n+ Complex (n = 4 – 7)
The IR spectra of the larger (n = 4 – 7) complexes corresponding to the mass to charge
ratio of 95, 113, 131 and 149, respectively, are distinctly different from the smaller (n =
1 – 3) complexes, as can be seen in Figure 3- 6. Whereas the smaller complexes
contained discrete and relatively narrow bands, in particular, for n = 1 and 2, broad
features dominate these larger complexes. There is also a blue shift in the band
structure as more water molecules are added. One of the obvious features from Figure
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3- 6 (a) is the band at 3650 cm-1 turns into depletion peak for NaCl(H2O)4 ions (as
shown in the blue circle); whereas for NaCl(H2O)n+ (n = 1 – 3) this band presents as the
enhancement peak. This suggests this stretching mode is originally from NaCl(H2O)4+,
which is fragmented by the electron impact and generate more abundant small
clusters. The possibility is that an isomer of NaCl(H2O)4 can lose water and Cl during
the charge transfer ionization when excited by photons at 3650 cm-1.

Figure 3- 6 Depletion spectra recorded at (a) m/z 95, (b) m/z 113, (c) m/z 131 and (d) m/z
149.

Ab initio calculations of the larger complexes provide relatively limited assistance in
interpreting the spectra. No single isomer has a simulated spectrum that matches the
observed spectra. This may indicate that several different isomers co-exist which
contribute to the experimental spectra. On the other hand, anharmonic behaviours,
including combination bands, overtones and Fermi resonance, are known to invoke
additional bands for the small complex spectra. Therefore it is a fair speculation that
anharmonic may significantly influence the larger complexes and further complicate
the spectra. For these reasons we opt for a more qualitative interpretation of the
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spectra based on the types of OH bonds likely to be present in the complexes. These
bonds can be classified into four types based on their expected stretching frequencies:
(i) free OH stretches near to 3700 cm-1, (ii) double donor (DD) stretches (3500 – 3650
cm-1) arising when both hydrogen atoms in a water molecule participate in hydrogen
bonding, (iii) single donor (SD) stretches (3300 – 3400 cm-1) arising when only one O-H
bond in a water molecule is involved in hydrogen bonding and (iv) ionic hydrogen
bonds, as discussed earlier, which can fall within a fairly wide range from 3000 – 3400
cm-1.

3.3.6 Infra-red Spectroscopy m/z = 23
Calculation predicts a SSIP isomer of in complex of NaCl(H2O)6 with two bands at
around 3150 and 3220 cm-1, respectively; we have therefore tried to find the trace of
this structure in IR spectra. The band at 3220 cm-1 could be assigned to one of the substructure in the broad band in Figure 3- 6 (c) of the NaCl(H2O)6 spectrum. However the
3150 cm-1 band does not appear in any spectrum we concern so far. Considering the
cyclic structure consisted by 6 water molecules intervened between Na+ and Cl-, the
formation of Na+ during the charge transfer ionization can be expected, which is
significantly apart from water and Cl- according to calculations. Hence we recorded the
IR spectrum at m/z 23.
It can be noticed in Figure 3- 7, the spectrum recorded at the m/z 23 channel has
distinct narrow features, suggesting that it is derived from a specific and simple
isomer. In the spectra we have also seen several transitions in the O-H region arising
from small water clusters, which are essentially from He-H3O+ (as marked in “Free OH”,
“D”, “T”, “Q” and “P” in Figure 3- 7). This was confirmed by turning off the oven to
eliminate any NaCl vapour and then recording the spectrum at m/z 23 again. As seen in
the red curve in Figure 3- 7, the bands with transition frequencies > 3300 cm-1 from the
two spectra are almost identical.
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Figure 3- 7 Depletion spectra on m/z 23 with the SSIP structure of NaCl(H2O)6. The black
curve was recorded when both water and NaCl doped in; the red one was obtained when
salt oven was switched off; the blue sticks shows the predicted bands from the SSIP
structure complex. The main bands of the water clusters are also assigned, including Free
OH, D (water dimer), T (water trimer), Q (water tetramer) and P (water pentamer).

In Figure 3- 7 there are several peaks that disappear when NaCl vapour is absent
(marked by * in the spectrum), most notably two peaks at 3151 and 3217 cm-1. There
are only two plausible carriers of these remaining bands: (i) Na(H2O)n or (ii) NaCl(H2O)n
complexes. In both cases it is necessary to assume that ionization leads to Na+
production. We can eliminate Na(H2O)n for several reasons. First and foremost, as
mentioned earlier, evaporation of solid NaCl at the low temperatures used in the
current study will produce a negligible quantity of Na atoms. Second the spectral
features are relatively simple and therefore cannot derive from Na(H2O)n for a range of
n.
This leaves one or more NaCl(H2O)n complexes as the source of the unassigned bands
in Figure 3- 7 and, given the simplicity of the spectral features, it seems likely to be
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only a single complex. According to our MP2 calculations only two complexes can
simultaneously produce the two low frequency peaks at around 3151 and 3217 cm-1.
One possibility is an isomer of NaCl(H2O)2 lying 0.05 eV above the global minimum,
with the predicted frequencies at 3132 and 3229 cm-1. The second possibility is the
SSIP complex of NaCl(H2O)6, where the low frequency vibrations at 3147 and 3223 cm-1
come from weakened O-H bonds in direct contact with Cl- i.e., free from any
immediate proximity to Na+. The two low frequency bands are clearly narrower than
those from water clusters, indicating that the O-H stretching vibrations in the spectral
carrier are significantly decoupled from the other O-H stretching modes.
We have tried to use the dependence of the signal level on the quantity of added
water to distinguish the two possible spectral carriers. Unfortunately, this is
complicated by the strong underlying contribution from water clusters in the m/z 23
channel. Nevertheless, the maximum signal for those two low frequency O-H
stretching bands of the unknown carrier requires a quantity of water well above the
optimum for making small NaCl(H2O)n complexes (n ≤ 3), but requires water level to
obtain an optimum spectrum for m/z 131, i.e. the NaCl(H2O)6 complex. Moreover,
there is evidence of additional bands from the unknown NaCl(H2O)n complex in Figure
3- 7. For the two peaks at 3523 and 3535 cm-1, which would normally be assigned to
the water trimer, the second of these peaks (marked with *) has a hugely enhanced
intensity compared to known spectra of (H2O)3 in helium nanodroplets shown in Figure
3- 4. On the other hand, the SSIP complex of NaCl(H2O)6 is predicted to have a strong
band in this region (see simulation in Figure 3- 7) whereas the excited isomer of
NaCl(H2O)2 is not (referred to Table 3- 1). For these reasons we tentatively assign the
spectral carrier of the new peaks in Figure 3- 7 to the SSIP complex of NaCl(H2O)6.
Finally we discuss why the SSIP structure of NaCl(H2O)6 can be determined by
detecting Na+ ions. The calculated structure of the SSIP shown in Figure 3- 7 consists of
a cyclic water hexamer sandwiched between Na+ and Cl- ions, where the Na+-Cldistance is 4.458 Å. The production of bare Na+ might be a consequence of the large
separation of the two ions in the SSIP isomer. In particular the location of the Na+ on
the surface of the water cluster may assist its escape with no attached water
molecules up on ionization, in contrast to Na+ ions embedded more deeply within a
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water network. Detection of Na+ therefore yields an IR spectrum of NaCl(H2O)6
selective only to the SSIP isomer. On the other hand, the IR spectrum recorded by
detecting Na+(H2O)6 shows no significant contribution from the SSIP isomer,
presumably because this isomer does not deliver hydrated Na+ ions on electron
ionization. Thus the spectrum in Figure 3- 7 represents a superposition of signals from
non-ionized CIP-like isomers.

3.4 Conclusion
In this chapter we have reported the first systematic investigation of NaCl(H2O)n
complex for a range of n from 1 to 7 by co-doping NaCl and water in helium droplets.
The O-H stretching vibrations of the complex molecules at their ground states were
investigated using infra-red spectroscopy. Compared with ab initio calculations, CIPlike complexes (n ≤ 5) are identified, particular for the small complex with n ≤ 3. In all
the spectra, the ionic hydrogen bond induced stretching is significant and is dominant
in the small clusters, since the Cl- ion deeply involved. Fermi resonances are clearly
present in the spectra for all the clusters in the form of doublets. Finally, a possible
SSIP complex at n = 6 is observed for the first time in experiment, which contains a
water hexamer ring sandwiched between the Na+ and Cl-. The distinct vibrational
bands observed were consistent with the calculation results as well as the earlier
theoretical work. The assigned complex structure indicates that the dissolution of NaCl
molecule starts to occur.
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Chapter 4
4 Quantum Vortices in Helium Droplets and
Nanowires Growth

4.1 Introduction
Quantized vortex is one of most dramatic hallmarks of a superfluid, which describes
the rotational behaviour of superfluid, i.e., only a certain angular moment would be
allowed. Below 2.17 K helium is in the phase II, the superfluid phase, at which helium
is essentially a Bose-Einstein condensate (BEC). This means that each atom in the
system would have the same wavefunction (as in quantum mechanics) and they
cannot be distinguished from each other. Therefore, when superfluid helium is under
rotation, quantum vortices with a hollow core will be produced in order to avoid zeroangular moment helium atoms to occur (76). In the helium droplet, helium atoms rotate
around the vortex line which resides through the centre of the droplet and provides
attractive force to the dopants nearby. The mathematical expression of a quantum
vortex is:
𝜅=

𝑛ℎ

(4-1)

𝑀

where κ is the integration of circulation velocity along the vortex loop in the form of
𝜅 = ∮ 𝑣𝑠 ∙ 𝑑𝑑, vs is the circulation velocity, l is a closed path representing for vortex

ring, n is the quanta of quantized vortices, h is the Plank constant and M is the mass of
helium. Experimental evidence of a quantum vortex in bulk liquid helium was first
proposed in 1964 by Rayfield et al., who measured the inverse proportional
relationship between the velocity of the ions doped in liquid helium and their energy,
which then suggested ions were circulating around the vortex line (81). It was not until

2006 that a visual evidence was obtained by observing micro-sized hydrogen particles
condensing along the vortices lines in the liquid helium

(82)

. The experiment was

performed by bubbling highly diluted H2 in helium through superfluid helium under
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rotation. It is in the same experiment that the vortex diameter was estimated as in the
order of an Ångstrom. In the meantime whether a quantum vortex exists in the
nanoscale helium remains a puzzle since the early discovery of superfluidity of helium
droplets.
The first implication of quantum vortices in helium droplets was discovered by Gomez
et al.

(83)

. By doping Ag atoms in very large helium droplets composed of 107 – 1012

helium atoms, they observed elongated Ag deposits aligned head-to-tail according to
the transmission electron microscopy (TEM) investigation. The authors attributed
these aligned nanorods to the effect of the quantum vortices in the helium droplets
which may provide an attractive force to allow the Ag atoms pinning to the vortices
lines and aggregating into nanorods. However this is not fully convincing because there
exists other alternative interpretations, for example, the head-to-tail alignment may be
driven by the transient dipole interactions due to the anisotropy of Ag nanorods. In
this case the elongated nanoparticles naturally interpose shape anisotropy which
might guide the atoms growing along one direction. In addition, it is also unclear
whether the fragments are intrinsic or they were produced by facture upon impact on
the deposition targets. As the authors have stated in the paper, the possibility that the
observation was caused by the breakup of the synthesized Ag nanowires in helium
droplets after hitting on the deposition target cannot be ruled out.
On the other hand, all the traces of quantum vortices in liquid helium taken into
concern until now is believed to be the singly quantized vortices, i.e. n = 1 in Equation
(4-1), because it is thought to be energetically more favourable to have lower quanta
vortices. That is why the mathematical formula of quantum vortices in Chapter 1 has
been described as 𝜅 =

ℎ

M

. The possibility for multiply quantized vortices in bulk phase

liquid helium had long been considered impossible since the energy of multiplied
quantum vortices energy, which is proportional to n2, is much higher than the multiple
singly quantized vortices (172). Hence any circulation of liquid helium stronger than h/M
will be rapidly quenched to multiple single quanta vortices (173), as proved by Vienn in
1961. The uniform arrays of condensed hydrogen particles observed by Bewley et al.
(82)

are also believed to be singly quantized vortices. So far it remains an open question
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whether multiple quantum vortices exist in helium droplets since there is no
experimental proof.
Although enlightened experimental results were shown in Ref. (83), more evidence is
required to firmly prove the existence of quantum vortex in helium droplets. In this
chapter, we present the convincing experimental proof of the quantum vortex’s
existence in helium droplets and then develop it as a new technique to produce
various one dimensional nanostructures. Finally we will discuss new experimental
evidence indicating the presence of multiply quantized vortices in superfluid helium
droplets with experimental support.

4.2 Firm Evidence for Quantum Vortices in Helium Droplets
4.2.1 Silver Aggregation in HeDs
Since Gomez et al. claimed that the observation of chains of Ag nanosegments formed
in large helium droplets was possibly a trace of the quantum vortices existence (83), in
order to explore the existence of quantum vortices, it is crucial to get a full picture of
how silver nanostructures evolve in large helium droplets with the droplets size
variation.
Here we carried a series of experiments on the addition of Ag to helium droplets, in
which the Ag oven was maintained at about 1230 K. This temperature was chosen
because we have found at this temperature the majority of Ag nanoparticles are
spherical. The stagnation pressure of helium source was kept at 15 bar and the
deposition time for all the samples were 2.5 min. The helium source temperature was
tuned from 9.5 K to 4.5 K and at each temperature, the helium beam was aligned to
maximize both the partial pressure in the quadrupole mass spectrometer chamber
(the highest flux of overall helium) and He2+ signal detected (the highest flux of helium
droplets). The Ag doped helium droplets were then allowed to deposit to a TEM
substrate, which can then be removed from vacuum investigated by high resolution
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transmission electron microscopy (TEM) at the Advanced Microscopy Centre at
University of Leicester.
We started with a helium source temperature initially set at 9.5 K, corresponding to a
mean droplets diameter of 25 nm. As shown in Figure 4- 1 (a), small particles with
diameters of 1 – 2 nm were formed. As temperatures gradually decreases to 8.5 K, 7.5
K, 6.5 K to 6 K (producing helium droplets with average diameters of 40 nm, 90 nm,
120 nm and 200 nm, respectively), the particle counts gradually decreases but the
average particle size increases. Meanwhile the particles, which randomly distribute on
the substrates at higher temperatures, tend to line up gradually as the droplets
become larger, as shown in image (b) – (e). At a source temperature of 5.5 K (with
droplet diameter of 790 nm), uniform spherical Ag nanoparticles aligned in a chain can
be observed from the TEM image (see Figure 4- 1 (f)). The particles are about 6 nm in
diameter with an inter-particle separation of 22 nm.
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Figure 4- 1 TEM images of Ag aggregations in helium droplets with different source
temperatures of (a) 9.5 K; (b) 8.5 K; (c) 7.5 K; (d) 6.5 K; (e) 6 K; (f) 5.5 K; (g) 5 K; (h) 4.5 K. The
scale bars for (a) – (f) are 20 nm, (g) – (h) are 100 nm. Image (i) shows the expanded views of
images (g) and (h).

At lower temperature, the particle chain gets longer and the individual spherical
particle gets larger. At 5 K (with the droplet diameter of about 1.7 µm) the average
particle diameter grows to about 10 nm (see Figure 4- 1 (g)). At even lower
temperature the chain continues to grow in length, and elongated nanorods are
observed rather than spherical nanoparticles. At 4.5 K when helium droplets have an
average diameter of 3 µm, very long chain of nanorods are observed, each segment of
rod has an average length of 21 nm and diameter of 8 nm. Figure 4- 1 (i) shows the
expanded views of image (g) and (h), providing more details of the evolvement from
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spherical nanoparticle to nanorods. It is worth mentioning that the centre-to-centre
separations between neighbouring nano-objects in all images (f) – (h) are pretty
similar, of 28 nm, 26 nm and 29 nm respectively.

4.2.2 Silver/Silicon Binary Nanowires in HeDs
Vilesov et al. have suggested that fragments of Ag in TEM images are possibly caused
by the fractures of the nanowires after being deposited on a solid target (83). In order to
investigate whether the structures displayed in Figure 4- 1 (f – h) are the intrinsic
features in helium droplets, we sequentially added Ag and Si into helium droplets. The
motivation is: if the segmented structures were resulted from the fracture, core-shell
structural segmented structures should be observed; on the other hand, if the
segments were intrinsically generated in helium droplets before hitting on the target,
Si should be able to fill in the gaps between the Ag segments and no fracture should be
observed.
In this experiment, Si was heated to 1400 K and Ag oven was maintained at 1230 K.
Two source temperatures were selected at 6.5 K and 4.5 K in order to compare,
corresponding to an average droplets diameter of 250 nm and 3 µm respectively. The
helium beam was again aligned to maximize both partial pressure in the quadrupole
chamber and the He2+ signal. All the samples were deposited for 2.5 minutes and the
TEM images of the two samples are shown in Figure 4- 2.
In relatively smaller helium droplets, with a diameter of 250 nm, Ag aggregates into
spherical nanoparticles instead of nanorods or nanowires (darker images marked in
Figure 4- 2 (a)). Si was then added to the droplets which produced a Si coating on the
surface of Ag nanoparticles, resulting to a clear core-shell structure (lighter image
marked in Figure 4- 2 (a)). Figure 4-2(a) also indicates that Si tends to grow into
nanowires rather than spherical nanoparticles, as a tail can be observed. In large
helium droplets of 3 µm diameter (Figure 4- 2 (b)), Ag aggregates into a chain of
nanorods, similar to the images shown in Figure 4- 1 (h), while Si was found to fill in
the gaps between the Ag segments. This image clearly proves the segmented
nanostructures of Ag are intrinsic in helium droplets before hitting on the target, which
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completely rules out the possibility that the Ag segments were resulted from the
breaking of the nanowires suggested by Gomez et al. (83).

Figure 4- 2 TEM images of Ag-Si nanowires formed in helium droplets at temperature of (a)
6.5 K and (b) 4.5 K.

The spherical Ag nanoparticles chains shown in Figure 4- 1 (f) – (g) rule out the shape
anisotropy as a potential source of the guiding force for nanoparticles aggregation in
one direction, since the spherical nanoparticles do not have any anisotropy. The binary
Ag-Si nanowires formed with Si filling in the gaps between the Ag nanorods eliminates
the possibility of the segment chains are induced by the fragmentation of the
nanowires on the hard target. In superfluid helium there are no other guiding forces
that can cause the one-dimensional growth; the only factor that can interpret the
observation is therefore the quantized vortex. Hence our experiment provides solid
evidence for quantized vortices in superfluid helium droplets.

4.2.3 Nanostructures Growth along the Vortex Line
The aligning force provided by the quantum vortex for nanoparticles pinning originates
from the increased density gradient near the vortex core to the atoms and molecules
compared to other part of the superfluid, which leads to a binding energy of about 3 –
10 K (2 – 7 cm-1) for an atom

(174)

. This is a very short-ranged, but sufficiently strong

attractive force, for the atoms being trapped in helium droplets, considering the
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surrounding temperature is only 0.37 K. Therefore the aggregation in helium droplets
tends to occur along the vortex line.
The reason that Ag forms segmented nanoparticles or nanorods instead of continuous
nanowires as for Si shown in Figure 4- 2 is still unclear so far. As helium droplets are
superfluid and they provide negligible viscosity that can hinder the migration of Ag
atoms and Ag particles, there must be a repulsive force along the vortex line which
prevents the pinned nanoparticles from combining together. It was suggested that the
addition of Ag might distort the vortex core and the curved vortex could generate high
energy boundary between the two energy minimal

(175)

. Therefore nanoparticles can

only aggregated at the energy minimal position of the vortex line and repulsive from
the neighbouring particles. The roughly equal inter-particle spacing between the
centres of the two neighbouring particles indicates the equilibrium distance comprised
by the long-range inter-particle attraction and the repulsive force caused by the vortex
distortion. Indeed this explanation is quite speculative and may not apply to the
universal cases since Si clearly prefers to form nanowires along the vortex line.
Therefore there also may be some unique properties of Ag that we did not understand
at the moment.
Recently it has been experimentally proven that multiple quantum vortices can coexist in the same helium droplet. By X-ray diffraction images, xenon atoms pining to
the vortex lines in helium droplets can be visually investigated

(84)

. The diffraction

patterns showed multiple parallel vortices arranged in a lattice within the droplets in a
manner similar to bulk superfluid helium, which is assigned to multiple quantum
vortices.
Till now all the evidences of quantum vortices in helium droplets were discovered in
large helium droplets, i.e. when source temperature below 6 K. In smaller droplets,
vortices should still exist in theory; however it is a big challenge to trace them in
experiments since the finite inter-atom spacing inside the helium droplets, atoms are
more preferable to bound together, aggregate into larger particles and therefore
overwhelm the vortices effect.
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Figure 4- 1 displays a fully evolvement picture of Ag from small nanoparticles through
large aligned nanoparticles and then to long chain of nanorods when the mean
droplets diameter increases from 25 nm to 3 µm. Here we can summarize three
extreme scenarios of nanoparticle growth in helium droplets according to the
observation, which combines the effect of quantum vortices and multi-centre growth:
i.

In relatively small helium droplets, the successive added Ag atoms can quickly
migrate to an existing Agn cluster in the droplet due to the low effective doping
rate and reasonably strong long-range dispersion interaction. Therefore the
inter-atom attraction can overcome the quantum vortices and a single
spherical nanoparticle will result. In TEM images, spherical nanoparticles are
randomly distributed and particles grow larger with the doping rate increases
either by increasing the oven heating or by increasing the droplets size.

ii. When droplets are enlarged to an intermediate scale, the new added atoms are
too far away from any other atoms. It will be a semi-random way for atoms
migrating to the existing nanoparticles which are possibly already pinned to the
vortex line. When the new atoms encounter and attach to the existing
particles, particles along the vortex line grow larger. As the atoms can approach
to the vortex line from any direction, the particles can maintain quasi-spherical
shape, forming the spherical nanoparticle chains shown in Figure 4- 1 (f).
Scenarios (i) transforms to (ii) gradually as the droplets size increases.
iii. When the droplets are extremely large so that Ag doping rate is so high that
multi-centre growth happens (95, 176). When the time between successive atom
pickup events is shorter than the migration time to the centre of helium
droplets, atoms can aggregate into small particles at multiple locations inside
helium droplets, which then continue to migrate toward the vortex line.
Eventually these nanoparticles will reach the vortex line and elongate the
existing nanoparticles that have been already pinned. In this case chains of
nanorods will be formed.
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4.3 One-dimensional Nanostructures Formation in Helium
Droplets
One dimensional nanostructures, including rods, wires and tubes have attracted more
and more attentions in recent years for some unique properties they possess, such as
quantum conductance
properties

(177)

, ballistic conduction

(180)

, negative magneto-resistance

(181)

(178, 179)

, extraordinary magnetic

and low thermal conductivity

(182)

.

Therefore ultra-thin nanowires have significant importance in applications of catalysis
(183)

, chemical and biosensors (184, 185) and miniature electronic circuits (186).

Currently various methods have been applied to synthesis ultra-thin nanowires which
normally involve an anisotropy force including substrates
ligand control

(190)

and oriented attachment

(180)

(187)

, templates

(188, 189)

,

to allow atoms growing along one

direction. Besides monometallic nanowires which are the focus of current research in
this field, it is found that nanowires consisted by two types of metals present improved
electronic, magnetic and catalytic properties compared to the monometallic ones (191193)

.

Although have been widely investigated, there is no universal synthetic technique that
can apply to all the materials. Synthesis procedure is always system dependent and it
is still big challenge to produce nanowires with diameter of less than 10 nm for most of
the techniques, which are of great importance to research due to the sensitive size
effect at nanoscale. Meanwhile for nanowires composed by two or more types of
materials, precise control of the quantity of each component is still difficult in
technique due to the different nucleation and growth rates of different components.
Using superfluid helium droplets the materials can be added when helium droplets
pass through the pickup region and acquire impurities in the gas phase, and the
intrinsic anisotropy, the quantized vortices, will allow the materials to aggregate along
the vortex line. Hence helium droplets can potentially be used as a unique and
universal tool for nanowire growth. In the following sections, we will exploit the
potential to form nanorods and nanowires in helium droplets, taking advantage of
quantum vortices, including both metallic and non-metallic materials.
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4.3.1 Au Nanostructures
As discussed in previous sections, silver atoms can gradually evolve from nanoparticles
to nanorods as the size of helium droplets gradually enlarges. The evolution is
determined by the combined effect of quantum vortices and multi-centre growth.
Figure 4- 3 shows the evolvement of Au nanostructures formed in helium droplets with
initial helium droplet diameter ranging from 25 nm to 1.7 µm. Here the helium droplet
beam was aligned to its maximal He2+ signal and partial pressure of the quadrupole
chamber. Au oven was fixed at about 1300 K through all the experiments and the
sample deposition time was 2.5 minutes.
As seen in Figure 4- 3 (a), at 9.5 K (corresponding to an average helium droplets
diameter of 25 nm), only spherical nanoparticles can be observed, with an average
diameter smaller than 3 nm. When helium droplets are enlarged to 55 nm in diameter
(Figure 4- 3 (b)), both spherical and elongated Au nanoparticles can be seen. Further
increase of helium droplet size leads to more elongated Au nanorods, (see Figure 4- 3
(c – g)). When helium droplets are about 135 nm in diameter, nanorods have a length
of 20 ± 7 nm and a width of 3.9 ± 0.5 nm on average. For helium droplets with a
diameter of 790 nm, nanorods grow to a length of nearly 50 nm and a width of 4 – 5
nm. When helium gas is cooled down to 5 K, producing droplets with ~1.7 µm in
diameter, continuous Au nanowires longer than 250 nm have been obtained (Figure 43 (g)). The nanowire diameter is about 3.6 nm in average. This is a very different
behaviour compared to Ag which tends to form chains of segmented nanorods.
The expanded view of a long Au nanowire formed in 1.7 µm helium droplets, as shown
in the inset of Figure 4- 3 (g), has a “peas-in-a-pod” structure, which indicates the
formation of nanowires is a combined effect of quantum vortices and multicentre
growth. Here each “pea” is a spherical nanoparticle formed at a random place in the
droplets which eventually moves to the vortices lines, and attaches to the particles
already pinned in the vortex core if they are in close vicinity. Compared with Ag, Au
can migrate freely along the vortex line and form a continuous nanowire.
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Figure 4- 3 TEM images of Au nanostructures formed in helium droplets of different initial
diameters of: (a) 25 nm; (b) 55 nm; (c) 75 nm; (d) 135 nm; (e) 250 nm; (f) 790 nm. (g) 1.7 µm.
The scale bars for (a) – (c) are 20 nm and for (d) – (g) are 50 nm. The Au oven is fixed at 1300
K.

Another remarkable feature is the branched nanowires are observed in all the images
in Figure 4- 3. As we have deliberately deposited nanowires at relatively short duration
in order to avoid overlapping on the TEM substrates, there is little probability that one
wire was deposited on top of another. The branches must be intrinsic to the nanowires
formation process in helium droplets. One possibility may derive from the multicentre
growth mechanism. If the nanoparticles are formed at the locations remote from
vortex line, they may not all be able to reach to either end of the vortex line by free
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diffusion. Instead, they will encounter a continuous nanowire at a middle position
where they can attach and form localized anisotropy. The continuous addition of Au to
the droplets can then start to grow near these locations and form branches. This
process is similar to the diffusion-limited aggregation occurring in wet chemistry
synthesis of nanostructures, where nanostructures are transported and bounded
together by diffusion

(194, 195)

. Another possibility is that the branched nanowires may

come from the multiple vortices array existing in the same helium droplet, leading to
the separate strands of the nanowires formed fusing together when deposited onto a
target.
Figure 4- 3 indicates the nanowires can be significantly elongated with the increase of
helium droplet size. In another set of experiments the dependence of the diameter
and length of Au nanowires on the oven temperature was measured, in order to
examine whether the length and the diameter of the Au nanowires can be controlled.
As shown in Figure 4- 4, the size of helium droplets was maintained at 1.7 µm and the
Au oven temperature was varied. The diameter of the nanowires significantly increases
with the oven temperature when it is relatively low and then reaches to a nearly
constant level of 5 nm. On the other hand, the length of nanowires monotonically
increases with the oven temperature. This set of experiments shows that by careful
control over the doping rate and the size of helium droplets, the length of the
nanorods/nanowires can be controlled while the diameter can be maintained at a very
narrow level. Further increase of nanowire diameter can be expected when the
nanowire reaches the maximal length in the helium droplets, which is close to the
diameter of the droplets.
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Figure 4- 4 Dependence of the diameter (blue triangle) and the length (red triangle) of Au
nanowires on the oven temperature for helium droplets with a mean initial diameter of 1.7
µm.

4.3.2 Ni, Cr and Si Nanowires Formed in Helium Droplets
In this section we exploit the formation of nanowires using quantum vortices with
different types of materials, including Ni, Cr and non-metallic Si. The experimental
procedure is essentially the same as in the Ag and Au experiments. The TEM images of
these materials are shown in Figure 4- 5.
The Ni oven was heated constantly up to 1700 K. Comparing Figure 4- 5 (a) with (b), Ni
nanowires synthesized were significantly elongated with the droplet diameter
increased from 790 nm to 1.7 µm. Particularly at 1.7 µm helium droplets, continuous
nanowires as long as a 500 nm can be obtained, and the diameter of the nanowires is
about 4 nm. At the lower right corner of the image Figure 4- 5 (b), there is a straight
wire with a length of over 300 nm spanning the gap of across the lacey carbon film of
the TEM substrate. In particular, on this wire branches can be clearly observed which
provides evidence to support our speculation in the previous sections, i.e., the
branched structures are formed in the nanowire growth process inside helium droplets
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as there is little possibility for the nanowires to get overlapped in the hollow region of
the lacey carbon substrates.

Figure 4- 5 (a) Ni nanorods formed in 790 nm helium droplets; (b) Ni nanowires formed in 1.7
µm helium droplets; (c) Cr nanowires formed in 790 nm helium droplets; (d) Si nanowires
formed in 1.7 µm helium droplets.

Cr nanowires are also synthesized in large helium droplets. As seen in Figure 4- 5 (c).
When Cr oven was heated to 1500 K with 790 nm diameter helium droplets, nanowires
with average length of 69 nm and diameter of 3.3 nm can be observed.
For Si we heated the oven to 1400 K, Si nanowires longer than 100 nm have been
synthesized in helium droplets with diameter of 1.7 µm, as shown in Figure 4- 5 (d).
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The contrast of the TEM image for Si is much lower than the other metals illustrated
before because Si does not scatter electrons as readily as metals.

4.3.3 Advantage of Helium Droplets Technique in Forming One-dimensional
Nanostructures
There are several major advantages of helium droplets, particularly in combination of
quantum vortices in helium droplets and multi-centre growth mechanism, for the
formation of one-dimensional nanostructures:
i.

It is a universal technique for the fabrication of nanowires, which has no
limitation on material selection. Any metallic and non-metallic materials, as
long as they can be evaporated, can be added to helium droplets and pinned
to the vortex line. In this process neither template nor substrate is needed;
hence the synthesis process is straightforward and the products are expected
to have high purity in an ultrahigh vacuum system.

ii. The growth of one-dimensional nanostructures can be controlled, and
ultrathin nanowires with diameter < 10 nm can be easily formed.
iii. Core-shell structured one-dimensional nanostructures can also be easily
produced using this technique (97), i.e., by sequential addition of different types
of materials to helium droplets when they pass through the pickup region.

4.4 Multiply Quantized Vortices in Helium Droplets
In all the experiments described in the previous sections, we have aligned the helium
droplets beam to the maximal helium droplet flux meanwhile the overall helium flux,
which is, surprisingly, achieved by off-centre alignment of the helium droplets beam.
When the helium droplets beam is centrally aligned, we have found that the He2+
signal maintains the maximal but the pressure in the mass spectrometer chamber P3,
reaches a minimum (see Figure 4- 6). In this section we present the experimental
results measured on the central axis of the chamber, corresponding to the maximum
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of He2+ and relatively low overall helium flux. To compare we have set the source
temperature at 4.5 K, producing helium droplets with a diameter of 3 µm.

Figure 4- 6 The variation of partial pressure P3 in the quadrupole chamber and He2+ signal at
different nozzle positions.

In Figure 4- 6, the x-axis marks the horizontal position of the manipulator mounted to
the cold head. He2+ signal maintains constant level in the middle range which means
there are near constant number of helium droplets in the helium beam when the
position of the source is slightly varied, since it is known each He2+ ion is exclusively
donated by one helium droplet (71, 74, 75). On the contrary, a 0.25 mm wide dip appears
in the middle of P3 variations, indicating although the droplets flux are constant, the
droplets size in the beam centre is smaller at the centre of the droplet beam. It is
because P3 is measured from the helium gases atoms after the droplets colliding with
the wall of the detection chamber and breaking into gases atoms

(10)

. It can be

estimated from Figure 4- 6 that a 40% reduction of the P3 value occurs in the centre of
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the droplet beam, corresponding to an average 15% smaller in diameter of the
droplets at the centre than at the edge.
We select Ag as the doping material and keep the Ag oven at 1230 K; so the
experimental conditions including the droplet size and Ag doping rate can be
controlled the same as the counterpart in Figure 4- 1, and the results from the two
experiments can be directly compared.
Ag nanostructures synthesized in the beam centre when other experimental conditions
are kept constant is shown in Figure 4- 7, in which some large nanoparticles still form
in a chain but are surrounded by some smaller ones. The expanded view in the blue
frame shows clear details of the particle distribution.

Figure 4- 7 TEM images of Ag nanoparticle grown in the droplets at the centre of the helium
beam. The scale bar is 200 nm. The expanded image in the blue frame shows the details of
nanoparticle display.

The different particle aggregation behaviour at different positions of helium beam
suggests different factors that govern the particle aggregation. It is known the particle
aligned in the chain is attributed to the singly quantum vortices in helium droplets;
therefore the question aroused include: 1) what causes the small particles surrounding
the large aligned ones? 2) Why do the surrounding nanoparticles neither align
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themselves nor attach to the existing large aligned nanoparticles which are so close to
them?
We first discuss the effect induced by the shape of the helium droplets, which are
known to be statistical within a droplet beam

(84)

. The shape of the droplets can

influence the migration time of the atoms towards the vortex line. The more ellipsoidal
the droplet is, the longer time that some atoms might need to reach the vortex line.
Hence if the migration time is longer than the flight time (from the Ag oven to the
deposition target) smaller particles might not be able to reach the vortex, as a result
they will locate at the vicinity of the existing particle chains. Nevertheless, according to
TEM results we only see the images of Figure 4- 1 or Figure 4- 7 corresponding to the
centred or off-centred helium beam, rather than a mixer. This therefore excludes the
influence of the shape of the droplets to the TEM images.
Secondly we discuss whether the size of the helium droplets can lead to the different
images. If the droplets produced at the central section of the expansion beam are
much larger than the off-centre ones, it would take longer time for the Ag atoms to
migrate towards the vortex line in the centre. As a result if some of the atoms cannot
reach the vortex line within the flight time of the droplets from the oven to the
deposition target (a few milliseconds), it is possible that they will eventually locate at
the vicinity of the vortices. On the contrary, the pressure variation shown in Figure 4- 6
has suggested at the centre of the helium beam the droplets are about 15% smaller
than the outer ones, which therefore eliminates the size effect contributing to the
small particles located near the vortex lines.
These have left the only possible explanation to the best of our knowledge, which is
attributed to the different rotational state of the helium droplets. If we assume that
the “clean” chains of nanoparticles and nanorods are formed in singly quantized
vortices, different rotational state means the central part of the helium droplets may
form multiply quantized vortices. In this case all the helium atoms within the droplets
will undergo a higher angular velocity, bearing a centrifugal force proportional to the
square of the angular momentum. It is unclear whether the Ag atoms approaching the
vortex line will circulate in the same manner as the helium atoms, or they are only
little affected by the circulating helium atoms. In either case, multiply quantized
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vortices will provide a stronger force against the migration of the Ag atoms toward the
vortex line. Consequently, the droplets employed in Figure 4- 7 would have higher
circulation velocity than Figure 4- 1, which means have a quanta > 1, although we are
unsure what quanta the vortices have.
Finally we discuss the origin of quantized vortices generated in the expanded helium
droplet beam and their lifetime. In bulk superfluid helium the rotating superfluid will
have to interact with the container wall, which will drain the excess energy of helium,
leading to reduced circulation velocity. Consequently multiply quantized vortices are
intrinsically unstable from this aspect and will eventually evolve into multiple singly
quantized vortices. For superfluid helium droplets they are isolated and free standing
in the vacuum, therefore there is no channel to quench their rotational angular
momentum. Consequently, multiply quantized vortices, once formed, could have very
long lifetime. In this work the traveling distance between the expansion aperture and
the Ag oven is ~40 cm, and the distance between the Ag oven and the deposition
target is ~60 cm. Therefore the lifetime of the multiply quantized vortices is at least
some milliseconds. In a previous work Gomez et al. have discussed the possibility to
form vortices by the interaction of the fast-moving helium fluid with the walls of the
nozzle in a similar way to normal fluid

(83)

. However, different rotational quanta at

different region of the expanded helium droplet beam suggest that the shockwave
generated in the free jet expansion might play an important role for the formation of
multiply quantized vortices in superfluid helium droplets. Stronger interactions within
the droplets at the edge of the silence zone are expected, which serves as a channel to
release the rotational energy, leading to lower quanta of vortices in the off centred
position of the helium droplets.

4.5 Conclusion
In this chapter, solid evidence of the quantized vortices existing in helium droplets
have been experimentally given by chains of spherical nanoparticles formed in large
helium droplets. The spherical nanoparticles lining up in a chain rules out the possible
source of the aligning force induced by the shape anisotropy and the fact that the Si
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nanowires filling between the Ag nano nanoparticles discriminates the assumption
that the Ag nanoparticle chains are fractured by the impact on the substrate. Generally
speaking, the particle aggregation in large helium droplets is a combined consequence
of quantum vortices and multicentre growth, which leads to the formation of nanorods
and nanowires.
As a result, helium droplets can perform as a highly adaptable technique that can be
universally applied to fabricate one-dimensional nanostructures with easy preparation
and no material limitation. The length of the nanostructure can be tuned by adjusting
the material doping rate and the initial helium droplets size. To date, Au, Ni, Cr and Si
nanowires and Ag/Au core shell nanowires have been synthesized in helium droplets,
the length of the nanowires produced can reach up to µm scale.
We also generated evidence that suggests trace of multiply quantized vortices in
helium droplets according to the TEM images of Ag nanoparticle aggregation where
some small particles are seen at the vicinity of the chains of large particles. That the
multiply quantized vortex can survive within the helium droplet is due to no energy
quenching channel existing in the vacuum chamber and they can maintain stabilization
for at least millisecond timescale.
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Chapter 5
5 Magnetic Nanomaterials Formed in Helium
Droplets

5.1 Introduction
5.1.1 Overview of Magnetism of 3d Materials
3d transition metals have great importance in magnetism due to the unpaired
electrons in the 3d orbitals. The theoretical limit of the magnetism of individual atoms
is known to depend on both electron spin and orbital moment, i.e.:
3

|𝝁𝒛 | = [ +
2

𝑆(𝑆+1)−𝐿(𝐿+1)
2𝐽(𝐽+1)

]𝐽𝜇𝐵

(5-1)

where 𝝁𝒛 gives the theoretical limit of the atomic magnetic moment, S is the total
electron spin quantum number, L is the total orbital angular momentum quantum
number, and J is the total angular momentum quantum number equal to |𝐿 ± 𝑆| (+/-

sign is determined by Hund’s third rule). µB is the Bohr magneton and is equal to eħ/2me (me is the electron mass), which is a commonly used unit for magnetic
moments.
In a many-atom system, because of the exchange interaction between neighbouring
atoms, magnetic moments of 3d atoms align either in parallel or antiparallel under a
magnetic field, in order to lower the overall energy. Materials with parallel alignment
of atomic magnetic moments are known as ferromagnetic materials while antiparallel
alignments correspond to antiferromagnetic materials. The exchange interaction is a
purely quantum effect acting at very short range

(107)

, i.e., between neighbouring

electrons or atoms, and there is no analogue in classical physics. The exchange
interaction between neighbouring electrons is the fundamental of Hund’s rules while
when exchange interaction functions to the neighbouring atoms; it determines the
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classification of different types of materials, i.e., anti-ferromagnetic or ferromagnetic
materials, and their corresponding magnetic properties. The relationship between the
strength of the exchange interaction and the inter-atom separation for different
materials is reflected in Bethe-Slater curve

(120)

; see Figure 1- 10 in Chapter 1. Shortly

speaking, both anti-ferromagnetic and ferromagnetic exchange interaction will be
weakened by enlarging the inter-atom separation.
To give an example, chromium (Cr), with an electron configuration of 3d54s1, has 6
unpaired electrons, which leads to an atomic magnetic moment of 5 𝜇𝐵 as only 3d

electrons contribute to the magnetism. However, in the bulk phase, because the
neighbouring atomic magnetic moments are aligned in opposite directions when being
magnetized,

no

magnetism

can

be

detected.

Therefore

Cr

manifests

antiferromagnetism in the bulk phase. In contrast, iron (Fe), with an electron
configuration of 3d54s2 and an atomic magnetic moment of 6 µB, has aligned atomic
magnetic moments when subjected to an external magnetic field due to the exchange
interaction. It is also the exchange interaction that can lead to a spontaneous internal
magnetic field. Hence remanent magnetization can be detected after the external field
is removed. Materials including Fe, Co and Ni are known as ferromagnetic materials.
Even with aligned magnetic moments, magnetism in many-atom ferromagnetic
systems cannot reach the atomic limit because both orbital and spin angular
momentum can be quenched. With the high electron density in the outer space from
the nuclei, 3d electrons can interact with the crystal field which quenches the orbital
contribution to the magnetism

(107)

. For spins, electrons of neighbouring atoms will

interact and the discrete energy levels evolve into an energy band. The population of
the bands for opposite spins are unbalanced, resulting in net unpaired electrons that
contribute to the magnetism in many-atom systems. In the bulk phase, each band has
a fixed population; hence bulk materials generally have a specific value of
magnetisation. For example, the bulk phase of Fe has a magnetic moment of 2.2
𝜇𝐵 /atom while for Ni it is only 0.6 𝜇𝐵 /atom, which is much lower than the theoretical

limit of 3 𝜇𝐵 /atom. On the other hand, for rare earth materials, due to the distribution

of electrons near the nuclei, magnetic moments of atoms in the crystal are decoupled.
Consequently, the measured magnetism of rare earth metals is almost identical to
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their theoretical limits, e.g. the ratio of measured magnetism and the maximum
theoretical value for Gd is Mexp/Mtheo = 7.63/7.
A systematic study on how magnetism evolves from atomic level to bulk as atoms
gradually aggregate into clusters was reported by Billas et al. by measuring the
magnetizations of ferromagnetic clusters, Xn (X for Fe, Co, and Ni, n = 25 – 700), in a
vacuum at 78 K

(196)

. It was shown that the magnetizations of all the three materials

gradually decline from a high level down to the bulk phase value as the cluster size
increases. Clusters composed of over a few hundred atoms have roughly the same
magnetic moments as the bulk materials. Another study on evolution of the
magnetism of antiferromagnetic materials showed that small clusters of Cr can possess
strong ferromagnetism (197). The magnetic moments of smaller clusters (fewer than 80
atoms) varies with the cluster size and possess a peak magnetisation of 1.16 𝜇𝐵 /atom
for Cr58 cluster. For clusters containing over 80 atoms, the magnetisation

monotonously decays with the increase of cluster size till zero.
Magnetic nanomaterials, often containing at least a few hundred atoms, are essential
to next generation nanoproducts. Therefore their magnetic properties are of
increasing research interest. In the following sections we will first briefly review the
progress in the study of nanomaterials of both Cr and Fe as examples of
antiferromagnetic and ferromagnetic nanomaterials, respectively, with reference to
our studies on these two nanomaterials.

5.1.2 Antiferromagnetic Materials at the Nanoscale
Chromium, which has a Néel temperature of 312 K in the bulk, is one of the most
important antiferromagnetic materials. One of the most interesting applications of Cr
is as the intervening material sandwiched between ferromagnetic thin films (such as
Fe) to form a (001)Fe/(001)Cr superlattice. When an electric current and a magnetic
field are both added along the (110) direction in the plane of layer, the electric
resistance decreases during the magnetization process and remains constant when the
magnetization is saturated. The lower limit of the resistance that the superlattice can
reach is highly dependent on the Cr film thickness. The thinner the Cr film is, the lower
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resistance it can possess

(198, 199)

. This effect is known as Giant Magnetoresistance

(GMR). The tuneable electrical resistance of such a superlattice results from the
magnetization alignment of the adjacent ferromagnetic layers either in parallel or
antiparallel, which can be controlled by the antiferromagnetic coupling induced by the
Cr layer under an external magnetic field. GMR has been widely used, for example, in
magnetic field sensors (200), read heads in magnetic recording (201) and magnetoresistive
random-access memory (MRAM) (202). The 2007 Nobel Prize in Physics was awarded to
Albert Fert and Peter Grünberg for the discovery of GMR.
Another extraordinary effect caused by antiferromagnetic materials is the exchange
bias (EB), which was initially discovered in Co/CoO core-shell nanoparticles with a
diameter of 20 nm

(203)

. EB effects occur at the interface of a ferromagnetic (FM)

material and an antiferromagnetic (AFM) material. The mechanism of EB can be
explained as follows. The magnetic moments of the AFM material at the interface will
enhance the magnetization of the FM materials when the external magnetic field is
parallel to the AFM magnetic moments pinned at the interface. On the other hand,
magnetic moments of the AFM material at the interface will prevent the FM material
being demagnetized when the external field reverses its direction. This is reflected in
experimental measurements, where EB causes a horizontal shift in the magnetization
hysteresis loop.
Currently most investigations of EB focus on thin films

(204, 205)

because a stronger

interface effect between FM and AFM materials can be realized when compared with
core-shell nanoparticles. EB effects in bi-layer thin films have been applied to the spin
valves used in read heads

(206)

. EB effects of core-shell nanoparticles have also

attracted increasing interest recently due to its importance not only in study of
fundamental theories of nanomagnetism but also in potential applications such as the
single nanoparticle storage by overcoming the superparamagnetic limit
hyperthermia treatment of cancer

(207)

and

(208)

. As a good example of AFM materials, the EB

effect of Cr has also attracted broad research interest (209, 210).
The magnetism of AFM Cr has also attracted great interest

(211-214)

since it was

predicted by Louis Néel that very small AFM materials with a reduction of Néel

125

temperature may have superparamagnetic or even weak ferromagnetic properties due
to the uncompensated spin on the surface

(215)

. The uncompensated spins at the

surface are basically the residual net spins on the surface after each pair of antiparallel
aligned spins cancel each other out, giving rise to near zero magnetization. In the past
few decades this model has been applied to explain the weak magnetic properties in
diamagnetic materials such as CuO

(216)

, antiferromagnetic NiO

(217, 218)

and

ferrimagnetic ferritin (219, 220). However, the AFM NiO in Ref. (217, 218) does not show
any superparamagnetic or ferromagnetic properties, although weak paramagnetic
behaviour was observed. Since the uncompensated surface spin is a surface effect, it is
expected to be more prominent when the surface to volume ratio increases. Thus the
magnetization generated by this mechanism should be stronger as the particle size
gets smaller (221).
Another mechanism to explain the magnetization detected in AFM nanostructures is
the canted spin model. Slightly different from the uncompensated spin theory, the
canted spin model assumes that all the spins located at the particle surface can
respond to an external magnetic field as a superparamagnetic material, and are thus
canted towards the external magnetic field to some extent; therefore they can all
partially contribute to the overall magnetization. This theory is designed to explain the
stronger magnetization detected in an AFM system than that could be explained by
the mechanism of uncompensated surface spin (222). Canted spin effect is supposed to
be more prominent at defect positions in nanostructures (223), i.e., position with larger
curvature. An illustration of the canted spin model is shown in Figure 5- 1.
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Figure 5- 1 Illustration of spin-canting induced magnetization for AFM nanoparticles.

To date, the magnetic properties of pure Cr nanostructures has been only reported in
two studies, to the best of our knowledge

(126, 222)

. In both attempts, very small

magnetization, of less than 0.02 µB/atom, was detected from Cr nanoparticles at 5 K
and the M-H curves in both cases were not saturated even at external fields as high as
5 T. Saturation magnetization at modest magnetic field is an indicator of
ferromagnetism and superferromagnetism, which means in both cases Cr
nanoparticles formed remain antiferromagnetic. In another experiment Cr was doped
in ZnO nanoparticles at a low concentration of 7%, and saturated M-H curves were
obtained (224). When the Cr concentration was raised above 12%, the M-H curve could
no longer be saturated. Therefore it is not entirely convincing that it is the Cr that
independently delivers the ferromagnetism.

5.1.3 Ferromagnetic Materials at the Nanoscale
Ferromagnetic nanomaterials can potentially be used in data storage, drug delivery,
cell labelling, hyperthermia treatment and MR imaging

(140, 225, 226)

. One of the most

important aims of research into ferromagnetic nanomaterials is to obtain stronger
saturation magnetisation while maintaining small particle sizes. Higher magnetisation
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is desirable for various applications, one of which is the potential in hyperthermia
treatment of cancer. Hyperthermia treatment is achieved by tagging magnetic
nanoparticles to the tumour through organic ligands, and then switching an external
magnetic field on and off. During this process magnetic nanoparticles are magnetized
and demagnetized, and the magnetic energy of nanoparticles is transferred into heat.
If a critical local temperature can be reached, tumours will be destroyed. This method
is potentially applicable to many types of cancer and results in nearly no harm to noncancerous cells. However, at current stage, current nanoparticles do not possess
sufficient magnetization to heat the tumour to a temperature sufficient to kill cells –
about 45 °C

(227)

, since the ability to deliver magnetic energy is proportional to the

magnetic moments of the nanoparticles. Currently most research on ferromagnetic
nanomaterials focuses on Fe, which gives rise to the strongest ferromagnetism. Given
the similarities of their electronic configurations, Ni and Co have similar magnetic
properties. Therefore there is also broad interest in the nanomagnetism of Ni and Co.
Magnetic nanoparticles can be synthesized via various methods such as wet chemical
methods, chemical vapour deposition and laser ablation. The magnetism of
nanoparticles is highly dependent on the synthetic process.
Table 5- 1 lists the saturation magnetization of Fe nanoparticles measured at 300 K
which were formed in different ways including chemical vapour deposition, plasma
fragmentation and a wet chemical method. The average particle diameters in the table
are all around 10 nm. It is seen that the saturation magnetisations are quite different
in these examples, varying from 1.63 µB/atom to 0.08 µB/atom. Even using similar
preparation protocols, the magnetism measured by different labs can also be quite
different. As shown in the first two rows, Fe particles formed by chemical vapour
condensation have been produced with the saturation magnetizations that differ by a
factor of 8. The difference in magnetization is also noticed in wet chemical synthesis,
which is the most widely used bottom-up technique for the fabrication of
nanoparticles. For example, a batch of nanoparticles with an average diameter of 4.5
nm gave 1.34 µB/atom saturation magnetization at 300 K

(228)

, and in a different

experiment another batch of Fe particles with an average diameter of 4 nm gave rise
to a saturation magnetization of only 0.046 µB/atom (229).
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Table 5- 1 Saturation magnetization (Ms) of Fe nanoparticles, using different synthetic
methods with similar diameter of about 10 nm, measured at room temperature.

Data are acquired from a: Ref. (230); b: Ref. (231); c: Ref. (232); d: Ref. (228).

The magnetization response of Fe nanoparticles is also dependent on the internal
structure and more specifically, the inter-atom separation. In order to generate a
better crystalline structure, an annealing process is always involved. Experiments
suggest that at higher annealing temperatures, the crystalline structure is improved, as
well as the magnetisation

(233, 234)

.

Nanoparticle size is another factor that can affect the magnetism of the product. Table
5- 2 is taken from a series of studies by Kura et al.

(228)

. The authors used a wet

chemistry method to produce Fe nanoparticles with different sizes and measured the
magnetism of each batch of products at 5 K and 300 K. As the particle size decreases,
the saturation magnetization at both temperatures monotonically decreases.
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Table 5- 2 Size dependence of the saturation magnetisation of Fe nanoparticles synthesized
by wet chemical method.

Data are collected from Ref. (228).

So far all the studies reported in the literature show lower magnetism possessed by
ferromagnetic nanoparticles than their bulk value and the magnetization increases
with the particle size. This is inconsistent with the magnetism at small cluster level. As
mentioned earlier, magnetism of clusters (clusters size ranging from 25 to 700 atoms)
which are aggregated in vacuum at 78 K is between the free atom value and the bulk
phase value and decays as the cluster size increases (196). Above all, the magnetization
evolution with the material size according to measurement can be summarized as
follows. The magnetism of material starts to decay from the theoretical atomic limit as
the cluster size increases. Normally at the cluster size of a few hundreds atoms, the
magnetism drops to the bulk value. When cluster size further enlarges to the
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nanoscale (normally over 500 atoms), the magnetization will drop below the bulk value
and then gradually increase with the particle size grows larger, until it approaches the
bulk value when the material is over micro meter scale. A qualitative variation of the
magnetism of ferromagnetic material (M) with the material size (N) is illustrated in
Figure 5- 2.

Figure 5- 2 Illustration of the evolution of the magnetism of ferromagnetic material (M) with
the material size (N) in different dimension scales.

A straightforward explanation of the positive correlation between the magnetism and
the size of the nanoparticle is the oxidation at the nanoparticle surface, which can
quench the magnetism. As the particle size decreases, the surface to volume ratio
increases, the oxidation becomes more significant, and the magnetism decreases
accordingly.
To avoid oxidation, noble metal such as Au or Ag can be used to coat ferromagnetic
nanoparticles. Therefore fabrication of core-shell nanoparticles is another hot topic in
nano magnetic research. Core-shell structures can offer added advantages, such as,
reducing the toxicity of nanoparticles. Ferromagnetic materials such as Fe are toxic to
human cells when they aggregate and this can lead to thrombosis. Adding a noble
metal shell can improve the biocompatibility and chemical stability of the
ferromagnetic nanoparticle (235).
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However, Au or Ag coated core-shell nanoparticles reported so far all manifest far
lower magnetic moments when compared with the bulk metal value (236-238), although
they are higher than uncoated nanoparticles. This is thought to be due to the oxidation
before the shell is coated in the synthesis process (239-241), or it might be from coupling
between the core and the shell atoms at the interface

(238)

. Theoretical calculations

suggest Fe/Au core-shell clusters may possess higher magnetism than pure Fe clusters
because the coupling at the interface can slightly magnetize the Au shell (235). However
the Fe core taken into account for simulation was consisted of fewer than 13 atoms
and the Au shell was smaller than 42 atoms, and the magnetism enhancement was
only marginal compared to pure Fe. Therefore this calculation result may not be able
to apply to the nanoparticles which are consisted by at least a few hundreds atoms.
Another possibility for the low magnetization of magnetic nanoparticles may lie in an
imperfect crystalline structure. As mentioned above, annealing is necessary to improve
the crystalline structure and the higher the annealing temperature, the more
crystalline will the structure be. When annealing to sufficiently high temperature (such
as 800 °C), the magnetism of Fe nanoparticles can approach the bulk value of 2.22
µB/atom (233, 234). If we assume the bulk value of magnetisation corresponds to the ideal
crystalline structure, this means the synthesized nanoparticles have ineligible defects
in their internal structure which need removing by annealing. It is unclear whether the
annealing process enlarges or shortens the average inter-atom separation in the
nanoparticles that responsible for the improvement of the magnetism. What is known
is that the defects within the synthesized nanoparticles should have a negative
correlation with the particle size – the smaller the particle is, the more defects in the
crystalline structure and the lower magnetisation per atom it possesses when
comparing with the bulk value.
To date, there is no report on the synthesis of magnetic nanoparticles under very cold
conditions, as delivered by helium droplets. In this chapter, we will present our
pioneering research in the synthesis of magnetic nanostructures in helium droplets
and the characterization of their magnetic properties. Cr and Ni have been studied as
representatives of antiferromagnetic and ferromagnetic materials, respectively. For
the first time, antiferromagnetic element (Cr) converting to the ferromagnetic is
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observed at nano scale, and the magnetism of ferromagnetic nanoparticle (Ni) is found
to be able to approach the theoretical limit.

5.2 Experimental
We have synthesized magnetic nanomaterials including Cr nanoparticles and
nanowires, bare Ni nanoparticles, core-shell Ni/Au and Ni/Ag core-shell nanoparticles.
All of the samples were formed using the helium droplet apparatus described in detail
in Chapter 2. Briefly, helium gas, with a stagnation pressure of 15 bar, is pre-cooled to
a temperature from 9.5 K to 6 K which determines the initial size of helium droplets. A
collimated helium droplet beam is then formed by passing the expanding droplet flow
through a skimmer, and when the beam then enters metal evaporator zone. When
more than one type of material is evaporated in different ovens, core-shell
nanostructures will be formed. Each oven temperature was controlled in order to
obtain desired the nanoparticle size. Downstream of the oven evaporators, a thin film
deposition monitor can be moved into the pathway of the droplet beam, allowing the
mass of the all the dopants carried in the helium beam to be detected. The mass of the
samples can also be deduced from TEM images. Assuming spherical shapes for the
nanoparticles and cylindrical shapes for the nanowires, once the dimension of each
nanoparticle/nanowire is known, we can work out the total volume of the samples. At
a constant doping rate the total mass of the deposited samples can then be calculated.
Beyond the thin film deposition monitor, helium droplets are allowed to hit a solid
surface where helium atoms are evaporated, leaving nanoparticles or nanowires on
the deposition targets. For TEM investigation, lacey carbon substrates are used while
an organic thermoplastic polymer substrate (Polyether ether ketone (PEEK)) was
employed for the measurement of magnetic properties. Further downstream, a
quadrupole mass spectrometer (QMS) is used for simple characterization of the helium
droplet beam, including checking any impurities from background gases and for
aligning the beam. The QMS is also useful for optimizing the oven temperature by
inspecting the formation of small metal clusters.
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The magnetic properties of the samples were measured by vibrational sampling
magnetometer (VSM) and superconducting quantum interference device (SQUID)
magnetometers in collaboration with the National Research Council in Italy and
Shanghai Jiaotong University in China.
In the measurement of magnetic properties the PEEK substrate needs to be wrapped
on a diamagnetic glass rod. Consequentially the raw data of the measured magnetic
properties will include a contribution from the diamagnetic rod and the diamagnetic
PEEK substrate. It was found that the PEEK substrate has a non-linear response to the
high external field (B > 3.5 T) at low temperature (T < 10 K) and a linear response in
other circumstances, as seen in Figure 5- 3 (a). The substrate holder is absolute
diamagnetic, which shows a negative linear response to the magnetic field across the
full temperature range.

Figure 5- 3 Data processing of the M-H curves of Cr nanoparticles. (a) M-H curve of the raw
data, which contains contributions from sample, PEEK substrate and the glass rod. (b) M-H
curve after subtraction of the substrate contribution. The blue solid lines show the gradient
of the M-H curve. (c) M-H curve after subtraction of the linear contribution from the glass
rod.
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In order to obtain the magnetic response of the sample, we have also measured the
magnetization responses of a blank PEEK substrate of the same size. The M-H curve of
the blank PEEK substrates was first subtracted from the Cr sample (Figure 5- 3 (a) –
(b)). The linear diamagnetic component of the rest M-H curve was then removed by
subtracting the product of the diamagnetic susceptibility multiplying the external
magnetic field (Figure 5- 3 (b) – (c)). The diamagnetic susceptibility is the gradient of
the M-H line when saturation is reached.

5.3 Ferromagnetic Cr Nanomaterials
In this section the preliminary results on forming nanoparticles and nanowires of Cr – a
well-known antiferromagnetic material are reported. The magnetic properties of these
nano-objects will also be presented.

5.3.1 Cr Mass Spectrum
In order to gain some idea about a suitable operation temperature for Cr oven, we
observed Cr cluster mass spectrum. A typical mass spectrum of the Cr cluster ions in
the mass/charge range of 50 – 1000 is shown in Figure 5- 4, which was recorded at a
source temperature of T0 = 12 K and a Cr oven temperature of TCr = 1275 K. An evenodd alternation behaviour appearing in small clusters range can be clearly seen and
which has been reported previously

. No other obvious peak besides Crn+ (except

(242)

for Hen+ ions at low mass) can be observed in the mass spectrum, which means there
are few impurities in our apparatus. Thus nanostructures formed in the droplets
should be free of contamination.
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Figure 5- 4 Mass spectrum of Crn+ (n = 1 – 19) detected at T0 = 12 K and TCr = 1275 K.

5.3.2 TEM Images of Cr Nanoparticles and Nanowires
TEM images of Cr nanoparticles formed at two different source temperatures, T0 = 9.5
K and 8 K (corresponding to the initial helium droplets composed of 1 × 105 and 7 × 106
helium atoms, respectively) are shown in Figure 5- 5 (a – d). In both cases the Cr oven
was heated to 1275 K. The size distribution was obtained based on over 1000
nanoparticles and follows a Gaussian distribution. The mean size of Cr nanoparticles
formed were 2.4 ± 1.1 nm and 3.16 ± 1.04 nm, respectively, for T0 = 9.5 K and 8 K. A
high resolution TEM image of a Cr nanoparticle is shown in Figure 5- 5 (e), which was
taken by our collaborators in Glasgow using the SuperSTEM facility at Manchester.
Cr nanowires were formed at T0 = 6 K, corresponding to a droplet size of 3 × 108 helium
atoms (the Cr oven was maintained at 1275 K). A representative TEM image of the Cr
nanowires is shown in Figure 5- 5 (f). The average diameter of the Cr nanowires is
about 3.57 ± 0.48 nm, while the length ranges from a few to a few of tens nanometres.
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Figure 5- 5 (a) TEM image of Cr nanoparticles deposited at T0 = 9.5 K. (b) Size distribution of
Cr nanoparticles deposited at T0 = 9.5 K. (c) TEM image of Cr nanoparticles deposited at T0 = 8
K. (d) Size distribution of Cr nanoparticles deposited at T0 = 8 K. (e) High resolution TEM
image of Cr nanoparticles deposited at T0 = 9.5 K. (f) TEM image of Cr nanowires deposited at
T0 = 6 K. All of the TEM samples were deposited for 5 minutes.
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All the TEM samples were deposited for 5 minutes. The deposition rates were
calculated according to the TEM images as 2.19 ng/min, 2.52 ng/min and 3.56 ng/min
for nanoparticles formed at 9.5 K, nanoparticles formed at 8 K and nanowires
respectively, resulting a total mass of 0.92 µg, 1.06 µg and 1.5 µg for a 7-hour
deposition, respectively.

5.3.3 Magnetic Properties of Cr Nanoparticles
The magnetic properties of Cr nanoparticles and nanowires were characterized by
hysteresis curves, which were measured using SQUIDs in the National Research
Council, Italy and in Shanghai Jiaotong University, China. For the smaller Cr
nanoparticles with a mean diameter of 2.4 nm, the M-H curves measured at 300 K and
5 K are shown in Figure 5- 6. Typical ferromagnetic features, including a saturated M-H
curve, a non-zero coercivity and a non-zero remanent magnetization, can be observed
at both temperatures, as shown in detail in the inset. The saturation magnetization at
300 K is ~0.45 µB/atom, which is close to the bulk value of ferromagnetic Ni
nanoparticles (~0.6 µB/atom) (117, 118). At 5 K, the saturation magnetization increases to
a value as high as ~1.29 µB/atom, and the hysteresis loop becomes broader, as seen
from the inset of the figure. An exchange bias (EB) effect, which shifts of hysteresis
loop by as large as 84 Oe, can be observed at 5 K. The EB effect in Cr NPs at low
temperature has been reported previously

(126, 222)

, and was attributed to surface

oxidation, where the magnetized Cr nanoparticle core is supposed to play a weaklyferromagnetic role while the surface oxidation acts as the antiferromagnetic shell

(126,

222)

.

The magnetic properties of 2.4 nm Cr nanoparticles are summarized in Table 5- 3. This
table includes the saturated magnetization and the remanent magnetization (the
magnetization when H = 0) in units of Bohr magneton/atom, and the coercivity on
both sides of H axis with the temperatures varying from 300 K to 5 K. The saturation
magnetization increases at lower temperature with a minimum observed at 25 K. Both
remanence and coercivity increase at lower temperature, with maxima at 10 K.
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Figure 5- 6 M-H curves of Cr nanoparticles with mean diameters of 2.4 nm measured at 300 K
and 5 K, respectively. The insert shows the expanded view of the hysteresis loop near the
origin.

Table 5- 3 Magnetic properties of Cr nanoparticle without a diameter of 2.4 nm, at different
temperatures.
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The variation of saturation and remanence with temperature are not monotonic and
they both have minima at the same temperature (25 K). To understand this
observation we investigate the dependence of the ratio of remanence and saturation
(Mr/Ms) on temperature, as shown in Figure 5- 7. The Mr/Ms values of the
nanoparticles are generally low (< 50%) regardless of temperature, which is typical for
3d ferromagnetic nanoparticles (243, 244). At room temperature Mr/Ms is only around 9%,
and then sharply increases at lower temperature, with a peak value of 28% at 25 K.
Below 25 K, the relative remanence decreases, i.e., to only 8% at 5 K.

Figure 5- 7 Ratio of the remanent magnetization to the saturation magnetization of Cr
nanoparticles at different temperatures. The inset shows the gradient of the saturation and
remanence with respect to temperature.

The inset in Figure 5- 7 shows the gradient of both saturation and remanence.
Remanence is an intrinsic feature of ferromagnetism, which is thought to be the
consequence of the exchange interaction between the magnetic moments of the
neighbouring atoms

(245, 246)

. dMs/dT keeps a small constant at higher temperature

while below 25 K it sharply decrease in the negative value region, indicating the
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saturation enhancement is in a larger rate than in higher temperature as temperature
decreases. On the other hand, dMr/dT almost stabilizes at a small constant value in all
of the temperature range. That suggests when T < 25 K, the sharp increase of the
atomic magnetization inside of Cr nanoparticles does not lead the exchange
interaction between neighbouring atoms to increase synchronously. In other words, at
least in low temperature range, exchange interaction between atoms is insignificant in
this many-atom system. A longer inter-atom separation should be expected inside of
our Cr nanoparticles since exchange interaction is a short-range effect and it will get
weakened as larger inter-atom separation (see Bethe-Slater curve in Figure 1- 10,
Chapter 1). Therefore atomic magnetic moment can increase independently in our
nanoparticle, behaves atom-like.

5.3.4 Magnetic Properties of Larger Cr Nanoparticles
The effect of particle size on the magnetic properties of Cr nanoparticles has also been
investigated. The M-H curves of larger nanoparticles, with average diameter of about
3.2 nm, were measured at Shanghai Jiaotong University. We have obtained results
with all the key features similar to the smaller nanoparticles measured in Italy (see
section 5.3.3). The M-H curve for this batch of nanoparticles was measured down to 3
K with a saturation of about 1.83 µB/atom, and the saturation magnetizations at
different temperatures are shown in Figure 5- 8 together with the same quantities for
smaller Cr nanoparticles (2.4 nm). The solid lines plotted are the fit curves by
hyperbolic cotangent function, which are well fit to our measured data. The two fit
curves are almost identical, indicating the measured magnetization for different size of
Cr nanoparticles are consistent. The upper limit for the magnetization (at 0 K) of our
samples can also be predicted according to the fit curves, of 1.62 µB/atom for 2.4 nm
Cr nanoparticles and 2.18 µB/atom for 3.2 nm Cr nanoparticles.
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Figure 5- 8 Comparison of saturation magnetization of the two different sized Cr
nanoparticles at different temperatures. The solid lines are fitted curves.

5.3.5 Magnetic Properties of Cr Nanowires
M-H curves of Cr nanowires at temperatures of 300 K and 5 K are shown in Figure 5- 9
and the key magnetic properties are summarized in Table 5- 4. Similar to the
nanoparticles, ferromagnetic behaviour is obvious at all temperatures, with saturation
magnetization and remanence at each temperature slightly lower than for the
nanoparticles.
The coercivity of the nanowires has almost the same trend as the nanoparticles, i.e.,
the coercivity grows as the temperature decreases. However, unlike nanoparticles, no
exchange bias can be observed at any temperature, which is probably due to the
smaller surface-to-volume ratio leading to insufficient oxidation in the outer layer or
the relative weaker ferromagnetism of the inner core, so that the FM-AFM coupling at
the interface is not as strong as in nanoparticles.
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Figure 5- 9 M-H curves of Cr nanowires at 300 K and 5 K. The insert shows the expanded
hysteresis loops near the origin.

Table 5- 4 Magnetic properties of Cr nanowires measured at various temperatures.
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The remanence to saturation ratio, Mr/Ms, of Cr nanowires follows the same general
trend as for nanoparticles, including the respective changing rates (dMr/dT and
dMs/dT) with the temperature, shown in Figure 5- 10. A slight difference from the
nanoparticles is that the dMr/dT decays more slowly at higher temperatures. The
higher thermal resistance may result from multiple magnetic domains existing in
nanowires. Multi-domains lower the total energy of the system by partially misaligning
the magnetic moment of each domain, and therefore nanowires can stabilize better at
high temperature. The generation of multi-domains may relate to the synthesis
process. As shown in Chapter 4, nanowires in helium droplets can be formed by the
aggregation of individual nanoparticles formed at multiple locations in the droplets. In
this case the nanoparticles/atoms pinned to the vortex lines might not possess the
same orientation as the alignment of the magnetic moments delivered by the external
magnetic field. As they approach the vortex lines, the circulation of helium around the
vortex lines in the droplets might perturb the alignment of the magnetic moments,
leading to mis-alignment of the magnetic moments. The pinning of distinct particles to
the vortex lines therefore results in multiple magnetic domains, which reduces the
magnetic moments of Cr nanowires when compared with their nanoparticle
counterpart. This can also explain why the magneto-anisotropy of the nanoparticles
and nanowires are almost identical, because nanowires are formed through the
aggregation of chromium nanoparticles.

144

Figure 5- 10 Variation of remanent magnetization to saturation ratio of Cr nanowires at
different temperatures. The inset shows the gradient of the saturation and remanence with
respect to temperature.

Table 5- 3 and Table 5- 4 show that the saturation magnetizations of nanoparticles and
nanowires both experience a dip at 25 K. To get a comprehensive picture of the
relation between magnetisation and temperature, a measurements of the
magnetization with temperature from 2 K to 300 K (M-T curve) was carried out for Cr
nanowires after a zero-field cooling (ZFC). The magnetization curve after eliminating
the contribution from background is shown in Figure 5- 11. During the measurements,
the applied magnetic field was maintained at 1 T in order to get a significant signal. At
such a high magnetic field the nanowires were fully saturated above 10 K. We could
not perform the same measurement for chromium nanoparticles because they could
not show a reliable result under 1 T applied field for some reason.
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Figure 5- 11 Variation of magnetization of Cr nanowires at different temperatures after ZFC
including the rotation of magnetic moments orientation. The insert shows the gradient and
the phase transition.

The M-T curve for nanowires clearly experiences three stages: (i). The magnetisation
increases linearly as the temperature decreases. (ii). The magnetisation declines to a
minimum. (iii). A sharp increase of magnetization at very low temperatures. The
gradient, (dM/dT), shows the boundaries between these three stages very clearly. As
seen in the inset of Figure 5- 11, the constant dM/dT from 300 K to 57 K, suggests that
the magnetic moments gradually align with the external field in this temperature
region. After that a clear positive peak appears in the range of 29 K < T < 57 K,
indicating some reversal of magnetic moments back, i.e. antiparallel alignment, and
thus the magnetization decreases with temperature. At 29 K, this antiparallel
alignment reaches its maximum and therefore the magnetization reaches a local
minimum. Below 29 K, the moments become parallel again and the magnetization
sharply increases (in terms of dM/dT undergoes a sharp decline into the negative
value.
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Therefore in the temperature range of 29 K – 57 K the antiferromagnetism recovers a
little as a minor magnetic order co-existing with ferromagnetic ordering. If we assign
the region from 300 K to 57 K as the weak-ferromagnetic (W-FM) phase for Cr
nanowires where the magnetism slowly increases as the temperature decreases, the
region from 57 K to 29 K as the antiferromagnetic (AFM) phase (although AFM is only a
minority in this region) and the region below 29 K as the ferromagnetic (FM) state, it
can be noticed in the whole temperature range, Cr nanowires experience two state
transitions, from W-FM to partially AFM and then to FM. The Néel temperature can be
determined as 57 K. The blocking temperature for the ferromagnetic state is TB = 29 K,
since below TB ferromagnetism is unquestionably present in form of hugely enhanced
magnetism and a broader hysteresis loop (including significantly enhanced coercivity
and remanence) in the M-H curve.

5.3.6 Summary the Ferromagnetism of Cr Nanostructure
The magnetic properties of the Cr nanostructures studied in this work have provided
solid evidence that ferromagnetic Cr nanoparticles and nanowires have been
synthesised. Key properties can be summarized as follows:
1) All the M-H curves, for both nanoparticles and nanowires, can be saturated at
a moderate external field, even at room temperature. In comparison, the M-H
curves for Cr nanoparticles reported in Ref. (222) are basically straight lines
and are never saturated even at 5 K and subject to a 5 T external field.
Materials with non-saturated M-H lines are normally attributed to
paramagnetic materials since relation between M and H for a paramagnetic
material can be interpreted by Curie’s Law, which is a linear function of:
𝑀 = 𝜒𝜒, 𝜒 is called magnetic susceptibility and is a small constant specifically
to each material. To achieve saturation magnetization, a huge external field,
often >> 10 T should be applied. On the other hand, saturation is an indicator
for ferromagnetism, which fundamentally means it is much easier for all the
magnetic moments in ferromagnetic material to be fully aligned with the
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external field than paramagnetic material. It is a consequence of the
ferromagnetic exchange interaction.
2) The magnetization per atom obtained in our nanoparticle is around 0.45
µB/atom at 300 K, which is dramatic when compared with those counterparts
reported previously, e.g., 0.005 µB/atom at 300 K

(126)

. The saturation

magnetisation of our Cr samples is comparable with other ferromagnetic
nanoparticles, such as Ni of 0.43 µB/atom (247) and Fe of 0.6 µB/atom (231).

5.4 Origin of Ferromagnetism in Cr Nano-objects
The observation of strong ferromagnetism in Cr nanostructures is unprecedented. It is
therefore important to try and explain its origin. First, the influence of oxidation can be
ruled out, although some degree of oxidation is inevitable at the surface of our Cr
samples. Previous researchers have found that in Cr2O3 nanoparticles (222) or naturally
oxidized Cr nanoparticles

(126)

, no significant magnetization can be detected. In fact

oxidized Cr is also antiferromagnetic in bulk phase and at nanoscale, with a saturation
magnetization similar to pure Cr (126, 222).
Another possibility is that the size of the Cr nano-objects produced in this work leads
to the unusually high magnetic moments of the Cr particles. In our experiments we
have produced particles which are about 10 times smaller in diameter than the
particles in Ref. (222) and (126) (10 nm – 300 nm). As a result there might be a
significant contribution from surface Cr atoms, as suggested by the “canted spin
mechanism”. However a simple calculation shows that neither uncompensated surface
spin nor canted spin can explain the strong magnetization of our Cr samples. Taking
the 3.2 nm nanoparticle as an example: this will contain about 870 Cr atoms, assuming
that the Cr nanoparticle maintains a bbc crystalline structure as in the bulk phase. The
number of atoms contained in each atomic shell from outer to inner can be roughly
deduced as: 195 – 163 – 135 – 109 – 85 – 66 – 47 – 33 – 21 – 11 – 6. The theoretical
limit of the atomic magnetization of Cr is 5 µB/atom and hence even if all the surface
atoms could be perfectly aligned to the external field and each contributed 5 µB/atom
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magnetization to the overall magnetization of the particle, the average magnetization
shared by all the atoms in nanoparticle is only 1.12 µB/atom, which is significantly
lower than the theoretical atomic magnetization at 0 K (calculated as 2.18 µB/atom) in
this work. Consequently, the ferromagnism of Cr cannot result from canted spins.
The giant magnetic moment possessed by Cr has been reported at the cluster level by
Payne et al. as they directly measured the strength of the magnetic moments of Cr
clusters in vacuum at 78 K immediately after they were synthesized

(197)

. The authors

reported a peak magnetism of 1.16 µB/atom for Cr58 and they attribute this magnetism
to a geometry of the cluster in which the clusters are the least compact. However, the
authors also found that when cluster size grows to more than 130 Cr atoms, the
magnetization should decay to near the bulk value of 0.
In light of the above results, we propose a mechanism behind the ferromagnetism of
chromium nano-objects formed in very cold superfluid helium droplets (see Figure 512). Helium droplets have a very low equilibrium temperature of 0.37 K, and they are
capable of dissipating excess energies, including kinetic energy and the binding energy
between chromium atoms when they aggregate, through bubble-free evaporative loss
of surface helium atoms. Therefore, when a weak magnetic field, generated by the
oven heating coil (Figure 5- 12 (a)), is applied, the spins of the Cr atoms can align in the
direction of the magnetic field before they aggregate. The perturbation-free superfluid
helium then allows chromium atoms to aggregate with aligned magnetic moments in
the droplets, leading to the formation of nanostructures that are stabilized in the very
cold helium droplets with ferromagnetic ordering (Figure 5- 12 (b)). Ferromagnetic
ordering corresponds to a longer inter-atom distance (refer to Bethe-Slater curve in
Figure 1- 10, Chapter 1), and inevitably the antiferromagnetic exchange interaction will
be replaced by the ferromagnetic exchange interaction. As more and more chromium
atoms are added to the droplets, the ferromagnetic structure can collapse, leading to
defects inside and on the surface of the nanoparticles, which is clearly seen in Figure 55 (e), where non-crystalline structure is shown in the high resolution TEM image
instead of the perfect crystalline structure we observed before for Au nanoparticles
shown in Ref. (67) and Chapter 2. In the non-crystalline structure, the inter-atom
separation should still be larger than the naturally synthesized Cr crystal, due to the
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pre-aligned magnetic moments (Figure 5- 12 (c)), therefore under external magnetic
field, Cr nanoparticles still show ferromagnetism.
In large helium droplets, the circulation of helium around the vortex lines can perturb
the magnetic moments of chromium nanoparticles, disturbing the pre-alignment of
magnetic moments to the external magnetic field. As a result, lower magnetization is
seen in chromium nanowires.

Figure 5- 12 (a) Schematic illustration of the Ta wire coil generating a weak magnetic field.
The black arrows present the electric current flow and the blue curved arrows present the
magnetic induction line. (b) Magnetic moments of pre-aligned Cr atoms before being picked
up by helium droplet. (c) Cr atoms bonded together in helium droplets with a longer interatom separation d1 than the lattice constant, which results from the pre-aligned magnetic
moments.

The magnetic field generated by the coil can be worked out via equations:
𝐿

𝑁𝑁 = 𝐻𝐻 = 𝐵(𝜇 )
0

(5-2)

Here N is the number of wire turns, I is the electric current, B is the magnetic field
generated inside the coil, L is the length of the coil and 𝜇0 is the permeability of the
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free space (4π × 10-7 N · A-2). Since N = 33, I = 10.8 A and L = 0.04 m, B is calculated to
be 0.0112 T.
0.01 T magnetic field is not significant; however, in a helium droplet with surrounding
temperature of 0.37 K, it is sufficient to magnetize isolated Cr atoms thus leads the
atomic magnetic moments aligned. The responded atomic magnetic moment can be
calculated via Brillouin Function, which has been proven to be an accurate way to
predict the magnetic moment of isolated free atoms (107):

where 𝑦 = (

𝐽𝐽𝜇𝐵 𝐵
𝑘𝑘

|𝝁| = 𝑔𝑔𝜇𝐵 �

2𝐽+1
2𝐽

2𝐽+1

coth �

2𝐽

1

𝑦

𝑦� − 2𝐽 coth(2𝐽)�

(5-3)

). 𝝁 is the atomic magnetic moment stimulated by the external

magnetic field B under temperature T; J is the total angular momentum quantum
3

number; g is the Landé g-factor equals: 2 +

𝑆(𝑆+1)−𝐿(𝐿+1)
2𝐽(𝐽+1)

; S is the total electron spin

quantum number, L is the total orbital angular momentum quantum number; k is the

Boltzmann constant.
For a Cr atom in helium droplet, since B = 0.01 T, T = 0.37 K, J = 5/2, S = 5/2, L = 0, g = 2,
k = 8.62 × 10-5 eV/K and 𝜇𝐵 = 5.79 × 10-5 eV/T, the atomic magnetic moment |𝝁| can be
calculated to be 0.21 µB. This is a notable magnetic moment considering the
magnetism of most ferromagnetic Ni nanoparticles locate within the range of 0.2 – 0.3
µB/atom, as will be discussed later in Table 5- 5. Therefore significant ferromagnetic
ordering should be expected among the Cr atoms in helium droplets in response to the
0.01 T magnetic field induced by the heating coil.
There is an experimental difficulty in finding out how much the inter-atom separation
enlarges. However, even small enlargement may dramatically reduce the antiferromagnetic coupling since the exchange interaction is only valid over short
distances

(107)

. Although the atoms are in ferromagnetic ordering, the ferromagnetic

exchange interaction in our samples is also fairly weak as suggested in section 5.3.3
and 5.3.5, this is possibly because the elongated inter-atom separation resides near
the boundary points between ferromagnetic ordering and anti-ferromagnetic ordering.
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5.5 Ni Nanoparticles with Giant Magnetism
As seen from the discussion above, the magnetic field induced by the heating coil may
increase the inter-atom separation in nanostructures, hence switching from
antiferromagnetic Cr to ferromagnetic. In this section, we will apply this strategy to
ferromagnetic materials and will demonstrate whether the pre-alignment of atomic
magnetic moment can lead to enhanced magnetism in ferromagnetic nanoparticles.

5.5.1 Mass Spectrum of Ni and Ni/Au clusters
We start with the formation of Ni nanoparticles and Ni/Au core-shell nanoparticles. To
determine the optimum pickup condition, the mass spectra of pure Ni cluster ions and
Ni/Au complex ions were recorded. As seen in Figure 5- 13, both Nin+ and NinAum+
spectra were recorded at a helium source temperature of T0 = 12.5 K, corresponding to
an initial helium droplets of about 5000 helium atoms. The Ni oven was heated to 1580
K and the Au oven was heated to 1350 K. For pure Ni cluster ions consisting of up to 13
atoms can be observed. However, when Au was added the large Ni clusters almost
disappeared; instead, binary Ni/Au ions were dominant in the mass spectrum. There
are no impurity peaks besides the combination of Ni, Au and He, which suggests a
contamination-free environment in the apparatus.
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Figure 5- 13 Mass spectra of Nin+ clusters (upper panel) and NinAum+ clusters (bottom panel),
recorded at T0 = 12.5 K.

5.5.2 Pure Ni and Ni/Au Core-shell Nanoparticles
Nanoparticles were formed at a source temperature of T0 = 9.5 K, corresponding to
helium droplet diameters of about 15 nm. First we synthesize bare Ni nanoparticles
with the Au oven off and the Ni oven heated to 1580 K. The resulting bare Ni
nanoparticles are shown in Figure 5- 14 (a). The contrast within the TEM image is poor
due to the intrinsic low scattering of electrons by Ni. The size of bare Ni nanoparticles
follows a roughly lognormal distribution with the average diameter of 2 ± 0.4 nm, as
seen in Figure 5- 14 (b). We then switched on the Au oven and heated it to 1350 K, so
the Ni/Au core-shell nanoparticles were produced. As seen in Figure 5- 14 (c), the
quality of the TEM image is significantly improved compared to the bare Ni particles
when Au is added as a coating. The mean diameter of core-shell nanoparticles was 2.5
± 0.5 nm and also follows a log-normal distribution according to the TEM images. The
thickness of the Au shell is therefore about 0.5 nm. As the lattice constant of Au is 0.41
nm, only a monolayer of Au is coated on the Ni surface.
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Figure 5- 14 (a) TEM images of bare Ni nanoparticles formed at T0 = 9.5 K and an oven
temperature of 1580 K. The scale bar is 50 nm. (b) Size distribution of bare Ni nanoparticles.
(c) TEM images of Ni/Au core-shell nanoparticles formed at T0 = 9.5 K, with oven
temperatures at 1580 K for Ni and 1350 K for Au. The scale bar is 20 nm. (d) Size distribution
of Ni/Au core-shell nanoparticles.

5.5.3 M-H Curve of Ni and Ni/Au Core-shell Nanoparticles
To acquire a sufficient quantity of nanoparticles for the measurement of magnetic
properties, Ni and Ni/Au core-shell nanoparticle samples were deposited for 5 hours
on a PEEK substrate. This gave rise to a total mass of deposited Ni of 0.69 µg, as
measured by use of a thin film deposition monitor.
The M-H curve of the synthesized Ni and Ni/Au core-shell nanoparticles were
measured by VSM at 300 K in collaboration with the National Research Council, Italy.
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When calculating the unit mass magnetization, we assume the magnetism is only
attributed to Ni as Au and Ag are well known “magnetically-dead” materials. As shown
in Figure 5- 15, the M-H curves for both bare Ni and Ni/Au core-shell nanoparticles are
saturated below 5000 Oe and both pass through the origin point with nearly no
remanence nor coercivity, which suggests superparamagnetism for both samples. The
saturation magnetization of bare Ni nanoparticle is about 0.25 µB/atom, which is lower
than the bulk phase value (0.6 µB/atom). However, when coated by a monolayer of
gold, the magnetization is enhanced by 8 times to 2.1 µB/atom, which is far beyond the
bulk phase magnetization.

Figure 5- 15 M-H curve of Ni and Ni/Au core-shell nanoparticles measured at 300 K.

In Table 5- 5 the saturation magnetization of our nanoparticles are compared with
nanoparticles reported by Tracy’s group

(248)

, which were formed by a wet chemical

method and had diameters ranging from 8 to 24 nm. For each size of nanoparticles,
the authors treated them in two different ways: one was naturally oxidized just like
our nanoparticles; the other was manually oxidized to generate a thicker NiO shell. The
size and saturation magnetization of the samples are listed in the Table 5- 5, in
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comparison with our bare Ni and Ni/Au core-shell nanoparticles. The magnetisation of
Ni nanoparticle declines with the particle size. Although our bare Ni nanoparticles are
more than 3 times smaller than Ni 3 in reference, the saturation is only slightly lower.
Our Au coated nanoparticles show much stronger magnetization than any Ni
nanoparticles ever reported.
Table 5- 5 Comparison of saturation magnetization of our sample and the wet-chemical
samples with different particle sizes.

*The reference data was obtained from Ref. (248).

For the batch of sample with a thicker oxidation shell, Tracy et al. found the
magnetization is significantly reduced and the smaller the particle is, the smaller the
magnetization due to the thicker oxidation shell. This shows that an oxidation shell can
reduce the particle magnetism, as NiO is antiferromagnetic, and will have a negligible
contribution to the magnetism of Ni nanoparticles.

5.5.4 Ni/Ag Core-shell Nanoparticles
In a second set of experiments we have produced core-shell nanoparticles using Ag as
the coating material, in order to confirm how a noble metal coating will influence the
magnetic moments of Ni nanoparticles. The helium source temperature was set to 8 K,
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which allows the formation of slightly larger nanoparticles than the Ni/Au core shell
nanoparticles synthesized. The Ni oven was maintained at 1460 K, giving rise to bare Ni
nanoparticles with 2.9 ± 1.0 nm in diameter (see Figure 5- 16 (a) and (b)). The Ag oven
located downstream of the Ni oven was heated to 1250 K, giving core-shell
nanoparticles with a diameter of 3.6 ± 1.3 nm, as shown in Figure 5- 16 (c) and (d). In
this case we obtain Ni/Ag nanoparticles with roughly a monolayer of Ag coated on the
Ni surface.

Figure 5- 16 (a) TEM images of bare Ni nanoparticles formed a source temperature of 8 K and
an oven temperature of 1460 K for Ni. (b) Size distribution of bare Ni nanoparticles. (c) TEM
images of Ni/Ag core-shell nanoparticles with T0 = 8 K, TNi = 1460 K, TAg = 1250 K. (d) Size
distribution of Ni/Ag core-shell nanoparticles. The scale bars are 50 nm in the TEM images.
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5.5.5 M-H Curve of Ni and Ni/Ag Core-shell Nanoparticles
The M-H curves for bare Ni and Ni/Ag core-shell nanoparticles were measured at 300 K
in Shanghai Jiaotong University in China. As seen from Figure 5- 17, a 6-times
enhancement of the saturation magnetization was observed after monolayer Ag was
coated, which is about 2.07 µB/atom – similar to the Ni/Au particles. For bare Ni, the
saturation reaches 0.35 µB/atom, which is slightly higher than the smaller
nanoparticles with 2 nm diameter. For both samples in this batch, unlike the typical
superparamagnetic features shown in Figure 5- 15, obvious hysteresis loops can be
observed probably because monolayer Ag shell cannot protect as good as Au shell
from oxidation, leading to the more significant exchange coupling between the
ferromagnetic core (Ni) and the antiferromagnetic shell (NiO). The magnetic properties
including coercivity (HC), remanent magnetization (Mr) and saturation magnetization
(Ms) are summarized in Table 5- 6.

Figure 5- 17 M-H curves of Ni and Ni/Ag core-shell nanoparticles at 300 K.
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Table 5- 6 Summary of the magnetic properties of Ni and Ni/Ag nanoparticles.

5.5.6 Enhanced Magnetism of Ni
The giant magnetism detected in the core-shell nanoparticles is unprecedented since
the magnetization has exceeded the bulk phase value, approaching the atomic
theoretical limit. This cannot be solely attributed to the lack of oxidation by the
addition of an Au shell, because as suggested by others’ work, although ferromagnetic
nanoparticles will have their magnetism enhanced after having a coated shell, the
magnetism should still be lower than the bulk phase value

(236-238)

. According to

previous studies which measured the magnetism of free Nin clusters (20 < n < 700) in
vacuum at 78 K (196), the magnetism decays from 1.05 µB/atom of Ni20 with the increase
of Ni cluster size. For larger clusters with n > 350, the magnetism is about the same as
the bulk phase. The reason for the higher magnetism of small clusters is that the interatom distance in small clusters is larger than that in large clusters; therefore atoms
behave more like free atoms and can show higher magnetization. More elaborate
experiments have discovered that in the small cluster region, the magnetism shows
maxima at specific cluster sizes due to the different configuration of the clusters (249).
For our nanoparticles, even the smallest ones (2 nm Ni core with monolayer gold shell)
still contain about 380 Ni atoms assuming an fcc crystalline structure. Thus the
magnetization is not expected to exceed the bulk value.
The giant enhanced magnetism of Ni nanoparticles synthesized can also be explained
by the pre-alignment of atomic magnetic moments in helium droplets prior to the
aggregation, analogous to the ferromagnetism behaviour in Cr nanoparticles. The
weak magnetic field applied by the Ta coil pre-aligns the Ni atoms, leading to an
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increased inter-atomic separation when Ni atoms aggregate in helium droplets as the
ferromagnetic exchange interaction repels neighbouring atoms

(107)

. The larger

distance between neighbouring atoms makes the Ni atoms more isolated. The energy
level of the electrons more likely maintain discrete rather than converging into energy
bands, which discriminates the quench of the spin that usually occurs in crystals.
Meanwhile there is no crystal field influence to the atoms in particle formation process
due to the protection by the helium. After coating with Au and Ag shells, the crystal
field effect induced by the environment, such as oxidation, can also be eliminated,
therefore magnetism contributed by both spin and orbital as in the free atoms can be
greatly maintained. That is why the magnetism of our Ni samples can approach its
theoretical limit.
Giant magnetism in ferromagnetic materials has been reported before by Beckmann et
al. in thin films (250). The authors deposited 1% of a monolayer of Fe or Co, sandwiched
between Cs thin films, each film containing a few atom layers. Measurement reveals
the magnetism of such a system can even surpass the theoretical limit of Fe or Co. The
authors attributed this giant magnetism to the fully localized 3d atoms, so all the
interactions of the neighbouring 3d atoms and the effect from the crystal field will be
fully quenched. In addition, the abundant host Cs atoms are thought to play a key role
here, which isolates the 3d metal atoms. This is a completely different case from our
core-shell nanoparticles, where the giant magnetic moments are attributed to the prealignment of atomic magnetic moments prior to the aggregation.

5.6 Conclusion and Future Work
In this chapter, we report our preliminary attempts of synthesising magnetic
nanomaterials in helium droplets. We have found that Cr, a well-known
antiferromagnetic material, can be switched to ferromagnetic. We have obtained Cr
nanomaterials with a magnetisation comparable with Ni and Fe nanostructures formed
by other methods. For Ni, after being coated with a monolayer of Au or Ag, the
magnetism is hugely enhanced, approaching to the atomic theoretical limit. The
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discoveries for both elements are unprecedented. Using this technique, the strongest
magnetic nanoparticles ever can be synthesized and may have great potential in biomedicine, high density storage and MR imaging applications.
These extraordinary magnetic properties observed in Cr and Ni can be attributed to
the formation process. Here the Ta coil wrapping around the metal oven not only
evaporates the magnetic materials, but also provides a weak magnetic field of ~0.01 T
that pre-aligns the atoms before they aggregate in the helium droplets. The prealigned atoms enlarge the average inter-atom separation by resisting the
antiferromagnetic exchange interaction in Cr and by assisting ferromagnetic exchange
interaction in Ni. Therefore the magnetism in our nanostructures is more atom-like
and can therefore approach the theoretical limit.
This research provides a new strategy for producing nanomaterials with giant
magnetism. At the moment, most of the attempts in seeking stronger magnetic
materials focus on hybridizing 3d orbitals by creating new alloys, such as FeCo (251) and
FePt

(252, 253)

. However, our experiments suggest even higher magnetism can be

achieved by aligning the atomic magnetic moments prior to aggregation thus
controlling the internal structure of the nanomaterials.
More work is needed to fully understand the mechanism of magnetism enhancement.
For example, with the limitation of droplet size and quantum vortices, we are
struggling to add more than one layer of noble metal onto the Ni surface. Thus the
shell effect is still an open question that needs to be solved in the future. In addition, a
monolayer shell cannot completely guarantee elimination of oxidation. Therefore
when coating thicker shell, even higher magnetism might be attainable. We also
expect to obtain nanomaterials with even higher magnetic moments using high-spin
transition metals such as Co and Fe, which might have strong impact for future
technologies in energy efficiency, bio-medical treatment, drug delivery, magnetic data
storage and MR imaging.
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Thesis Summary
The PhD project has focused on the two main-stream applications of superfluid helium
droplet technique, including spectroscopy and the fabrication of novel nanomaterials,
in particular, magnetic nanostructure formation. These take advantage of the unique
properties of helium droplets, including superfluidity, very low temperature,
exceptionally high thermal conductivity and transparency for the electromagnetic
wave ranging from IR to UV. The atoms/molecules can be added to helium droplets,
which are rapidly cooled to the ambient temperature of superfluid helium at 0.37 K.
Helium droplets provide a disturbance free environment for cluster aggregation which
results dramatic benefit in both spectroscopy and nanostructure formation.
For spectroscopy, helium droplets, as a superfluid matrix, are able to pick up a large
size range of binary clusters and cool the majority of them to their ground states. In
addition, spectra recorded in helium droplets have been found to have well-resolved
band structures in a way similar to the gas phase. Therefore it is an ideal technique to
study the dissolution process at molecule scale which is extremely challenging in other
spectroscopy techniques.
Helium droplets have also proven to be a versatile technique for the fabrication of
nanostructures, which has almost no limitation in material selection. Nanostructures
formed inside of helium droplets can have perfect crystalline structures, minimized
inter-diffusion, and the growth of nanoparticles can be precisely controlled. These
make helium droplets a highly competitive technique in nanostructure fabrication
compared with other techniques, such as wet chemistry method and chemical vapour
deposition. The recent discovery of quantized vortices has also initiated the fabrication
of novel nanowires in helium droplets, which has been first exploited in our group.
The key finding in this work can be summarized as:
In Chapter 2, we demonstrated multiple experimental techniques that can be
incorporate to the helium droplets technique, including mass spectrometry, laser
system, TEM images, XPS technique and magnetometer measurement. In addition, we
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investigated the pick-up control of both small clusters in super-critical regime and
nanoparticles in sub-critical regime, as a function of the initial helium droplets size and
the doping rate of the dopants. These are important to establish the technology.
In Chapter 3, the dissolution behaviour of NaCl in water was systematically studied for
the first time. By applying a counter propagating infra-red laser beam to the helium
droplets, we have investigated salt water complexes in helium droplets, which were
formed by sequential addition of NaCl and water to helium droplets. For a range of
complexes of NaCl(H2O)n, depletion spectra in O-H stretching region were recorded up
to n = 7. Ab initio calculations have been performed to predict the structure,
vibrational transitions and intensities, in order to interpret the experimental results. OH stretching bands were assigned to the specific structures for the small complexes of
n ≤ 3. In particular, ionic hydrogen bonding was noticed to be dominant in the global
minimum structures for small clusters. A SSIP structure for NaCl(H2O)6 complex was
assigned by experiments for the first time, which agrees with ab initio calculations. The
complex has Na+ and Cl- sitting at the opposite side of a cyclic water hexamer, with the
ion-ion separation of 4.458 Å.
In Chapter 4, we provided the solid evidence for the existence of quantum vortices in
helium droplets by carefully doping Ag into large helium droplets and observing
spherical Ag nanoparticles pinned in a chain from TEM images. Quantum vortices were
then applied to form one-dimension nanostructures using Ag, Au, Si, Cr and Ni. In
addition, traces of multiply quantized vortices were discovered, which is evident from
small nanoparticles surrounding the chains of large nanoparticles.
In Chapter 5, we report novel magnetic nanomaterials, including Cr nanoparticles, Cr
nanowires, Ni nanoparticles and Ni/Au, Ni/Ag core-shell nanoparticles, synthesized in
helium droplets. Cr nanomaterials synthesized in this way were found to be
ferromagnetic rather than antiferromagnetic, which is the first discovery of
ferromagnetism in elemental chromium. The formation of ferromagnetic Cr was
attributed to our synthesis process in which a weak magnetic field has pre-aligned the
magnetic moments of Cr atoms and forced ferromagnetic ordering. The same
experimental protocol was then applied to Ni, and it was found that after being coated
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with an Au or Ag shell in order to prevent oxidation, the magnetism of Ni nanoparticles
can be significantly enhanced, producing by far the highest magnetic moments for Ni,
with a magnetic moment as high as 2.1 µB at room temperature, approaching its
theoretical limit. These are major breakthroughs in nanomagnetism.
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