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Resumo 

 

A família de compostos R5(SixGe1-x)4, onde o R significa elementos de terras raras, apresenta 

características de grande interesse científico, tal como o Efeito Magnetocalórico Gigante e o 

Efeito Magnetoestritivo Gigante, entre outros. Em particular, Gd5(SixGe1-x)4 e Tb5(SixGe1-x)4 

têm sido estudados extensivamente em anos recentes, uma vez que para ambos, a 

temperatura de transição magnética e a capacidade de produzir os efeitos mencionados pode 

ser ajustada simplesmente mudando a concentração de Si. 

Os principais objetivos deste trabalho eram otimizar o processo de ablação laser em líquidos, 

para a família R5(SixGe1-x)4, e a caracterização das nanopartículas produzidas para melhor a 

compreensão sobre as particularidades dos diferentes parâmetros desta técnica. Ablação 

laser em líquidos representa uma técnica interessante para o futuro das nanotecnologias, 

como uma forma verde, eficiente, simples e versátil de produzir nanopartículas. Perceber 

como cada parâmetro afeta o processo leva a um controlo mais completo sobre o mesmo, o 

que pode, potencialmente, permitir o uso da mesma técnica para alcançar distribuições 

variadas de nanopartículas com diferentes propriedades. 

Os resultados mostram que este trabalho levou a um aumento na produtividade, bem como 

ao enriquecimento do conhecimento do grupo sobre o processo e alguns dos seus diversos 

parâmetros. 

  



    
FCUP 

Study of magnetocaloric nanoparticles produced by laser ablation in liquids 
iii 
 

 

Abstract 

 

The R5(SixGe1-x)4 compound family, where R stands for a rare earth element, presents 

characteristics of great scientific interest, such as the Giant Magnetocaloric Effect and Giant 

Magnetostrictive Effect, among others. In particular, Gd5(SixGe1-x)4 and Tb5(SixGe1-x)4 have 

been extensively studied over the recent years, since both their magnetic transition 

temperature and their capability to produce the aforementioned effects can be tuned by simply 

changing the Si concentration. 

The main objectives of this work were to optimize the process of laser ablation in liquids, 

for the R5(SixGe1-x)4 family, and to characterize the nanoparticles produced to gain insight into 

the particularities of the different parameters of this technique. Laser ablation in liquids 

represents an interesting technique for the future of nanotechnologies, as a green, effective, 

simple, and versatile way of producing nanoparticles. Understanding how each parameters 

affects the process leads to a more complete control over it, which could, potentially, grant the 

ability to use the same technique to achieve varied nanoparticles distributions with different 

properties.  

The results show that this work led to an increase in yield, as well as enrichment of the 

     ’  k  w                                 its many parameters.  
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1 Introduction 

 

1.1 Magnetic refrigeration and Giant Magnetocaloric Effect 

 

Magnetic refrigeration has been a topic of discussion, research, and innovation for more 

than a century, having its unofficial beginning with the discovery of the Magnetocaloric Effect 

(MCE) in 1881 by Emil Warburg [1], by applying a magnetic field on a pure iron sample and 

measuring the variation of temperature. In reality however [2], MCE was first discovered, and 

reported, in 1917 by Weiss and Piccard [3], who observed a reversible temperature change in 

nickel, n                           Y       w      y              9  ’       G   q         by   

independently, came forward with a thermodynamic reasoning for the MCE [4], [5]. They were 

also responsible for the conceptualization of the process of adiabatic demagnetization, which 

allowed for the MCE theory to be applied in refrigeration. And yet, despite its already rich 

history, there is still a great deal of interest in this area, with new chapters continuously being 

written. 

Initially, what motivated the interest in magnetic refrigeration was the possibility to reach 

the helium liquefaction temperature. Giauque and MacDougall [6] took a step further with the 

construction of the first adiabatic demagnetization refrigerator capable of reaching 

temperatures below 1K (reached 0.25K from an initial temperature of 1.25K). With that goal 

achieved, the next one was to find a material that presented MCE at, or near, room 

temperature. The material that stood out in this period, so much so that to this day it is still 

considered a benchmark material for MCE, was Gadolinium, first reported by Brown in 1976, 

who even went as far as to demonstrate, in laboratory, its usefulness [7]. The device used 

consisted of Gd plates (1 mm thick, 157 g) separated by screen wire, and 400 cm3 of a 

water/ethanol mixture, as a thermal regenerator [8]. This device was capable of producing a 

no-load temperature difference of 47 K, from -1 ºC to 46 ºC, by using a 7 T superconducting 

magnet. 

This demonstration would, eventually lead to Barclay’         y   ’                  

regenerator patent [9]. More recently, however, the focus has turned to finding greener 

options, propelled by the need of materials capable of better energy efficiency that 

simultaneously are not environmentally harmful. And this is where Giant Magnetocaloric Effect 

(GMCE) enters, since materials that present this effect have a big advantage in terms of 
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efficiency over materials that only present MCE, seeing as they are capable of producing a 

bigger variation in temperature for the same magnetic field.   

The GMCE was first reported by Pecharsky and Gschneidner in 1997, having found that 

when subjecting Gd5Si2Ge2 to a change in the magnetic field a large magnetic entropy change 

occurred, larger than previously recorded in other materials by a factor of, at least, 2 [10], as 

can be seen in Figure 1. Since then, it has been shown that the GMCE is not restricted to 

those compounds alone, rather it is shared across most of the R5(SixGe1-x)4 family, where R 

stands for rare earth, but it does not stop there. Various other promising materials have been 

developed as well, such as La-Fe-Si-based hydrides, Fe2P-type pnictides, manganese 

arsenides, Heusler alloys, FeRh, MnTX (where T = Ni,Co and X = p-block element), and 

Mn0.5NiSi1-xAlx (with values of x ranging from 0.045 to 0.07) [11]. 

By definition, MCE is a change in temperature induced on the material due to the 

application of a magnetic field. Thermodynamically, can be described as the ebb and flow of 

the entropy components of the magnetic system (i.e. the magnetocaloric material) upon the 

                                                                      y    ’   otal entropy can 

be written as a function of temperature (T), and magnetic field strength (H): 

𝑆(𝑇, 𝐻) = 𝑆𝑀(𝑇, 𝐻) + 𝑆𝐿(𝑇, 𝐻) + 𝑆𝐸(𝑇, 𝐻),                                    (1) 

Fig. 1 - Magnetic entropy change of the Gd5(Si2Ge2) between 240 and 325 K for a magnetic field change 0 to 2 
and 0 to 5 T, respectively, compared to that of pure Gd as determined from Pecharsky’s and Gschneidner’s 
magnetization measurements.[10]  
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where 𝑆𝑀, 𝑆𝐿, and 𝑆𝐸 are the magnetic, lattice, and electronical components of the entropy, 

respectively. When a magnetic material is subjected to a magnetic field, a reorientation of the 

        ’                                 y       w                                           

                                                ’                 y  W                       

adiabatic and reversible conditions, subjecting it to a magnetic field has further implications. 

                                             y              ’                y           (T) 

                    ’                                  y                              y 

constant. Should, however, the material be in isothermal conditions, there is no increase in 

temperature, therefore no increase in the lattice entropy, while the magnetic entropy still 

decreases and so, there is a decrease in the total entropy of the system (S). These two 

physical quantities, T and S, are what quantifies the MCE that materials present and how 

comparisons between different materials can be made. [12] 

The utilization of magnetocaloric materials as refrigerators is due to these behaviours, 

when used in a sequence, schematized in Figure 2. The material, in this context denominated 

as magnetic refrigerant, begins in adiabatic conditions, and is subjected to a magnetic field, 

increasing its temperature (T+Tad). Then, the heat generated is exchanged with its 

surroundings, decreasing the temperature to its starting position. Afterwards, the magnetic 

field is turned off, leading to further decrease of temperature (T-Tad), and the material is put 

in contact with the object that one wants to cool (or with an heat exchanger, depending on the 

desired application), so as to proportionate an exchange of heat, cooling the object and 

heating the magnetic refrigerant and bringing the cycle to its starting point, only difference is 

Fig. 2 - Comparison between magnetic refrigeration and vapor cycle refrigeration [12]. 
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the object is cooler. By repeating this process over and over, one can achieve magnetic 

refrigeration. 

The concept of magnetic refrigeration is analogue to that of the vapour cycle refrigeration, 

as represented in Figure 2. However, of the total worldwide energy consumption, at least 15% 

of it is due to the use of refrigeration, be it air conditioning, freezing, chilling, or others. Should 

magnetic refrigeration be used instead, the energy necessary for the same purposes could 

drop as much as 20-30% [13]. Considering that there is a very real possibility of an increasingly 

larger necessity for refrigeration, as the global temperature continues to rise, combined with 

emerging fields, such as micro refrigeration, it is only natural that substituting current vapour 

with magnetic refrigeration would have an even bigger impact. Furthermore, one can achieve 

refrigeration without the need for environmentally harmful gases, such as CFCs or HFCs, all 

the while also having higher efficiency than vapor refrigeration [14], killing two birds with one 

stone, as the saying goes. 

 

1.2 R5(SixGe1-x)4 

 

The R5(SixGe1-x)4 family of compounds, where the R stands for rare earth, presents, for 

the most part, three different crystallographic structures: Orthorhombic I (O(I)) or Sm5Si4-like, 

Orthorhombic II (O(II)) or Sm5Ge4-like (both Pnma space group), and Monoclinic (M) (P 1121/a 

space group), which are all very similar to one another, as shown in Figure 3, and can be 

thought as a stack of slabs, expanding infinitely in the horizontal plane, with a sub nanometre 

distance between slabs, vertically, as schematically pictured in Figure 4. There are two 

different polyhedral possibilities for the slabs: a pseudo-cube with the rare earth atoms 

positioned on the body centered cubic (BCC) structure locations and the Si or Ge atoms on 

the faces, and a pseudo-cube with the rare earth atoms located on the vertices of the cube 

and a pair of the Si or Ge atoms on the centre. Although the vast majority of the R5(SixGe1-x)4 

family can assume all these structures, the specific structure they crystallize at is strongly 

dependent on both external (pressure, temperature, magnetic field, and others) and internal 

(stoichiometry, microstructure) properties. The connection between the Si/Ge atoms in the a-

c plane is denominated T2-T2 and is responsible for the intraslab connections, whereas the 
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connection normal to that same plane, also by the Si/Ge atoms, is denominated T1-T1 and is 

responsible for the interslab connection. [15] 

As referred before, the three crystallographic structures are very similar and, in fact, the 

difference between each other is related to the number of T1-T1 connections that are present 

in the crystal. For the O(II) there are no bonds between slabs, for the M half of the connections 

are present, and for the O(I) all of them are established between slabs [16]. Naturally, this 

leads to a bigger volume for the O(II) structure and a smaller one for the O(I). [17] 

Fig. 3 - The three different structures that the R5(Si1Ge1-x)4 family adopts, with focus on the relevance of the T1-
T1 bonds for the structure determination[15]. 

Fig. 4 - Representation of the slabs that constitute the structures. a) is the BCC pseudo-cube and b) the simple 
pseudo-cube. c) e d) represent the views of the slabs along the c and b directions, respectively.[17]  
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Regarding the magnetic implication of these structures, it has been shown [18] that 

effective exchange parameter, Jeff, is greater when the distance between slabs is shorter, and 

smaller when the distance is bigger. This parameter indicates what type of electronic 

configuration the exchange energy favours. If it is positive, then electrons with parallel spins 

are favoured, while for negative values of Jeff it is antiparallel spins that are favoured. This is 

the justification for the fact that the ferromagnetic (FM) phase and the antiferromagnetic phase 

(AFM) occur predominantly for the O(I), and for the M and the O(II) structures, respectively. 

When a simultaneous change of magnetic and crystallographic structures occurs, at a 

given temperature TMS, where the structure with the lower free energy is preferred, it is 

denominated as a magnetostructural transition. TMS can then be defined as the temperature 

above which one structure becomes more favourable than the other, energetically, and so, for 

T equal to TMS, the free energies of both structures are equal as well. This change can also 

be triggered due to the application of a sufficiently strong magnetic field. 

This magnetostructural transition can occur in one of two ways. Either as a first-order 

phase transition (FOPT) or as a second-order phase transition (SOPT). The FOPT is 

characterized a discontinuous transition, whereas the SOPT is more of a continuous one. The 

Gd5(SixGe1-x)4 family of compounds presents both transitions, a FOPT for x = 0.5 and a SOPT 

for x = 0.8, for example. For instance, for x = 0.5, a transition occurs between a state [M, PM] 

and a state [O(I), FM], giving rise to the GMCE. Structurally, the transitions between M and 

Fig. 5 - Magnetic and structural phases diagram for the Gd5(SixGe1-x)4 family. 
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O(I) can be visualized as the movement of adjacent slabs relative to each other, horizontally, 

w                                ’                   -T1 distance increases with the 

temperature. When it rises above TMS some of the bonds are broken and the transition 

occurs. Furthermore, as can be seen in Figure 5, this family of compounds shows a large 

range of temperatures (50 - 350 K) for which a magnetostructural transition occurs. By varying 

the percentage of Si, and consequently Ge, it is possible to fabricate materials that operate 

similarly at different temperatures. 

 

1.3 Reduction of scale 

 

When in bulk form, the R5(SixGe1-x)4 family, besides GMCE, also presents Giant 

Magnetoresistance (GMR) [19], spontaneous generation voltage (SGV) [20], and Colossal 

Magnetostriction (CMS) [21] therefore it can see use in various areas. It is possible that, by 

reducing from bulk to the micrometre and nanometre scales, the properties are maintained. 

This however does not mean there are no alterations. For instance, with regards to the GMCE, 

reduction of scale leads to a reduction of the S peak, as well as a broadening of the transition 

temperature range, as will be demonstrated later. Some secondary effects are also to be 

expected, such as the probable existence of a critical size, and core-shell effects [22]. The 

critical size represents the nanoparticle (NP) size below which no magnetic transition is 

expected to occur. The outer region of a NP, when it behaves in a way that is different from 

the core, is designated as core-shell. Particularly, when micro or nanomaterials are being 

studied for their magnetic properties the core-shell can also be designated as the magnetic 

dead layer. This layer presents a break in symmetry in the ordering of the crystallographic 

structure, where the inner region is very well ordered, and the outer region is in an anisotropic 

state, as can be seen in Figure 6. This is reflected in the organisation of the spins as well, with 

the magnetic dead layer being in a different magnetic state, usually a paramagnetic one, 

although antiferromagnetic states are also possible [23]. Furthermore, positive aspects also 

appear, as is the example of the reduction in the critical magnetic field necessary to enforce 

the phase transition [24], as well as behaviours that are in contrast with their bulk counterparts, 

such as the Negative Thermal Expansion (NTE) [25]. NTE shows that the bulk form and the 
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NPs can have different behaviours for the same stimuli. Where one expands when exposed 

to higher temperatures, the other contracts. 

These smaller scales can be reached via bottom-up (constructs the desired material) or 

top-down (deconstructs until the desired material is obtained) methods, which are typically 

chemical and physical, respectively, in their nature, but exceptions exist. Bottom-up methods 

that could potentially be used to produce compounds such as the R5(SixGe1-x)4 family are 

Chemical Vapour Deposition (CVD) and Atomic Layer Deposition (ALD). Both are similar, but 

with ALD there is much more control over the deposition than with CVD at the cost of duration 

of the deposition, as the layers are deposited individually. However, both have the unwanted 

side-effect of producing contaminating by-products, such as methane, volatile organic 

compounds, and polycyclic aromatic hydrocarbons [26]. On the top-down approach there are 

methods like Ball-milling, Fragmentation, Metallurgical pulverization, or Laser ablation. Ball-

milling utilizes hollow cylindrical shells to ground the material down to the micro-scale. 

Metallurgical pulverization applies an external force to the bulk form to reduced it into smaller 

pieces. And laser ablation uses a laser to remove layers form the material, which are the end 

product. Different techniques lead to different end products, in as much as the conditions for 

the deconstruction of the bulk material vary from one to another, leading to different grain and 

domain sizes, particles or films. Techniques such as Ball-milling and Pulverization are more 

utilized when particles in the milli to micro-sizes range are wanted, whereas laser ablation is 

more common with smaller sizes (or thin films) are desired. However, as long as the material 

remains the same, structurally and stoichiometrically, it is possible that the properties are 

retained, opening a wide range of applications for this family, such as micro refrigerators, 

thermal switches, microfluidic pumps, or energy harvesting devices [22].   

  

Fig. 6 – High-Resolution Transmission Electron Microscopy micrographs of La0.67Sr0.33MnO3 nanograins, showing 
the presence of magnetic dead layer [23]. 



    
FCUP 

Study of magnetocaloric nanoparticles produced by laser ablation in liquids 
9 
 

 

1.4 Motivation 

 

In the present days, concerns about how our actions and decisions are going to affect our 

future are becoming more and more prevalent. Thus, it is no surprise that greener alternatives 

are highly sought after in the effort to revitalize the industries. It is in this renewal process that 

materials such as the R5(SixGe1-x)4 family can have a big impact and for a variety of reasons: 

they have a wide range of possible applications, due to the various properties they possess 

that can be used solely or in tandem with other effects from the same material or with other 

materials altogether (such as energy harvesters, made with Gd5Si2Ge2 and piezoelectric 

polymer [27] or with Gd5Si2Ge2  and aluminium [28], or microcoolers made with Gd5Si2Ge2  

and with Si microfluidic channels [29]); it is possible to miniaturize the materials and create 

instruments and applications that can substitute less green options; allow for concepts that 

were previously not possible, or even considered, to become a reality. 

In fact, it is not solely on the magnetic refrigeration field that these materials can see 

utilization, with a possible application for NPs of R5(SixGe1-x)4 being in the medical field, in the 

treatment of cancer patients. As it stands, the application that is closest to being ready to use 

is self-controlled hyperthermia [30], which is able to selectively kill the cancer cells or to 

increase the efficacy of certain drugs, through the applications of high frequency magnetic 

fields, as these will make the NPs oscillate. This oscillation is due to two different processes, 

as can be seen in Figure 7, depending on the frequency: Brownian, and Néel relaxations, 

which, together with hysteresis losses, are responsible for heat generation. In Brownian 

relaxation, predominant for larger particle sizes, the entire NP rotates to reverse the direction [31] 

Fig. 7 - Schematic of Néel and Brownian relaxation mechanisms of heat generation [31]. 
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of the magnetic moment, whereas in the Néel one, primarily active for smaller particles, the 

NP remains fixed in place, but the magnetic moment reverses direction to align with the 

external field. However, their contributions are also dependent on the frequencies utilized, with 

Néel relaxation being predominant at very high frequencies [32]. 

Further down the line, when R5(SixGe1-x)4 NPs have been fully functionalized, it will also 

be possible to utilise them for theranostics, which is targeting, therapeutics and diagnostics 

combined in a single package, as shown in Figure 8. In particular, Gd has been shown to be 

a successful contrast for magnetic resonance imaging exams [33], fulfilling the diagnostics 

part. As for the therapeutics, the NPs can be operationalized to carry drugs directly to the 

cancer cells, through polymer coatings, that would envelop the drugs and the NPs, as well as 

allow for the fixation of targeting agents onto the NPs. This way, the drugs can be delivered 

directly to the cancerous cells, while the patient is being observed [30]. 

The creation of these NPs would commonly be done through Pulsed Laser Deposition 

(PLD) in vacuum chambers, however, by exploring the process of Pulsed Laser Ablation in 

Liquids (PLAL) it is possible to achieve the same effective result, but with a number of 

advantages. The process is much quicker, since is it not necessary to wait for sufficiently high 

vacuum to be reached; less expensive, due to the cost of constructing and operating a vacuum 

chamber. It also allows for greater tuning of the NP size and characteristics, through the use 

of different solutions, modifying the solution thickness, and addition of salts or polymers, 

leading to a versatility that cannot be achieved with PLD, which means the NP can see 

utilization in a wider field of applications. 

Fig. 8 - Schematization of an operationalized NP for theranostics use [33]. 
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2 Experimental Techniques 

 

2.1 Arc-melter furnace 

 

The samples that were produced in-house were synthesized with an arc-melting furnace 

located at                                             N                        ’  (IFIMUP) 

Materials Laboratory, which belongs to Centro de Materiais da Universidade do Porto 

(CEMUP). The furnace is constituted by four parts: a vacuum isolated chamber, two vacuum 

pumps (one rotary for primary vacuum and one diffusion for high vacuum), a hight purity Argon 

pressurized bottle, and a high-power supply. The inside of the vacuum isolated chamber is 

represented in Figure 9 and it has: a handle which is composed of a Copper electrode with a 

Tungsten tip, connected to the positive terminal of the power supply; a Copper base with 

cavities, that work as crucibles, and that is connected to the negative terminal of the power 

supply; connections for power supply, gas intake, water circulation (used to cool down both 

the Cu crucibles and the Tungsten tip), and vacuum;  and Titanium getters (which are utilized 

to capture as much of the remaining Oxygen as possible).  The handle is controlled from the 

outside, through the knob that is attached to it, allowing for horizontal and vertical control of 

the electrode. 

The procedure through which the samples are produced is constituted by the following 

steps: 

• Weighting the pure elements according to the desired stoichiometry; 

• Placing the pure elements on a single crucible and a Ti getter on another and closing 

the chamber; 

• Purging the chamber with Ar gas, typically three times, reaching a vacuum of P~10-4 - 

10-5 mbar in between each purge; 

• Filling the chamber with Ar, up to the pressure of  P~700 mbar; 

• Verifying that there is water flow across the electrodes; 

• Selecting the desired current and turning on the power supply; 

• Manoeuvring the knob to slowly lower the W tip, bringing the electrodes closer to each 

other, till an electric discharge occurs and a visible arc is formed; 

• Pointing the arc to the Ti getter until it partially melts (~1 minute); 
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• Pointing the arc to the crucible with the pure elements, the process of melting them 

begins. These typically last for 1 minute and the result is a button shaped sample, as 

shown in Figure 9; 

• Turning the sample upside down and repeating the previous steps; 

• Weighting the sample. [34]  

The purging process is performed due to the need to lower the Oxygen partial pressure 

inside the chamber, as the formation of oxides is not desired and because rare earths oxidize 

quite easily. This is also what motivates the presence of the Ti getter: it helps with the 

absorption of O and other light elements that may still linger after the purges. As for the Ar that 

fills the chamber, it acts as an ionizing agent, necessary for the formation of the electric arc. 

Due to the high currents that pass through the Cu electrodes, the water flow is of extreme 

importance, to prevent their melting, since Cu melts at ~1360K, while the points where the arc 

is present can reach up to 3000K. This is the reason why the tip is W, as it can withstand 

temperatures up to 3700K without melting. 

The sample needs to be turned, because of the unwanted effect the water-cooling system 

                 ’                                        y                       b      

part of the sample quickly cools down to room-temperature, while the upper part takes much 

longer to cool down. This might lead to inhomogeneous atom diffusion and hence to the 

formation of undesired off-stoichiometric phases. It also leads to the formation of hexagon-like 

Fig. 9 - Schematic of the inside of an arc-melting furnace and its components. (Adapted from [34]) Example of a 

button produced with an arc-melter furnace. 
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shapes on the surface, with rigid barriers, and cracks in the interior. Thus, in an attempt to 

improve homogenization, the sample is turned and remelted, at least three times. 

In general, the arc-melting furnace presents some advantages over other solid state 

synthesis processes, as it is a simple and quick process, and has been shown to produce 

better results on the R5(SixGe1-x)4 family [35], however the cooling process can be a problem 

if the attempts to homogenising the sample are not successful, as shall be addressed at a 

later point. 

For this work two different samples were prepared, Gd5Si2Ge2 and Tb5Si2Ge2, weighing 

3.5-4g. They were produced with a current of approximately 80 A and were remelted between 

3 to 4 times. Afterwards, they were weighted, and that value was compared with the sum of 

                     ’  w       (         b        e process) to ascertain how much, if 

any, material was lost and to obtain an estimative of the amount of Oxygen present in the 

button. 

 

2.2 X-ray diffraction 

 

The X-ray Diffraction technique (XRD) is widely used in crystallographic studies of 

crystalline samples to extract a variety of information: grain size, different structural phases 

proportions, strain effects, Bravais lattice, symmetry group, lattice parameters, bond lengths, 

chemical composition, and electronic distribution. 

This technique traces its roots to the work of Von Laue, who obtained a diffraction pattern 

using a copper sulphate crystal [36]              ’   x                                          

how to extract information from them [37]. Both were awarded, separately, the Nobel Prize of 

Physics in 1914 and in 1915, respectively. 

The x-ray radiation is used for this technique because its wavelength is, typically, on the 

same range as the distance between atoms in a crystal, enabling said atoms to act as 

diffraction centers, scattering the radiation. If these atoms form a periodic lattice, then it is 

possible that the different diffracted rays interfere constructively and coherently, creating a 

diffraction pattern. That happens when the difference between the paths light travels is equal 

to                               y ’ w                     z   by      ’    w: 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝜆,                                                         (2) 
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where  𝑑ℎ𝑘𝑙                             y                 ’                k             𝜃 is the 

angle that radiation makes with the atomic planes, and 𝜆 is the wavelength of the radiation, as 

can be seen in Figure 10. From this equation it can also be seen that the specific angles 𝜃’  

at which intensity peaks occur are connected to a family of atomic planes hkl in a given 

structure. 

Simplistically, a diffractometer is constituted by three essential components: x-ray source, 

sample holder/goniometer, and scintillation detector, however it is also necessary to have a 

connection to a PC with data acquisition software. In generic terms, the x-ray source is a 

vacuum isolated compartment with a W filament that, when heated through current, send 

accelerated electrons towards a Cu target. These electrons cause electronic transitions in the 

Cu atoms, when absorbed, leading to the release of radiation with well-defined wavelength. 

Due to its higher intensity, the K-alpha frequency is the most commonly utilized and has a 

wavelength of 1.5406 Å. It is usual to have a system that focus and monochromatizes the 

emergent beam, before it shines on the sample. [38] 

The instrument utilized was a Rigaku SmartLab, shown in Figure 11, that belongs to 

IFIMUP, from Universidade do Porto. Rigaku Smartlab is a versatile high-resolution 

Fig. 10 - Simple illustration of Bragg’s law through the schematic representation of the atomic planes in a periodic 
crystalline lattice and their interaction with the x-ray radiation. [37] 

Fig. 11 - Interior of the Rigaku Smartlab. [38] and its components: 1) Soller slit; 2) Sample holder; 3) Diaphragm; 
4) Monocromator; 5) Detector diaphragm. 
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diffractometer, with a 9 kW Cu rotating anode, that supports both Bragg-Brentano (BB), 

represented in Figure 12, and Parallel Beam (PB) geometries. Most of the diffraction patterns 

measured in this work were performed with BB geometry, in which the detector scans a range 

of 2𝜃 values. For this work the 2𝜃 range evaluated was 20º - 60º (for most samples), the step 

was 0.01º, the speed (2𝜃/min) was 2º/min and the slits used to confine the beam geometry 

were 5º Soller slits. [39] 

For this work, it was used Powder X-ray Diffraction, because the samples were 

polycrystalline, and the technique was utilized in two different situations. First, on the bulk 

samples, as XRD is a powerful technique to ascertain what structural phases are present in 

the sample, which was a necessity, due to the possibility of non-homogeneity inherited from 

the synthesisation process. Second, on the NPs samples to obtain information regarding the 

crystallographic structure of the samples and whether or not it was maintained from the bulk. 

 

2.3 SQUID Magnetometry 

 

The instrument utilized to measure the magnetic properties of the materials (both bulk form 

and nanoparticles) was the Superconducting Quantum Interference Device (SQUID), which 

has a very high magnetic field sensitivity (10-14 T), really useful when dealing with small 

amounts of sample, as was the case for the NPs samples. The SQUID used on this work 

belongs to IFIMUP and is constituted by a two-part system: a superconducting magnet that is 

immersed in a helium bath, responsible for the application of the magnetic field (as high as 

Figure 12 - Schematic representation of the Bragg-Brentano geometry.[39] 
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5.5T); a superconducting detection coil system, represented in Figure 13, handles the 

measurements and is constituted by two parallel Josephson junctions, two superconductors 

connected by a thin insulating layer that allows electrons to tunnel through, in which  a DC 

current exists. The range of temperatures in which it operates is 5 to 380K.[40] 

The measurements are obtained by having the sample move vertically, between the coils, 

creating magnetic flux variations (due to the magnetic flux generated by the samples internal 

magnetization) across the coils, leading to changes in the current on the Josephson junctions 

(by Faraday induction law), which are measured by the voltage oscillations. In theory, through 

this process, the SQUID is sensitive to one quanta of magnetic flux (~2 × 10−15 𝑇/𝑚2). This 

high sensitivity is of great importance when there is a need to measure samples with low 

moments, such as thin films or nanostructures, as is the case of this work. It is possible to 

perform these measurements with fixed Temperature, to measure how magnetization evolves 

with field, M(H) curves, or with fixed Magnetic field, to measure how the magnetization varies 

with temperature, M(T)       :      x                                   ’                      

temperature. 

For the most part, it is used to measure the real component of the magnetic susceptibility as 

a function of frequency, magnetic field amplitude, and temperature or the magnetic moment 

as a function of temperature and time. For this work, the focus was on M(H) and M(T) curves, 

which allow for the retrieval of important magnetic properties such as Currie-W    ’ 

                  ’                                                                      

among others. In a first moment, the SQUID data was used to ascertain the crystallographic 

phases, in conjunction with the XRD data, and afterwards it was utilized in the study of the 

N ’              

 

Figure 13- Schematic representation detection coils and how the SQUID establishes the sample’s position [40]. 
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2.4 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

 

Simplifying an overall complex system, a Scanning Electron Microscope (SEM) , as 

represented in Figure 14, is constituted by: an electron gun, that produces a high energy 

electron beam (20-30 kV); an electromagnetic optical system, that focuses the beam to a small 

spot (tens of nanometres); and a set of detectors for particles and electromagnetic waves, 

namely for backscattered and secondary electrons, and for x-ray radiation, that is used for 

Energy Dispersive Spectroscopy (EDS). [41] 

By focusing a high e    y          b                 ’                        b  w    

            ’  b                  ’                       y                (                  w 

micrometres of sample), and from these interactions arise the particles (backscattered and 

secondary electrons) and x-ray radiation that give information about the sample.  

SEM utilizes the electrons to create an image of the sample. The backscattered electrons, 

which are the original electrons, having suffered elastic scattering with the first layers of the 

      ’                                    b       b                                    

        b                                  y                            b                ’  

atoms: with larger values corresponding to brighter spots. While this contrast in merely 

relative, as it cannot be translated from one sample to another, it is very useful in detecting 

phases with different stoichiometries and impurities, since those stand out. 

As for the secondary electrons, they result from inelastic scattering interactions between 

                       ’  w  k y b                 b                                         

Fig. 14 - Schematic representation of the SEM. [41] 
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                                                             y                     “3 ”        

of the image, as their intensity is directly correlated to the depth at which the interactions occur. 

         ’                w                                       :              b    

     y;                              y          b           z ;              ’           ;     

experimental conditions.  

EDS uses x-rays to provide more accurate information about the chemical composition of 

the sample, complementing the secondary electrons contribution. The x-rays are generated 

by the deexcitation of electrons, from the outer to the inner shells of the atoms, to occupy 

vacancies left by the electrons that had energy transferred into them by the incident ones. 

Because the energy difference between outer and inner shells is characteristic of each 

element, EDS provides a reliable way to identify the atoms present in the sample, through the 

detection of the energy and intensity of the emitted x-rays, and comparison with the known 

values for the x-ray emission energy. 

However, it is only possible to utilize these techniques to their full capabilities if the sample 

fulfil certain criteria. For starters, it must be stable under high vacuum, as very low pressure is 

necessary to stabilize the beam and to obtain accurate detection. It should also be capable of 

conducting electricity, so that it does not accumulate charge. Finally, the sample must be 

thermally and structurally stable, so as to handle the incident beam, without suffering being 

deformed. 

In this work, the samples did fulfil these criteria, for the most part, as some oxidation did 

occur during the ablations and the oxidated particles were not conductive and did accumulate 

charge. 

 

2.5 Dynamic Light Scattering 

 

 y      L                ( L )            q                          ’    w            

to determine their hydrodynamic sizes. The device used for this work was a Zetasizer Nano 

ZS, shown in Figure 15a), belonging to the Departamento de Química e Bioquímica of the 

Faculdade de Ciências da Universidade do Porto. It is constituted by: a laser, to provide a light 

source to illuminate the sample; a cell, that holds the sample; a detector, to measure the 

intensity of the scattered light; an attenuator, to prevent oversaturation of the detector; and a 

correlator, a digital signal processing board that compares the scattering intensity at 
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successive time intervals, to derive the rate at which the intensity is varying. All these 

components are integrated into a single device, which feeds information to a computer, to be 

stored and analysed. 

Brownian motion is the movement of particles due to random collisions with the molecules 

of the liquid that surround particles. The reason why this phenomenon is important for DLS is 

because it has different implications for particles of different dimensions. Smaller particles 

move more quickly through the liquid, as they have a lower chance of hitting the molecules, 

thus having a larger mean free path, whereas larger particles move more slowly, as 

represented in Figure 15b).[42] [4 3] 

Additionally, this device can also be used to determine the Zeta Potential (ZP) of the 

particles, as represented in Figure 15c). This is the electrical potential at the plane of interface 

between the mobile fluid and the fluid that is attached to the surface of the particle. It is a key 

                          ’    b    y                                                        b  w    

adjacent particles. Higher ZP values, either positive or negative, confer stability, meaning the 

particles will resist aggregation and are less likely to condense at the bottom of the container, 

while the contrary is true for smaller values. 

For this work, the results were studied in the form of Number of particles vs Volume to 

compliment the data gathered through SEM. The ZP was used to relate the average potential 

of the sample with its average size. 

 

a) 

b) c) 

Fig. 15- a) Zetasizer Nano ZS [42]; b) How the equipment detects particles in the solution, in order to calculate their 
dimensions; c) Visualisation of the Zeta potential [43]. 
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2.6 Transmission Electron Microscopy 

 

Transmission Electron Microscopy (TEM) is a technique that shares similarities with SEM 

                   y  W                                        (      “         ”              

image of the object being studied), albeit using electrons instead of photons, as the names 

indicate, attaining much higher resolution due to the shorter wavelength of the electrons. With 

the former, the comparison can be made due to the components utilized, although the 

construction is different. For TEM, there are two electromagnetic optical systems, a smaller 

one above the sample, and a larger, more complex, one, below the sample, as represented 

in Figure 16. The TEM utilized belongs to International Iberian Nanotechnology Laboratory 

(INL).[44]  

This technique is used due to its ability to observe and characterize, in materials from the 

micrometre to the nanometre scales, features such as their crystal structure, dislocations on 

the crystal structure, and grain boundaries. Furthermore, it can be used to study the growth of 

layers and to analyse the quality, shape, size, and density of quantum wells, wires, and dots. 

The fact that electrons have to be transmitted through the sample has natural implications 

on the specifics of the sample. It should be thin enough (usually less than 200 nm) to allow for 

a sufficient number of electrons to pass through, so as to for an image with the minimum 

energy loss possible. 

Fig. 16- Schematic representation of TEM.[44] 
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For this work, the nanoparticles were collected by a Cu grid, which was placed inside the 

TEM chamber, and the images captured were studied with recurse to Gatan, to analyse the 

nanoparticles morphology. 

 

2.7 Furnaces and Muffle furnaces 

 

As one of the samples produced in the arc-melting furnace had a prevalent presence of an 

undesired crystallographic phase, it was submitted to heat treatment in a furnace. The furnace 

is essentially an oven to grant thermic energy to the atoms, so they can move within the 

crystallographic lattice, in order to promote the change of structure to a more desired one. The 

furnace used, in this case, belongs to IFIMUP, shown in Figure 17. Due to the rare earth 

present in the sample, it was necessary to use the furnace in a vacuum capacity. 

In particular, the sample that was subjected to heat treatment was in the furnace for 2 

hours, at 1180 ºC and at a pressure of 2 × 10−3 mbar, and was quenched in water once the 

treatment was concluded. These parameters were selected based on experiments performed 

by João Horta et al [45]. 

Fig. 17- Furnace [38] and picture of the sample in the sample holder inside the tube. 
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Later on, a muffle furnace, shown in Figure 18, also belonging to IFIMUP, was used to dry 

the solutions in which the nanoparticles were ablated. In its essence, a muffle furnace is an 

oven, allowing for the heating of materials in a safe environment where they are isolated from 

the exterior. 

 

2.8 Electrical saw and Polishing 

 

In order to prepare the button for the ablation processes, an electrical saw, shown in Figure 

19, was used to cut it. The objective of this procedure was to obtain a flat surface for the 

ablation, to guarantee equal exposure on the sample, as well as to perform the ablations on 

the inner part of the sample, where the heat distribution from the arc-melter furnace was more 

homogeneous. 

One important step of the target preparation for the ablations was their polishing, so as to 

assure as few variations outside the planned ones as possible between ablations. Were it not 

for the polishings and the validity of the samples could compromised by oxidation, as shown 

Fig. 18 - Muffle furnace. 

Fig. 19 - Electrical saw utilized to cut the buttons produced in the arc-melter furnace. 
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in Figure 20. The polishings were done manually, as a fine control of the amount polished was 

necessary due to the small size of the targets. For this, three different abrasive discs were 

used, P120, P380, and P1200. 

 

 

2.9 Pulsed Laser Ablation in Liquids 

 

PLAL can be thought being dividable into five different processes: Coulomb explosion, 

fragmentation and vaporization, phase explosion, spallation, and spinodal decomposition [46] 

and their occurrence is highly dependent on the fluence of the laser beam. 

      b  x               w               ’                                            

threshold [46], [47], [48], which leads to a transition from a solid state to plasma. This happens 

due to an effect known as the space charge effect, where electrons that receive energy from 

laser photons, with an energy higher than the Fermi energy, are ejected from the target and 

create an electrical field between themselves and the ionized ions of the target. Should the 

electron energy be higher than the one binding the ions to the lattice, then layers of the target 

are removed. This leads to the creation of a plume by direct ionization, sublimation, and 

electron emission [49]. This plume is composed by electrons, and atomic and ionic species, 

both from the target and the solution, and when it expands it creates a laser-induced 

shockwave. 

Fragmentation and vaporization happen in three distinct occasions. When there is 

decomposition of the target due to impact or expansion of the solution around the regions of 

laser incidence, originating fragments that form NPs through collision, and aggregation, it is 

       “       ”                W         x                                             

                                                                 k  w     “          ” 

fragmentation. Vaporization occurs for higher incident fluences, where the surface layer of the 

target is atomized, leading to a very rapid expansion [46], [50], [51]. 

Fig. 20 - On the left, target after ablation and before polishment. On the right, target after polishment. 
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Phase explosion happens for fluences well above the ablation threshold and is 

          z   by               b bb               w                                    ’  

spinodal temperature (temperature limit at which the metastable liquid can be heated) and 

slightly below the critical temperature. This leads to a rapid transition in the solution, from a 

superheated liquid to a mixture of vapor and liquid droplets, which leads to the formation of 

the NPs [52]                                                          ’                    

fast that it passes beyond the normal boiling temperature, being metastable.  

Spallation occurs due to defects in the target caused by tensile stress [[46], [50], leading 

to fractures when the tensile strength is exceeded. The isochoric heating of the target leads 

to the creation and propagation of compressive waves through the solution and the target, 

which create fractures and are the cause of the tensile stresses. As this happens, voids are 

                     ’                            w                                         

potential ejection of layers of the target (possibly even breaking from the target, as the distance 

between them increases) and, thus, the creation of NPs. 

Finally, spinodal decomposition occurs when the target is heated above the critical 

temperature and, as it expands, creates a thermodynamically unstable region, which causes 

material decomposition [46]. From the initial state of a homogeneous phase, a transition 

occurs to a mixture of liquid droplets and gas atoms. In time, the droplets coalesce in clusters, 

forming the NPs. 

For this work, as it was the continuation of the work developed by the group of IFIMUP, 

the emphasis was on the optimization of the process and in the study of the different 

parameters and their effects. 

Indeed, there are a multitude of parameters that have a direct influence on the quality, 

quantity, and type of nanoparticles produced. For ease of discussion, the parameters can be 

separated into three categories: laser, solution, and setup. 

For the laser, the parameters are fluence and focusing, pulse duration, repetition rate, and 

wavelength. 

Fluence is of major importance for the process but requires a delicate balance. Smaller 

fluences, above the ablation threshold, lead to lower nanoparticles yield, while higher fluences 

face limitations due to the optical breakdown point [53], and cavitation bubbles. The number 

of reactive oxygen species increases drastically above the optical breakdown point, leading to 

higher levels of oxidation [54]      b bb   ’                    w       ence, which means, for 

a certain fluence, the bubble will exist for a period of time longer than the pulse interval, 
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resulting in shielding and reflection of the next pulse, by the bubble [53], decreasing 

productivity. The location of the focus point, relative to the target, has impact on the 

morphology, phase and size of the nanoparticles produced [55], [56]. 

Pulse duration, or alternatively pulse width, sees its effects on the other laser related 

parameters, such as, self-focusing during laser propagation in the solutions [57] When a 

nanosecond laser is utilized, the actual laser focus is farther away from the focal distance in 

air [57], whereas with a femtosecond laser, the self-focusing effect is much stronger, making 

the focus appear on the other side of the focal distance [58]. The effects of pulse width can 

also be seen in the ablation threshold of metallic and dielectric materials [53]. 

The repetition rate has direct impact in the behaviour of the cavitation bubbles. If the power 

is maintained, a decrease in the repetition rate means an increase in the pulse energy, leading 

to higher ablation rate, per pulse, and larger bubbles [53]. If the pulse energy is maintained, it 

is possible to have control over the size, surface charge, and production of the nanoparticles 

[59]. Regarding the bubbles, the ideal situation is that the pulses arrive after their extinction. 

  w                                                 b bb   ’                 b                 

occurs, which lessens the energy that reaches the target. This leads both to lower ablation 

rate for that pulse and to a smaller, and with a shorter lifetime, cavitation bubble than the 

previous, creating a bubble size fluctuation, until it reaches steady state [60]. 

The laser wavelength affects the ablation threshold, the ablation depth, and the size and 

number of ablated nanoparticles. Longer wavelengths lead to higher ablation thresholds [61] 

and depths [53]. Both implicate that the ablation efficiency is higher for longer wavelengths 

[62]. As for the size of the NPs, longer wavelengths also seem to correlate to larger NPs [63], 

[64], [65],[66]. 

For the solution, there are two major parameters, what type of solution is utilized, and what 

is its thickness. 

For the R5(SixGe1-x)4 targets, the best solutions are organic solvents, and polymer 

solutions, due to how easily rare earths oxidize. Deionized water (DIW) is a simple and 

accessible solution to use, however, leads to high degree of oxidation, which seems to occur 

mainly during two time-regimes. First, during the early stages of cavitation [67], and second 

due to prolongated stay in the solution [68], [69]. Organic solvents seem to lead to lower levels 

of oxidation than water [70] and using organic molecules with higher dipole moments produces 

a higher number of particles of smaller size [71], [72], due to the strengthening of the repulsive 

force between nanoparticles [73]. Also, organic solvents with chain lengths from C-3 to C-5 
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produce smaller particles than bigger chains, and more stable NPs than smaller chains [74]. 

Polymer solutions are interesting for bio applications, producing nanoparticles more stable 

than water, to the point that oxide-free particles could potentially be produced [75], while also 

being able to control size and agglomeration [74], due to the end-group hydrophobicity of 

polymers [76]. 

The solution thickness, its height above the target, is r                      ’ y     [77], 

[78], [79], as well as in the size distribution. However, should the layer be too thin, the plasma 

will not be fully contained in the solution, meaning, the cavitation bubble will break through the 

liquid-air interface, resulting in splashing and fumes [80]. Also, thicker solutions, without liquid 

flow, or replacement, lead to smaller efficiencies, due to attenuation by the liquid and 

absorption or scattering by the nanoparticles [53]. Thicker solutions also lead to smaller 

particle size and size distribution [78], [81]. 

The setup parameters are target rotation and solution flow, and also the plane of incidence 

of the laser is relevant as well, primarily in liquid batch, due to the fact that vertical incidence 

in a horizontal target faces much more shielding from cavitation bubbles than with the contrary 

setup [82], [83]. 

Target rotation is used to prevent target perforation due to continuous ablation of the same 

spot [84], consequently increasing the lifetime of the target and the time during which it is 

possible to ablate uninterruptedly. Having the target rotate during the ablation also decreases 

the influence of cavitation bubbles on the process. 

Concerning the solution flow, it can be created due to stirring, leading to higher yield and 

reproducibility, and narrower size distribution [83], mainly due to the minimization of the 

shielding and scattering effects. But it can also be achieved with flowing liquid, which leads to 

the cavitation bubbles not being able to settle near the ablation spot [82], resulting in increased 

yield [77], [85] and reproducibility. 

For this work the laser used was a Ti:Sapphire laser, model FemtoPower Compact PRO 

CEP, with central wavelength of 800 nm, pulse duration of ~30 fs, repetition rate of 1 kHz, 

which belongs to IFIMUP.  
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3 Results 
 

On this chapter the results obtained throughout this work will be presented. First, the result 

obtained during the preparation of the samples and afterwards the results that relate to the 

specific parameter that was being tested with each sample. The parameters here detailed are 

solution thickness, duration of the ablation, and composition of the target. For each of these 

parameters, data from the various techniques will be shown (when applicable), as well as the 

mass of the samples (determined by weighting the respective targets before and after the 

ablation). 

 

3.1 Bulk preparation 
 

As mentioned previously, before the bulks were cut into targets, they were characterized 

through XRD and SQUID analysis, to guarantee that the targets would have the desired 

phase. 

 

3.1.1 SQUID 
 

With the SQUID data, it was possible to confirm, through the temperature at which the 

transitions occurred, the presence of the desired stoichiometry for each bulk. By calculating 

the derivative of the M(T) curves, it is possible to ascertain the temperature at which the 

transition occurs, as can be seen in Figure 21 It shows that transitions occur at the 

Fig. 21 - A) M(T) curves for Tb5Si2Ge2 in green, Gd5Si1.3Ge2.7 in blue, Gd5Si2Ge2 in black, and Gd5Si3.5Ge0.5 in 
red. B) Derivatives of the M(T) curves in function of Temperature. 
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temperatures: 113 K for Tb5Si2Ge2, 178 K for Gd5Si1.3Ge2.7, 260 K for Gd5Si2Ge2, and 335 K 

for Gd5Si3.5Ge0.5, in accordance with the literature values for these compositions.  

In fact, it was by analysing the Gd5Si2Ge2 data that it was observed that the stoichiometry 

the bulk had was not the desired one, as well as confirm that it was, post-heat treatment, as 

can be seen in Figure 22. The post-heat treatment M(T) curve also shows that some non-

desired phase is still present in the bulk, even if in a much smaller scale.  

 

3.1.2 XRD  
 

With the XRD data, it is possible to observe in Figure 23 how similar the different 

compositions are, despite the three different structures. It was also possible to compare with 

litera ture diffractograms to complement the information gathered with the SQUID. 

Fig. 22 - A) M(T) curves for Gd5Si2Ge2 before (red) and after (blue) heat treatment. B) Derivatives of the 
M(T) curves in function of Temperature. 

Figure 23 – XRD diffractogram for Gd5Si0.5Ge3.5 in black, Gd5Si3.5Ge0.5 in red, Gd5Si1.3Ge2.7 in blue, Gd5Si2Ge2 in 
pink, and Tb5Si2Ge2 in green.  
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3.2 Without target rotation vs with target rotation 
 

Preliminary testing was done on whether a setup with or without target rotation had any 

impact in the ablation yield, so as to facilitate a decision on the setup to be utilized, in order to 

have stability while testing the parameters. 

In order to rotate the target, a microwave motor with 6 rotation per minute (RPMs) was 

used. To do the interface between motor and cuvette an acrylic custom designed piece was 

made, with its base tighten with a screw to the motor and the cuvette lodged in it. This way, it 

was also possible to achieve a stabler setup, much less prone to tip over, as can be seen in 

Figure 24  and in this video. 

The results obtained show a clear improvement in yield when using a setup with target 

rotation, boasting an average of 2mg/h. The other setup had an average of 0.01mg/h. 

This difference was also visible in the naked eye appearance of the final solutions 

produced, with the solution maintaining the transparent appearance for without rotation, 

Fig. 24 - Setup with motor, acrylic piece, and cuvette. 

Fig. 25 - Samples produced without (left) and with rotation (right) showcasing the difference in yield 

https://drive.google.com/file/d/1R6SnDuVjHRAl3mf021gOgl3ql05HmuIs/view?usp=sharing
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whereas the with-rotation solution exhibiting a light brown supernatant and a darker brown 

pellet - which correspond to the NPs agglomeration, as can be seen in Figure 25. 

Furthermore, it was also possible to observe through SEM, in Figure 26, that the ablation 

process had more impact on the target's morphology without rotation, as the interaction of the 

laser with the target is always concentrated on the same spot. 

Due to the results presented, it was determined that the setup with rotation would be used 

for the ablations with the varying parameters, as it was the best option for producing a higher 

number of NPs. 

 

3.3 Solution thickness 
 

For this parameter a Gd5Si2Ge2 target was used, with thicknesses ranging from 3 to 20 

mm and a 60min standard ablation time was used for all tests, as shown in Table 1. 

Table 1 - Samples' names and the respective parameters used for each ablation. 

Sample Thickness (mm) Duration (min) Energy (J) Fluence (J/cm2) Solution 

A_1 3 60 322 3220 DIW 

A_2 5 60 345 3450 DIW 

A_3 7 60 354 3540 DIW 

A_4 10 60 330 3300 DIW 

A_5 15 60 335 3350 DIW 

A_6 20 60 350 3500 DIW 

 

 

Fig. 26 – Targets ablated without (left) and with rotation (right) showcasing the difference in yield. 
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3.3.1 Mass 
 

The most immediate way to ascertain the ablation yield for each ablation was to measure 

the target's mass difference, before and after the ablation. While the quality of the particles 

themselves cannot be understood from this, if the number of particles produced is very low, 

characterizing them becomes extremely difficult due to the different requirements each 

technique demands. 

It is possible to see, in Figure 27, that for the Total Mass Ablated, there is a peak with 

sharp decreases on both sides. When visualizing the data as Mass/mm, it is possible to see 

a downward trend as the thickness increases. 

The peak observed belongs to the 5 mm solution thickness and it seems to be a sweet 

spot for ablation. Smaller thicknesses have issues with containing the plume, which appear to 

have implications in the yield. While bigger ones lead to problems with focusing the laser, as 

it becomes increasingly harder to visualize the target and guarantee that the laser is correctly 

focused on it, which is naturally reflected on the yield observed. 

 

3.3.2 SEM and EDS 
 

SEM images were both useful to determine the size distribution of the samples' NP, as 

well as their general aspect and whether they are more spherical or a distribution of shapes. 

Fig. 27 - Total ablated mass (mg, red y-axis) and Yield (mg/mm, blue y-axis) of nanoparticles as a function of 

solution thicknesses (mm). 
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The first aspect that became apparent when analysing SEM images from the samples, 

such as the one showed in Figure 28 was the existence of a substance that seemed organic 

in origin. The presence of this substance was also observed on the TEM images, to the point 

that was necessary to perform plasma cleaning through oxidizing Oxygen plasma. This is a 

technique used to remove hydrocarbon contamination from specimens, by having the Oxygen 

react with the hydrocarbons and converting them into CO, CO2, and H2O and then evacuating 

them through the vacuum system. 

The second aspect was the inhomogeneity present in the samples, that was two-fold. 

There are almost perfectly round particles and there are some that are more of an 

amalgamation. Of the spherical particles, some are bright, and others are more grey-ish. From 

the nature of SEM images, brighter specimens tend to be so due to becoming charged with 

the incident electrons, which could indicate that those particles could be Gd2O3 because it is 

an insulator, unlike the R5SixGe1-x family members. 

As for this samples in particular, the A_4's (10 mm) NPs sizes are larger than the A_2’s (5 

mm) ones, with the average being close to double. Their distribution is also less concentrated 

in a single size range. In terms of the aspect of the samples, there appear to be more spherical 

NPs in the A_4 sample, whereas in the A_2's case the NPs seem to be more agglomerated, 

which could potentially be the main reason for the disparity in the sizes of both samples. 

To analyze the EDS data, the percentage of each element was used to calculate the 

number of atoms per chemical formula unit (cfu) that would correspond to that percentage. 

Fig. 28 - Nanoparticles distribution as a function of size, with LogNormal fits, and their mean size and standard 
deviation for the samples A_2 and A_4, A) and B) respectively. Examples of the SEM images obtained by 

secondary electrons (SE) from which the data was collected, for A_2, C), and A_4, D). 
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From the EDS, in Table 2, is it visible that relative to the expected 522 stoichiometry there 

seem to be more Gd and O than desired, which is another possible indicator of the presence 

of Gd2O3 among the particles. 

Table 2 - EDS data from the A_2 and A_4 samples, regarding the percentage of each element found on the samples 

and the calculated stoichiometric significance of the elements. 

Sample Gd (atom/cfu) Gd (%) Si (atom/cfu) Si (%) Ge (atom/cfu) Ge (%) O (%) 

A_2 7.27 64.2 0.66 5.29 1.07 9.49 21.01 

A_4 8.16 79.09 0.46 4.24 0.38 3.7 12.97 

 

3.3.3 DLS 
 

With the data gathered from the DLS, it is possible to make a more complete analysis of 

the NPs, by getting a more comprehensive sense of how their size is distributed, making the 

estimates for what the minimum and maximum sizes are more accurate. Also, by knowing the 

zeta potential of the NPs it is easier to understand how they behave when it comes to 

agglomeration.  

In the case of the A_3 (7 mm) and A_6's (20 mm) samples, it was possible to perform two 

measurements, one for the supernatant and another for the pellet. While the minimum size for 

the pellet measurements is smaller, the opposite happens for the average and maximum 

sizes, as can be seen in Figure 29. 

Fig. 29 - NPs size (nm) in function of the solution thickness (mm) for the A_1, A_3, and A_6's samples (A), 
B), and C)). Example of the DLS data from the A_6's sample, D). 
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Table 3 - Presentation of the minimum, average, and maximum values of the zeta potential of the A_1, A_3 
(supernatant and pellet), and A_6's (supernatant and pellet) samples. 

Sample ZP minimum (mV) ZP average (mV) ZP maximum (mV) 

A_1 -13.9 -3.7 12.7 

A_3_supernatant 3.36 22.18 49.9 

A_3_pellet -2.96 29.12 46.8 

A_6_supernatant 6.67 25.22 43.3 

A_6_pellet 6.76 25.26 43.3 

 

As for the ZP data shown in Table 3, there appears that there is no major difference 

between the pellet and supernatant samples. In fact, the biggest disparity is between A_1 and 

the others. 

3.3.4 SQUID 
 

The data provided by the magnetic analysis allows for the inference of whether or not the 

NPs have the same behaviour as their bulk form counterpart. This way, indirectly it is possible 

to ascertain if the NPs have crystal grains and if they maintain the desired stoichiometry.   

In the magnetization versus temperature measurements, seen in Figure 30, it was possible 

to confirm that: the A_1's (3 mm) sample does not appear to have a transition from a 

paramagnetic phase to a ferromagnetic phase, the opposite occurs for the A_3's one, where 

Fig. 30 - Data from SQUID: Magnetic moment (emu/g) in function of Temperature (K), decreasing (blue) and 
increasing (red), for samples A_1, A), and A_2, B), and their derivatives as a function of Temperature, C) and D) 
respectively, with a 1000 Oe field applied. 
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a transition is clearly visible, albeit small, at ~250 K. Although small, there is also hysteresis 

on this sample. 

As for the M(H) curves in Figure 31, they show no saturation. 

3.3.5 XRD 
 

Through the data from the XRD it is possible to know the crystallographic lattice that the 

samples have. However, as the width of the peaks increases as the size of the grain 

decreases, it is difficult to compare the with the bulk form, as shown in Figure 32. Nevertheless, 

as can be seen, the two samples in question are similar between each other, sharing the 

peaks with only slight deviations.  

  

Fig. 31 - Data from SQUID: Magnetic Moment (emu/g) in function of Magnetic Field (Oe), decreasing (blue) and 
increasing (red), for the A_1, A), and A_2, B). 

Fig. 32 - XRD data for the A_1 and A_2 samples, A), and the normalized data, to the highest value, of the same 
samples, B). 
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3.4 Duration 
 

For this parameter a target of Tb5Si2Ge2 was used, with times ranging from 15 to 120 min, 

shown in Table 4. A 5 mm standard solution thickness was used for all tests. 

 

Table 4 - Samples' names and the respective parameters used for each ablation. 

Sample Duration (min) Energy (J) Fluence (J/cm2) Thickness (mm) Solution 

B_1 15 325 3250 5 DIW 

B_2 30 322 3220 5 DIW 

B_3 60 335 3350 5 DIW 

B_4 90 330 3300 5 DIW 

B_5 120 288 2880 5 DIW 

 

3.4.1 Mass 
 

For this parameter it is possible to visualize a pattern, in Figure 33. The mass ablated 

increases with time, but the rate at which it does decreases as the duration increases. This 

shows the presence of a factor that is limiting the yield.  

When normalizing with regards to ablation duration, a similar pattern also emerges. 

Although, here, the value decreases as the time increases, the principle is the same, with the 

limitation of yield becoming even more apparent. 

Fig. 33 – Total Mass Ablated (mg, red y-axis) and Yield (mg/h, blue y-axis) of nanoparticles as a function of 
ablation duration (min). 
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3.4.2 SEM and EDS 
 

With regards to the samples' size distribution, it does not appear to follow a trend, with the 

smaller average size being the one for the B_3 (60 min) sample, as shown in Figure 34. The 

number of different processes that occur during ablation lead to an interpretation that those 

have some form of time dependence. 

To corroborate that idea, the aspect of the B_2 (30 min) sample differs greatly from that of 

the B_3 and B_5 (120 min) samples, being more agglomerated. 

These samples were affected by oxidation in a manner that does not suggest that time 

was a strong influence in the final result, as can be seen in Table 5. The Tb percentage is also 

Figure 34 - Nanoparticles distribution as a function of size, with LogNormal fits, and their mean size and standard 
deviation for the samples B_2, B_3 and B_5, A), B), and C) respectively. Example of the SEM images from which 
the data was collected, for B_2, D), B_3, E), and B_5, F). 
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higher than desired, which coupled with the O percentage could indicate the presence of 

Terbium Oxide. 

 

Table 5 - EDS data from the B_2, B_3 and B_5 samples, regarding the percentage of each element found on the 

samples and the calculated stoichiometric significance of the elements. 

Sample Tb (atom/cfu) Tb (%) Si (atom/cfu) Si (%) Ge (atom/cfu) Ge (%) O (%) 

B_2 7.57 58.05 0.86 5.57 0.58 4.47 31.91 

B_3 7.29 52.94 0.86 5.13 0.85 6.23 35.71 

B_5 7.77 56.34 0.78 4.64 0.46 3.36 35.65 

 

3.4.3 DLS 
 

The results from the DLS, shown in Figure 35, are contradictory to the SEM result, with 

the B_3 sample being the one with the bigger particle sizes. On the opposite side, the B_4 (90 

min) sample is the one with the smaller sizes. 

With regards to the differences between same sample supernatant and pellet, there does 

not appear to be a pattern. 

The opposite is true for the zeta potential analysis, shown in Table 6, with the supernatant 

of the samples always having a higher value than the pellets. 

Fig. 35 - NPs size (nm) as a function of ablation duration for the B_2, B_3, B_5 and B_6's samples (A), B), and 
C)). Example of the DLS data from the B_5's sample, D). 
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Table 6 - Presentation of the minimum, average, and maximum values of the zeta potential of the B_2, B_3, and 
B_5 (supernatant and pellet), and B_3 (supernatant) NPs. 

Sample ZP minimum (mV) ZP average (mV) ZP maximum (mV) 

B_2_supernatant 9.69 24.4 39.6 

B_2_pellet -0.01 16 29.9 

B_3_supernatant 6.55 6.55 39.9 

B_3_pellet -3.02 10.9 26.9 

B_4_supernatant -13.7 22.1 49.5 

B_5_supernatant 2.31 20.1 35.2 

B_5_pellet -2.99 15.9 33.5 

 

3.4.4 SQUID 
 

The SQUID M(T) data, seen in Figure 36, seems to indicate that there is not a significant 

amount of the desired stoichiometry for the B_2 samples, as there is no sign of the bulk 

magnetic transition. The B_5 one, however, has the transition at ~120 K, also presenting 

hysteresis. 

Figure 36 - Data from SQUID: Magnetic moment (emu/g) in function of Temperature (K), decreasing (blue) and 
increasing (red), for samples B_2, A), and B_5, B), their derivatives in function of Temperature, C) and D) 
respectively. 
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To further emphasize the difference between the samples, in the M(H) data, the B_5 

sample appears to be almost saturated, whereas the B_2 one is not, as shown in Figure 37. 

 

3.4.5 XRD 
 

Even though the B_2 grains did not crystallize with the desired structure, it is clear that the 

sample still presented some form of crystallographic lattice, as can be seen in Figure 38. 

  

 

Fig. 38 - XRD data for the B_2 sample. 

Fig. 37 - Data from SQUID: Magnetic moment (emu/g) in function of Magnetic field (Oe), decreasing (blue) 
and increasing (red), for samples B_2, A), and B_5, B). 
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3.5 Composition 
 

For the composition parameter targets from the Gd5(SixGe1-x)4 were utilized, from Gd5Si4 

to Gd5Ge4, as well as a target of Gd. This compositions where chosen due to their position in 

the phase diagram, as can be seen in Figure 39, which allow for a complete coverage of the 

different transitions that occur for the Gd5(SixGe1-x}4 family. 

A standard 5 mm solution thickness and a standard 60 min duration were used for all 

ablations, as shown in Table 7. 

Table 7 - Samples' names and the respective parameters used for each ablation. 

Sample Composition Energy (J) Fluence (J/cm2) Thickness (mm) Duration (min) Solution 

C_1 Gd 330 3300 5 60 DIW 

C_2 Gd5Si4 341 3410 5 60 DIW 

C_3 Gd5Si3.5Ge0.5 311 3110 5 60 DIW 

C_4 Gd5Si2.4Ge1.6 333 3330 5 60 DIW 

C_5 Gd5Si2Ge2 354 3540 5 60 DIW 

C_6 Gd5Si1.3Ge2.7 322 3220 5 6 DIW 

C_7 Gd5Ge*4 350 3500 5 60 DIW 

 

Figure 39 - Phase diagram for the Gd5(SixGe1-x)4 family and indication of the location of the bulks in the diagram. In 
black the Gd5Si0.5Ge3.5 bulk, in blue the Gd5Si1.3Ge2.7 bulk, in purple the Gd5Si2Ge2. 
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For the sample C_7 (Gd5Ge4), DLS data was collected twice. The first time was right after 

the ablation and the second was one week later. The data collect during the second 

measurements will be identified with an *. 

 

3.5.1 Mass 
 

For this parameter, the C_5 (Gd5Si2Ge2) has the highest value and C_6 (Gd5Si1.3Ge2.7) the 

lowest and there is no pattern that stands out in Figure 40. One would expect for either one of 

the extremities to have a higher yield due to the differences between Si's and Ge's properties, 

but that was not the case.           ’                         s  that could present a Monoclinic 

structure that stand out, pointing to a possible relevance of the crystallographic structure.  

 

3.5.2 SEM 
 

The distribution of sizes for this samples appears to be heavily centered around the 

average sizes, as can be seen in Figure 41,with the sample C_4 (Gd5Si2.6Ge1.4) having and 

higher average due to some particles of bigger size. 

Figure 40 – Total Mass Ablated (mg) as a function of target composition.  
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The aspect of the samples differs substantially, but that could potentially be attributed to 

the difference in yield for both samples and, therefore, their density.  

 

3.5.3 DLS 
 

Fig. 41 - Nanoparticles distribution as a function of size, with LogNormal fits, and their mean size and standard 
deviation for the samples C_1 and C_4, a) and b) respectively. Example of the SEM images from which the data 
was collected, for C_1, c) and for C_4, d). 

Fig. 42 - NPs size (nm) as a function of target composition for the C_1, C_2, C_7 samples (a), b), and c)). Example 
of the DLS data from the C_2's sample, d). 
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There seems that there is no pattern between size and composition for these samples, in 

Figure 42. In terms of size relation between pellets and supernatant, it is also inconclusive as 

there are two samples with bigger sizes and two with smaller sizes, from the pellet samples 

perspectives. 

However, interestingly, it appears that there was inversion in that same relation for the 

data of the C_7 (Gd5Ge4) samples, with the sizes for the pellet being bigger right after and 

smaller a week later, when compared with the supernatant sizes, that seem to be somewhat 

constant. 

The C_7 data does not present any reason for the results showed beforehand, with only 

a small difference for the minimum sizes, as can be seen in Table 8. 

Table 8 - Presentation of the minimum, average, and maximum values of the zeta potential of the C_1, C_2, C_7 
(supernatant and pellet – same day as ablation), and C_7 (supernatant* and pellet* – one week after ablation). 

Sample ZP minimum (mV) ZP average (mV) ZP maximum (mV) 

C_1_supernatant -10.1 24.6 56.4 

C_1_pellet 9.90 31.4 49.9 

C_2_supernatant -14.9 -0.93 11.4 

C_2_pellet -13.1 -0.58 10.2 

C_7_supernatant 3.21 23.4 39.8 

C_7_pellet -0.46 23.5 39.2 

C_7_supernatant* 3.44 25.4 46.7 

C_7_pellet* 5.91 24.8 39.1 
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3.5.4 SQUID 
 

The M(T) data, in Figure 43, shows tha t both C_3 (Gd5Si3.5Ge0.5) and C_6 (Gd5Si1.3Ge2.7) 

have the desired stoichiometry, as both have their transition at, approximately, the expected 

temperature. The C_6 sample appears to have a higher percentage with the correct 

stoichiometry, as the variation in Magnetic moment is more noticeable and it also present 

hysteresis. 

However, neither sample was saturated, when studying the M(H) data, as shown in Figure 

44. 

Fig. 43 - Data from SQUID: Magnetic moment (emu/g) in function of Temperature (K), decreasing (blue) and 
increasing (red), for samples B_2, A), and B_5, B), their derivatives in function of Temperature, C) and D) 
respectively. 

Fig. 44 - Data from SQUID: Magnetic moment (emu/g) in function of Magnetic field (Oe), decreasing (blue) and 
increasing (red), for samples B_2, A), and B_5, B). 
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3.5.5 XRD 
 

The XRD data in Figure 45shows that small differences between the samples C_3, C_5, 

and C_6, as expected because they have different crystallographic structures, but very similar 

between themselves. C_3 has an Orthorhombic I, C_5 has an Monoclinic, and C_6 has an 

Orthorhombic II.  

  

Fig. 45 - XRD data for the C_3, C_5, C_6 samples. 
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4 Discussion of the results 
 

4.1 Without target rotation vs with target rotation 
 

The introduction of target rotation during the ablation was the single most impactful 

parameter optimization made to the setup previously used by the group due to the increase in 

yield caused by it.  

The reason for the increase is the fact that the influence of cavitation bubbles on the 

interaction of the laser pulse with the matter was lessened. Streubel et al.[86] shows that for 

a pulse duration of 3 ps with a laser frequency of 10 MHz cavitation bubbles could reach sizes 

of 80 nm. Even though those are not the same characteristics as the ones of the laser used 

in this work, an extrapolation was made to estimate the impact of the rotation in avoiding the 

bubbles, as well as what rotation speeds could lead to a complete, or partial, avoidance, 

depending on the radius of the ablation, shown in Table 9. It is possible to see that for a 

complete avoidance, it would be necessary to have 1000 RPMs and a radius of at least 1 mm, 

for a pulse frequency of 1 kHz. 

Table 9 - Distance between pulses (nm) as a function of radius (mm) and RPM, the percentage of the 
circumference’s perimeter that it corresponds to, for a pulse frequency of 1 kHz, and estimated bubble diameter 
for a fluence of 3000 J/cm2. 

 RPM   

Radius (mm) 6 50 100 1000  Bubble diameter (nm) 

0.5 314.16 2617.99 5235.99 52359.88  103494.52 

1 628.32 5235.99 10471.98 104719.76   

1.5 942.48 7853.98 15707.96 157079.63   

2 1256.64 10471.98 20943.95 209439.51   

2.5 1570.80 13089.97 26179.94 261799.39   

       

% of perimeter 0.01% 0.08% 0.17% 1.67%   

 

Bauer et al. [87] also shows that the rotation could have an influence in the quality of the 

particles produced, indirectly, since continuous ablation on the same spot deteriorates the 

      ’                     x         
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Furthermore, the addition of rotation also leads to a more responsible use of the target, as 

less of it was polished after each ablation, due to the depth of penetration into the target, by 

the laser, being smaller and more distributed by its surface. 

 

4.2 Solution thickness 
 

As mentioned previously, the study of how solution thickness influences PLAL yield and 

characteristics of the ablated particles was impaired by physicals constraints. Be it because 

the thickness was not sufficient to contain the plume and all the phenomena that the laser-

matter interaction originates or because (for the setup used) it became increasingly harder to 

       z                           ’        w    regards to the target. Although it is not possible 

to quantify the role each parameter plays it is known that they have a direct impact on the 

ablation process and, as such, must be considered when deciding what parameters to use for 

ablations. Figure 46 clearly shows that the total mass ablated for 5 mm is superior to any other 

thickness, which can be explained with the physical constraints. 

In addition, the SQUID data also shows that the Gd5Si2Ge2 NPs ablated with a 5 mm 

solution thickness were the only ones exhibiting the expected magnetic transition, which points 

to further consequences of the points discussed previously. 

  

Fig. 46 -- Total Mass Ablated and Yield as functions of solution thickness. 
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4.3 Duration 
 

The duration of the ablation had a clear impact on the total mass ablated during the 

ablation, however, as can be seen in Figure 47 there is a clear limitation on the actual increase 

as the duration increases. 

That can be explained by the ever-rising number of particles in the solution. The longer 

the ablation goes for, the higher the number of particles, which means higher density of 

particles in the solution. As those numbers increase, so does the probability of NP crossing 

the laser pulse and diverting energy from the target in either one of two ways. Chen et al.[88] 

show that NP suffer reablation if exposed to the laser while in the solution, also referred to as 

Laser Melting in Liquids. This could lead to situations where there can be scattering of the 

laser beam due to collisions with the particles, as depicted in Figure 48. 

Fig. 47 -- Total Mass Ablated and Yield as functions of ablation duration. 

Fig. 48 - Representation of the scattering of the laser beam due to the NPs. 
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 By analysing the SQUID data, it is possible to see that for durations below 60 min there 

is no transition. This appears to be a consequence of reablation, as the possible occurrence 

of melting the NPs could work akin to the heat treatments the bulk are subjected to, which 

would explain the existence of the transition on the samples of longer ablations. 

 

4.4 Composition 
 

Through the analysis of the SQUID data for composition, shown in Figure 49, it is possible to see that 

the different compositions had positive responses in terms of exhibiting the magnetic transition. This 

serves to show, once more, the versatility of the family, and leaves a lot of room for future 

applications. 

  

Figure 49 - Normalized M(T) curves for the C_3, C_5, and C_6 samples. 
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5 Conclusion and Future Work 
 

Taking all the results obtained throughout this work into consideration, it is possible to 

conclude that important steps to optimize the production of NPs through PLAL in IFIMUP were 

taken. While a complete optimization was not reached, the advances achieved with this work 

present a steppingstone for further breakthroughs, as the yield that is possible to obtain now 

                                     N  ’                                 y  g parameters. 

Considering the specific parameters, the addition of rotation to the setup represented a 

significant leap in yield, whereas the study of solution thickness showed the existence of an 

            k     (5   )  b        y             N  ’      tic properties. As for the duration, 

longer ones lead to higher quantities of NPs, but have lower yield, and in that regard shorter 

ablations are more efficient. However, there is a duration below which the NPs produced 

showed no magnetic transition, making it so that an hour-long ablation is the best duration in 

            b      y     w    N  ’                            y  w                         ’  

composition, it was showed that it is possible to ablate targets from every region of the 

Gd5(SixGe1-x)4      y’                w            b   y                     N                

magnetic transitions and consequently a magnetocaloric effect near their respective transition 

temperatures. 

The next steps in the continuation of this work will be taken in two directions, by 

complementing the studies already done and by expanding on the varying parameters.  

Regarding the parameters already explored in this work, additional values around the 

optimal thickness value will be further explored to ascertain if 5 mm really is the sweet spot, 

   w              y   w     N  ’                                                       

validate the results obtained for the ablation duration study a new setup with solution flow will 

be utilized, depicted in Figure 50. 

The intention is to circumvent the limitation observed in yield for the longer durations by 

withdrawing the NPs from the path of the laser pulse. This way it will also be possible to 

                                b              N  ’                            k of it, and confirm 

if that was the reason for the absence of magnetic transition in the NPs ablated with shorter 

durations. Two more setups will be studied with regards to target dislocation: the first similar 

to the one already used but with a different motor to achieve the rpms necessary to avoid the 

cavitation bubbles, the second with a stage to control the movement of the target, increasing 
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the utilizable surface of the target, and decreasing the number of passages per location and 

the overlap of cavitation bubbles. 

As for the novelties, different solutions, less prone to provoke NP oxidation will be tested, 

which could prove useful in improving their properties as well, by increasing the amount of the 

desired stoichiometry in them. Furthermore, the effects of the addition of salts and polymers 

to the solution will be studied, with the expectation of quenching the size of the NPs, as 

demonstrated by Merk et al.[89] and Menéndez-Manj n et al.[57], respectively. Together with 

the previous parameter, studies on the dependence on laser energy will also be done, both to 

ascertain their effect and to facilitate the use of the polymers, which, otherwise, could be 

subjected to pyrolysis, contaminating the NPs, as shown by J. Tomko et al.[90]. Finally, the 

                               y         N ’             w    b           by    y              s 

to 5 fs, which has not been done before. 

  

Fig. 50 - Schematic demonstration of the setup with solution flow. 
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