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Abstrakt:  

PŚedmŊtem t®to bakal§Śsk§ pr§ce je srovn§vac² studie rŢznĨch metod na rŢst 

monokrystalŢ. RŢst monokrystalŢ materi§lŢ rŢznĨch tŚ²d byl testov§n nŊkolika metodami, 

pŚedevġ²m rŢstem z pŚesycen®ho roztoku, Bridgmanovou metodou, Czochralsk®ho 

metodou a metodou zon§ln² tavby. Vybran® metody rŢstu byly testov§ny a optimalizov§ny 

pro dosaģen² co nejvyġġ² kvality z²skanĨch monokrystalŢ, jejichģ parametry byly 

provŊŚov§ny pomoc² elektronov® mikroskopie a rentgenovĨch difrakļn²ch metod. 

Vhodnost a omezen² jednotlivĨch metod jsou diskutov§ny z pohledu velikosti obdrģenĨch 

monokrystalŢ, jejich krystalinity, chemick®ho sloģen², ļasov® n§roļnosti a sloģitosti 

instrumentace.  
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Introduction  

 

Nowadays, single crystals are a pillar of modern technology in many fields of our 

everyday life. The matter in the form of single crystal is in mobile phones, TV, cars, 

airplanes etc. Single crystals are used in semiconductor chips or as a turbine plates in 

airplanes. Wide usage of single crystals is in various types of detectors or powerful solid 

state lasers. Naturally, single crystals have higher purity and less defects than the 

polycrystalline materials. A very important property that is connected exclusively with 

single crystals is anisotropy, which means that physical properties depend on the 

crystallographic direction along which is measured or observed. The study of solid matter 

performed on single crystals is the only way to obtain the highest quality data, valuable 

results, and complex ideas about the origin of specific material properties. The only 

obstacle is the growth of a single crystal. Sometimes it can be very difficult to grow a 

single crystal from specific materials. Single crystal growth involves knowledge of 

physics, chemistry, material science, crystallography, mineralogy, chemical engineering 

and others. The single crystal growth methods can vary from very simple and cheap 

techniques to the complex expensive processes. To understand deeply the single crystal 

growth process is a complex assignment.  

 

 During the preparation of my bachelor thesis, I tried various single crystal growth 

methods to see how they differ from each other, and which appropriate method is suitable 

for materials with specific properties. The selection of single crystal growth method 

depends on the physical properties of the materials such as solubility, melting point, and 

if it is congruently or incongruently melting material, evaporation and others. Each single 

crystal growth method has its own specification and is suitable for some materials more 

than others. This work is aimed on the optimization of the single crystal growth process 

and to get to know the advantages and technical limits of the various methods. Selected 

single crystals were tested to grow by Czochralski, Bridgman, floating zone, chemical 

vapour transport and Flux method. 
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1 Structure of solid state materials 

 
 Since ancient times, people were fascinated by various properties of natural 

substances and gemstones. It started by noticing differences in colour, hardness, shape 

and melting point, which led to deeper research of these materials. People found out that 

some materials change when exposed to oxygen and some donôt change at all. These 

observations led to a deeper understanding of solid state materials. 

 Natural crystals can occur in many geometrical shapes. One of the first questions was 

why the broken crystals decompose to the smaller blocks with the same symmetry. 

Johannes Kepler considered to solve this question in his work De nive sextangula (1611) 

[1] by describing the snowflakes being built from small balls. Nowadays, we know these 

small balls are atoms, but this model was unacceptable for many scientists of that time. It 

was assumed that crystals must be connected to its sub microscopic structure. The sub 

microscopic model turned out to be true after Laue discovered the diffraction of X-rays 

on single crystals in 1912.  

 

(a)                         (b)  

 

Figure 1: Pictures show different type of structures on (a) is structure of single crystal 

and on (b) structure of polycrystalline [2]. 
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 We distinguish two types of solid matter based on microscopic arrangement-ordered 

and amorphous. Ordered matter (crystal) is characterized by long range periodic structure 

compared to amorphous solids ordered only at the level of small molecular clusters. We 

have two types of the ordered matter ï single crystals and polycrystals. Single crystal is 

characterized by periodical arrangement of constituents in all directions that repeat 

throughout a single crystal volume (Fig.1a). On the other hand, polycrystalline motive is 

a more common form for solid materials. It consists of grains which are oriented randomly 

(Fig.1b). Nevertheless, one single grain is a periodically ordered single crystal. The size 

of grains tends to be from ~10 ˃ m up to ~cm. 
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2 Crystallography 

  

2.1 Symmetry operations 

  

 Symmetry elements classify the crystal structure symmetry. The symmetry operations 

are such a class of operations, which remain the object indistinguishable from the original 

after its application. Elements of symmetry are points, axes and planes according to which 

the operations are performed. We have these types of symmetries: 

I. Identity  

II. Inversion 

III.  Rotation around an axis ï if all properties of the object remain unchanged after rotation 

about  , we call this axis as n-fold rotation axis. We have 1, 2, 3, 4 and 6-fold rotational 

axes.  

IV. Reflection ï mirror plane   

V. Rotoinversion ï is combined symmetry operation. It composes of rotation followed by 

inversion.  

VI. Glide planes ï is combined symmetry operation. It composes of reflection followed by 

translation. In this case translation is in direction parallel to reflection plane. 

VII.  Screw axes ï is combined symmetry operation. It composes of rotation followed by 

translation. 

 

The fundamental symmetry requirement defining single crystal is called translational 

symmetry. This translational symmetry is given by three translational vectors a, b and c 

and is described by formula 

     Ὕᴆ όὥᴆ ὺὦᴆ ύὧᴆ    (1) 

where όȟὺȟύ are arbitrary integers. Translation vectors are commonly used as crystal axes 

(Fig. 2). 
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Figure 2: Lattice parameters  ὥȟὦȟὧȟ‌ȟ‍ȟ‎ ; crystallographic axes and crystal             

side A, B and C [3]. 

   

2.2 Concept of lattice 

  

 To simplify the description of structure of real crystals a concept of geometrical lattice 

was introduced. Mathematically any type of lattice can be constructed but for description 

of real structure elemental conditions are needed. Bravais lattice is a geometrical concept 

of arrangements of points in space. If we want to build a crystal, we must assign atoms to 

the lattice. This geometrical concept helps us to determine the orientation of the single 

crystal and the lattice parameters assign to specific crystal structure.  

 The lattice creates primitive cells (Fig. 3a). These primitive cells are a special type of 

unit cells. It is a parallelepiped bounded by translation vectors and has a minimum volume. 

A primitive cell tells us how many atoms is involving one lattice, and we can categorize 

crystals by this fact. If we used the right translation operations, a primitive cell would fill 

up the entire space.  

 Bravais lattices can be constructed by primitive cells with translational operations and 

other symmetry operations. The one most used is the rotation about an axis passing 
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through lattice point. In two dimensions we have 5 basic types of lattices: square, 

hexagonal, oblique, rectangular primitive and rectangular centred (Fig. 4). 

 

 

 

Figure 3: Examples of planar primitive cells [4]. 

 

 

 

Figure 4: Bravais lattices in two dimensions [5]. 
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  The lattices are named after the French physicist Auguste Bravais, who in 1848 

proved that there are only 14 types of space groups possible for lattices; therefore, there 

are 14 types of lattices (Fig. 5) with different responding parameters (Tab. 1). 

 

 

 

Figure 5: 14 Bravais lattices in three dimensions [6]. 



 
 

10 
 

 

 

Table 1: Lattice parameters of crystal systems. 

 

2.3 Miller indic es 

 

  Any plane in the lattice can be indexed by three non collinear points. These three 

points are the planeôs intercepts of the coordinate axes. In order to determine the crystal 

orientation easily, we use Miller indices h k l. To get these indices, we must take the 

reciprocals of the intercepts and get a set of the smallest integers giving the same ratio. 

These small integers are interpreted as the Miller indices, and we mark the numbers, in 

general, as (h k l). For example, if the intercepts would be {3, 2, 2} the reciprocal values 

would be    and numbers in this ratio are  ς σ σ. Therefore, Miller indices are 

ς σ σ.  

Crystal 

system 

Number 

of 

lattices 

Bravais 

lattices in 

system 

Minimal 

symmetry 

Restrictions on 

Conventional Unit Cell 

Dimensions and Angles 

Triclinic  1 P None 
ὥ ὦ ὧ 

‌ ‍ ‎ ωπЈ 

Monoclinic 2 P, C 
One 2-fold 

rotation axis 

ὥ ὦ ὧ 

‌ ‎ ωπЈ‍ 

Orthorhombic  4 P, C, I, F 

Three mutually 

orthogonal 2-fold 

rotation axes 

ὥ ὦ ὧ 

‌ ‍ ‎ ωπЈ 

Tetragonal 2 P, I 
One 4-fold 

rotation axis 

ὥ ὦ ὧ 

‌ ‍ ‎ ωπЈ 

Cubic 3 P, I, F 
Four 3-fold 

rotation axes 

ὥ ὦ ὧ 

‌ ‍ ‎ ωπЈ 

Trigonal  1 P 
One-fold rotation 

axis 

ὥ ὦ ὧ 

‌ ‍ ‎ ωπЈȟ ρςπЈ 

Hexagonal 1 R 
One-fold rotation 

axis 

ὥ ὦ ὧ 

‌ ‍ ωπЈȟ ‎ ρςπЈ 
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2.4 Ideal vs. Real crystal 

 

 The ideal single crystal has infinite size and structural motive periodically propagates 

in all directions. Therefore, it is not possible to grow an ideal single crystal due to its 

infinite size; because real crystals present various types of defects, which locally break the 

ideal periodicity. The defects can be of various origins, such as, presence of an impurity 

atom or a faults of crystal structure. Some of the defects that might occur in the single 

crystal structure are: vacancies, interstitial, substitution impurity, interstitial impurity, 

Shottky defect and Frankel defect.  

 Many physical properties of real single crystals depend on an amount of imperfections 

in the lattice. A single crystal can change colour, and other optical properties, or electrical 

resistivity in semiconductors is strongly dependent on the amount and type of dopant in 

Si single crystal. Therefore, the presence of impurities or imperfections can be destructive 

when they obstruct the working nature of the material, but also constructive [7].  

Another feature of real single crystals is that they are not monolithic. They are 

composed of smaller fragments called mosaic blocks (Fig. 6). These blocks are not 

perfectly aligned with one another. Therefore, the single crystal has a mosaic spread that 

reflects the degree of orientational divergence of these mosaic blocks. Good crystals have 

mosaic spreads of 0.2 degrees or less. Bad crystals have mosaic spread of 1.0 degrees or 

more [8]. 

 

 

Figure 6: Mosaic blocks in a real single crystal [8]. 
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3 The usage of single crystals 

 

 The solid matter in the form of single crystals is important both in advance research 

but also applications. Fundamental research performed on single crystal provides more 

accurate data about materialôs intrinsic properties than polycrystalline matter where 

anisotropic properties are averaged creating the sample isotropic. Other important 

advantage of single crystal is less defects and no grain boundaries. Without defects and 

grain boundaries, the crystal gains more precise properties in mechanics, electronics and 

optics. Because of this, single crystals are commonly used in industrial segment. Single 

crystal materials usually occur in engines or generators such as turbine blades, semi-

conductors, detectors (infrared or radiation sensors), optics and lasers. [9] 

 Production of single crystals started to be industrial because scientists could control 

the composition and purity of the crystals. Thanks to new research, scientists discovered 

a lot of new materials that canôt be found in nature, such as, YAG (Yttrium aluminium 

garnet). [10] 

 Silicon is the most common material used for production of microchips and 

photovoltaic cells, which are used in phones, cars and many other electronic devices. 
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4 Single Crystal growth 
  

4.1 Crystallization  

 

 Crystallization is a process during which atoms, or molecules, arrange into a periodic 

three-dimensional lattice. The crystallization starts by a nucleation process creating a 

microscopic nuclei or seeds. Nucleation is often triggered by agitation, mechanical shock, 

friction and extreme pressures within the melt [11]. We have two major classes of 

nucleation: heterogeneous and homogeneous. The heterogeneous nucleation occurs 

around foreign particles or molecules; whereas, homogeneous nucleation happens without 

the foreign particles as a result of thermodynamic instability [12]. Crystal phase occurs 

when a phase balance breaks. Then, the initial phase with higher chemical potential 

transforms into a solid phase of lower chemical potential [13].  

 

4.2 Single crystal growth methods 

  

 Up to date, series of single crystal growth methods were invented. Selection of the 

particular method usually depends on characteristics of the material, its phase diagram and 

other parameters, such as, melting point, solubility in chosen solvent, and evaporation. 

Some methods are instrumentally very simple and cheap while other instrumentations can 

be very sophisticated; typically, when extreme conditions like the high temperature and 

pressure are necessary. Only the selected methods, which I used myself, are described in 

the next chapter. 
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Growth from melt  (flux)  ï solution growth 

 

 This technique works on principle of resolidification of material from the 

oversaturated hot solution by its gradual cooling. Obtained single crystals by this method 

are usually very high quality but often quite small. Material is dissolved in a solvent which 

is chosen based on a phase diagram characteristic. A typical solvent is element, compound, 

or their mixture, with low melting point. It opens up a wider operation window in which 

the crystallization can be realized. Growth from the solution is technically very simple 

and cheap instrumentation. A crucible with material and solvent is put and sealed in a 

quartz ampoule and then heated up in a chamber furnace. After melting, a characteristic 

cooling temperature profile is set according to the phase diagram. The rest of the solvent 

is decanted by centrifuging or etched in an acid. The critical limit of this method is 

knowledge of the phase diagrams which, however, have not been established for complex 

ternary or multicomponent systems. Therefore, the composition and thermal profile are 

often selected and set based on operator experience with similar systems. The fundamental 

advantage of this method is the possibility to grow both congruently and particularly 

incongruently melting materials, which is not possible by all other method.  

 

 

 

Figure 7: (a) Scheme of commonly prepared sample with two crucibles sealed under 

vacuum in quartz tube and (b) separation of crystals and flux in centrifuge [14].  

(a)                                      (b) 
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Bridgman method 

 

 This method was invented by Percy Williams Bridgman and is considered to be a 

branch of growth from melt. The method works on a principle of the gradual solidification 

in a temperature gradient produced in a gradient furnace. Bridgman type crucible has 

conically shaped bottom part. Material inside the crucible is melted and then gradually 

cooled from the conical part by inserting to a cooler part of the furnace. The narrow conical 

shape of the crucible is a crucial part, since crystallization is initialized there. The high 

probability of the crystallization is in the narrow space of the conus where a single grain 

material will gradually propagate through the whole volume of the crucible. This process 

can be performed in both vertical and horizontal arrangement. The instrumentation of the 

Bridgman method consists of crucible with conically shaped bottom, pulling mechanism 

and furnace with upper and lower chamber with temperature gradient (Fig. 8). 

 

 

Figure 8: Scheme of Bridgman method in vertical set up [15].  
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Czochralski method 

 

 This method was invented by the polish chemist Jan Czochralski in 1915. He 

discovered this method accidentally. This method works on a principle of vertical pulling 

of solid material from its melt near melting point (Fig. 9). Precursor in the form of a narrow 

seed rod is dipped into the melt and they stick together by surface tension.  During the 

slow pulling, the ingot rotates anticlockwise with rotated crucible. The rate of pulling and 

rotation depend on a specific characteristic of each material. The seed rod can be an inert 

material or oriented single crystal, then the grown single crystal respects the orientation 

of the seed single crystal. In contrast to Bridgman method, the solid-liquid interface in 

Czochralski method is not in contact with the crucible, thus, the crystallization process is 

much less disturbed [16]. The size of the crystal is given by geometry and size of a furnace, 

which design is very variable with specific types of crucibles, heaters and atmospheres. 

An example could be silicon single crystals for industrial purposes, which can be 2 meters 

in length.  

 

 

Figure 9: The process of Czochralski method with the set-up of the equipment. It 

pictures the process of growth a) elements in crucible, b) melted elements, c) ï d) 

connecting precursor with the melt, e) ï j) pulling crystal out [17]. 
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Floating-Zone method 

  

 This method invented by chemist Henry Theurer in 1962 involves a localized heating 

which creates a molten zone trapped between the bottom growing single crystal and upper 

polycrystalline precursor in the form of a rod. This, so called floating zone, moves 

gradually along the whole precursor rod by simultaneously moving together with single 

crystal downward. The liquid melt in the floating zone is held by the surface tension [18]. 

Both single crystal and precursor are rotated to reduce thermal oscillations from the 

surrounding heat sources. The floating zone method is typically implemented to optical 

mirror furnace, which uses emitted and focused light from a powerful halogen or xenon 

lamps (Fig. 10). The last generations of the optical furnaces use lasers. Advantages of 

laser heating is more precisely intersected floating zone, higher available temperatures, 

and significantly less energy consumption. 

 

 

 

Figure 10: Scheme of the optical floating zone furnace [19]. 
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 All experiments by the floating zone method were carried out in furnaces made in 

Crystal Systems Corporation Company in Kobuchisawa, Japan. I had the opportunity to 

visit the company to see the production of the furnaces and various prototypes of different 

size, principle of heating, or working pressure (Fig. 43). I saw how the calibration of laser 

furnace works, as well as, the manufactured optical furnace for growing big sized Si single 

crystals. 

 

Chemical vapour transport method 

 

 The principle of this simple method is transport of material using transmitting 

medium, due to thermal imbalance created in a gradient furnace. Material is sealed in a 

closed tube and located in a horizontal arrangement in the furnace. On the hotter side is 

located solid material which is transported, due to the presence of gaseous reactant and 

deposited on the opposite colder side in the form of single crystals (Fig. 11). The most 

important factors of this method are the size of temperature gradient, free energy of the 

reaction and growth temperature. Halogens and halogen compounds are usually used in 

this method.  

 

 

 

Figure 11: Scheme of chemical vapour transport method [20]. 
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5  Crystal analysis methods 

 

5.1 The Braggôs law 

 

 In 1913, the British physicist, chemist and mathematician William Henry Bragg 

explained why after diffraction of X-rays on a single crystal we get diffraction patterns 

with sharp, symmetrically arranged reflections. He considered single crystal as sets of 

parallel lattice planes at distance d which is similar with the wavelength of X-rays. In these 

geometrical abstract planes are situated atoms of the single crystal. The X-rays makes a 

constructive interference maximum, if conditions of Braggôs law are fulfilled 

ςὨ ÓÉÎ‌ ὲ‗ 

where ὲ is an integral number of the path difference, ‗ is a wavelength and ‌ is Braggôs 

angle under which the X-rays land on a system of planes (hkl). The distance between 

planes Ὠ  declines with rising Miller indices. The Braggôs law conditions for 

interference of X-rays are shown in Figure 12.  

 

 

 

Figure 12: Geometrical principle of diffraction of X-rays on crystal lattice [2]. 
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5.2 X ï ray methods 

 

Laue method 

 

 The Laue method is mainly used for determination of single crystal orientation or 

distinguishing between single crystal and polycrystalline mater. During Laue method, a 

single crystal is irradiated by collimated X-ray beam with continuous spectrum. 

Diffraction peak appears when the X-ray of discrete wavelength interferes on a specific 

atomic plane with interatomic distance Ὠ  and angle of incidence that suit the Braggôs 

law. The experiment in back-reflection arrangement, which I used in my work, is shown 

in Figure 13. Single crystal produces a Laue pattern in the form of geometrically arranged 

spots. The Laue pattern can be evaluated using dedicated softwares and basic 

crystallographic symmetry and lattice parameters can be verified.  

 

Figure 13: Principle of recording the diffracted X-rays from single crystal [21]. 

 

 In case we are verifying if the solid matter is single crystal, we must use a wider beam. 

Too narrow beam can irradiate one specific grain and the Laue pattern looks as for single 

crystal, although it is a polycrystal.  
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X-ray powder diffraction   

 

 The X-ray powder diffraction method works on principle of diffraction of 

monochromatic X-ray on solid material in the form of randomly oriented powder.  The 

powder consists of small single crystals which have statistical orientations, therefore, 

some of them have angles with the beam that suit the Braggôs law. In this method, the 

powder sample must be located on the axis of goniometer surrounded by X-ray tube and 

X-ray detector.  The scheme of X-ray powder diffraction principle is shown in Figure 14. 

The powder sample rotates in the path of the collimated X-ray beam at an angle — and the 

x-ray detector rotates at an angle of ς— [23]. During the measurement, the X-ray detector 

and sample are rotating and the intensity of the reflected x-rays is recorded. When the 

angles and planes (hkl) on which we are diffracting satisfy the Braggôs law, constructive 

interference occurs and a peak in intensity occurs. We get a diffractogram where is 

intensity of detected x-ray beams as a function of angle ς—. X-ray powder patterns are 

mostly evaluated by Rietveld method [24], which works on the principle of comparison 

between recorded data and a structural model.  

 

 

Figure 14: The x-ray optics set up for powder diffraction [22]. 
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5.3 Scanning electron microscope and 

EDX analysis 

 

 The scanning electron microscope works based on interaction of high energy 

electrons with a material surface. The electron beam of primary electron of voltage of tens 

keV is focused by the set of electromagnetic lenses (Fig. 15). During the interaction of 

primary electrons with the surface of a sample various particles and radiations are emitted. 

Some of them carry information about chemical composition of the sample. One of the 

products is backscattered electrons (BSE) as a product of elastic collisions. Production of 

BSE is greatly impacted by the atomic number of the element, thus the signal from the 

BSE detector provides chemical contrast.  

 

 The second useful type is X-ray radiation produced by interaction of atoms with 

highly energetic primary electrons. Every element has its own characteristic discrete 

spectrum with peaks. We can compare the X-ray spectra of the sample with database for 

every element and simply recognize which element is present in the sample. The positions 

of the lines are specific for each element whilst intensity is proportional to concentration. 

X-ray spectra were recorded by an energy dispersive X-ray detector (EDX).  

  For my work I used electron microscope SEM MIRA3 FEG equipped by chemical 

analyser EDS Bruker. 
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Figure 15: Scheme of scanning electron microscope with BSE, SE and EDX       

detectors [25].  
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6  Results and discussion 

 

 I have practically tried all single crystal growth methods listed and generally 

described in Chapter 5. This chapter describes the instrumentation, which I have used for 

single crystal growth in MGML laboratories in DCMP and summarizes my achieved 

experimental results. All single crystals grown by specific methods are summarized in 

Table 2. 

 

Single crystal growth method Materials 

Flux growth 

U3T3Sb4 

U3T3Bi4 

Ce3Al11 

CeCd3P3 

Bridgman method U3Pt3Sb4 

Czochralski method 
U2Ru2Sn 

UCo0.95Ir0.05Ge 

Floating Zone method 
Sapphire materials 

UNiSn 

Chemical vapour transport method VI 3 

 

Table 2: List of materials grown by different methods. 
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6.1 Flux growth 
 

6.1.1 Description of method 
 

 All experiments were performed using identical instrumentation. Elements were 

weighted with preciseness 1 mg to a small alumina crucible. Total mass was typically    5-

10 g of material including the solvent element. This crucible was put into the flat bottom 

quartz tube, and on the top I put identical alumina crucible upside-down filled with quartz 

wool to filter the single crystals from the solvent during the later decanting. On top of the 

upper crucible further quartz wool was placed to protect the quartz ampoule against 

braking during the decanting process in a centrifuge. After the installation of the crucibles, 

the narrow neck was made above the upper crucibles in a glass sealing station. Then, the 

tube was attached to a vacuum unit and evacuated down to vacuum limit 10-6 mbar. To 

improve the vacuum by degas process, quartz ampoule was inserted to a movable furnace 

and heated up 300ÁC for several hours. After evacuation I sealed the ampoule by a hand 

burner by closing the narrow neck and disconnected it from the rest of tube (Fig. 16).  

 

  

 

Figure 16: Making of the neck in quartz tube (left) and vacuum unit with glass sealing 

station (right) [26].  
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 When the ampoule is sealed it is put in a bigger alumina crucible to keep it upright in 

the chamber of the furnace. It is also easier, faster and safer to take it later out from the 

hot furnace and put it into the centrifuge (Fig. 17). After the termination of the growth 

process in the furnace, the ampoule is put quickly upside-down into a centrifuge in order 

to separate excess of the solvent from the single crystals. Typical speed was 1000-1500 

rpm in which ampoule is still durable to survive the centrifugal force. In the case of 

breaking and opening of the ampoule, intruded air with oxygen strongly oxides or even 

can burn the still very hot single crystals. The upper temperature and the cooling profiles 

vary for different materials.  

 After cooling down, the ampoules were covered by a sheet of paper and broken by a 

small hammer. The alumina crucibles were opened by slow clamping in a vice. The grown 

single crystals were separated from the wool and walls of crucible. 

 

   

 

Figure 17: Furnace with ampoules in big alumina crucibles (left) and ampoules after 

decanting (right). The separated rest of the solvent element is visible in the upper tip of 

ampoules.   
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6.1.2 U3T3Sb4 series 

 

 First materials grown were from an U3T3Sb4 series where T is a transition metal             

T = Ni, Pd and Pt. These materials are expected to act as heavy fermion semiconductor 

with metal insulator transition [27]. I performed four attempts to grow these materials. 

Stoichiometric ratios of the elements for the first series are summarized in Table 3. 

 These compounds were grown from Sb self-flux [27]. The temperature profile is 

shown in Figure 18. The stoichiometric ratios of the elements were determined from the 

phase diagrams (Fig. 19). The atomic ratios for the growth were selected as shown in the 

picture. The solubility of Pt and U in Sb is similar.  On the other hand, solubility of Pd 

and Ni is significantly higher in Sb than U.  

 

Elements Atomic ratio  

Sb (6N) 

Ni (4N5) 

U (3N) 

10 

2 

1 

Sb (6N) 

Pd (4N5) 

U (3N) 

10 

2.5 

1 

Sb (6N) 

Pt (4N) 

U (3N) 

10 

1 

1 

 

Table 3: Atomic stoichiometric ratios of elements and their purities in the first series of 

U3T3Sb4 materials. 

 

 

 

 

 

Figure 18: Temperature profile for the first series of U3T3Sb4 material. 
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Figure 19: Phase diagrams of Pt ï Sb and Sb ï U in atomic percentage [28]. 
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     The obtained single crystals of different morphologies were obtained in U-Ni-Sb 

system (Fig. 20). The composition of the single crystals was found by microprobe analysis 

as U3NiSb5, which is an unreported new phase. Since the solubility of Ni in the Sb-flux is 

significantly higher than U process, it was repeated with two different ratios rich on Ni of 

10:4:1 and 10:3:1 (Sb:Ni:U). Results of these repeated materials are in further text.  

 The obtained single crystals from the solution of U-Pd-Sb (Fig. 20) were in a shape of 

small plates. The composition of the single crystals was U3PdSb5 which is also an 

unreported new phase as Ni single crystals had. With Pd, there is also a problem with 

significantly higher solubility in Sb-flux than U; so I decided to repeat this material with 

ratio of 10:5:1 (Sb:Pd:U).  

 The obtained single crystals of U-Pt-Sb system (Fig. 20) were in the shape of 

polyhedrons. The single crystalôs compositions came out as if there are two different 

compositions. One composition is USb2, which is well-known antiferromagnet                    

TN = 203 K [29]. The other one was PtSb2, which is also a well-known narrow-band 

semiconductor [30].  
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Figure 20: Single Crystals of the U-T-Sb system obtained from first series of material 

grown from Sb flux.  

   

 Because of small amount of single crystals in the first series of U3Ni3Sb4 and U3Pd3Sb4 

due to high solubility of Pd and Ni in Sb, second series was prepared with higher 

concentration of Pd and Ni. Stoichiometric ratios are summarized in Table 4. Identical 

temperature profile was used (Fig. 18).  
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Elements 
Stoichiometric 

ratio  

Sb (6N) 

Pd (4N5) 

U (3N) 

10 

5 

1 

Sb (6N) 

Ni (4N5) 

U (3N) 

10 

3 

1 

Sb (6N) 

Ni (4N5) 

U (3N) 

10 

4 

1 

 

Table 4: Atomic stoichiometric ratios of elements and their purities in the second series 

of U3T3Sb4 materials. 

 

       

 
 

Figure 21: Single crystals of U-Ni-Sb and U-Pd-Sb systems obtained from second series 

of materials. 
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 The obtained single crystals of U-Pd-Sb system (Fig. 21) were in the shape of needles. 

The composition of these single crystals is pure Pd. The parts of quartz wool were covered 

with Pd and the other elements were in top crucible.  

 The obtained single crystals of U-Ni-Sb system (Fig. 21) were in various shapes such 

as dendrites, cubes and plates. The ampoule with elements in ratio 10:3:1 (Sb:Ni:U) broke 

in centrifuge. Despite that, the obtained single crystals from both ampoules were analyzed 

with the same composition of U3Ni11Sb6.  

 The third series of U3T3Sb4 materials were grown with In flux [31], because these 

materials are not so rich for Sb. Elements were mixed in stoichiometric ratio 0.33:0.33:0.4 

(U:T:Sb) and added to In in ratio of 1:10. In order to get sufficient sized single crystals 

the crucible must have been fuller. The crucible was filled with pure In which was melted 

in a vacuum unit to create more space for the rest of elements. This little alteration helped 

to grow bigger single crystals. The ampoule was put in furnace with temperature profile 

in Figure 22. 

 

 

 

 

 

Figure 22: Temperature profile for U3T3Sb4 single crystals grown from In flux. 

 

 The compositions of all obtained single crystals (Fig. 23) are the same T7In12. This 

might be because this binary phase is more stable than the desired U3T3Sb4.  
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Figure 23: Single crystals of U3T3Sb4 obtained from In flux. 
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6.1.3 U3T3Bi4 series 

 

 The growth of the U3T3X4 single crystals is a part of the bilateral Austrian ï Czech 

research project on Topological Kondo Insulators based on Ce and U compounds. Since 

the Austrian group has managed to grow single crystals of Ce3Pt3Bi4 and Ce3Pd3Bi4, we 

decided to test U3T3Bi4 with Bi instead of Sb.  

 For U3T3Bi4 series, the constituent elements were mixed in the ratio 10:2:1 (Bi:T:U). 

The single crystals were grown from Bi flux in alumina crucible under vacuum in a quartz 

ampoule. The temperature profile and stoichiometric ratios were taken from the article 

about single crystal growth of U3Bi4M3 (M = Ni or Rh) [32]. Figure 24 shows the 

temperature profile for the first series growth of U3T3Bi4.  

 

 

 

 

  

 

Figure 24: Temperature profile for first series of U3T3Bi4 single crystals. 

 

 All ampoules had flux in the top crucible with the quartz wool. Single crystals might 

be hidden in the flux. The only single crystals obtained from the bottom crucible are shown 

in Figure 25. Since almost no single crystals were found in the top crucible the terminal 

temperature 650ÁC of the temperature profile was probably too high. I decided to repeat 

the experiment with lower terminal temperature 500ÁC. The altered temperature profile 

for second attempt is shown in Figure 26. 
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Figure 25: Single crystals obtained from the U-T-Bi system first series grown from Bi 

flux. 

 

  

 

 

 

  

 

Figure 26: Temperature profile for second series of materials U3T3Bi4. 
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The change of final temperature solved our problem. Second series of U3T3Bi4 materials 

was much more successful than the first one (Fig. 27).  

 No single crystals in U-Pd-Bi system were seen by naked eye. In Figure 27 you can 

see small black or white single crystals. The composition of the small black single crystals 

was found as U3Pd4Bi13 and the composition of the white single crystals was pure 

uranium. 

 

    

    

 

Figure 27: Single crystals obtained from the U-T-Bi system second series grown from Bi 

flux.  
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 The composition of U-Ni-Bi system single crystals was confirmed as U3Ni3Bi4. The 

surface cracking of the single crystal is probably caused by strong inner tension.  

 Chemical analysis of U-Pt-Bi system single crystals was complicated. In this system, 

two different single crystals of two different compositions were obtained (Fig. 27). The 

composition of the smaller single crystals on the big single crystals was found as U3Pt6Bi. 

The other single crystal was confirmed as U3Pt3Bi4. So far this material has not been 

reported in single crystal form. The main problem is that the U3Pt3Bi4 single crystals are 

very small 500 Õm. In this case it is very important to try to reproduce the growth process 

to receive bigger single crystals. 

 Growth of U3Ni3Bi4 and U3Pt3Bi4 were tested. The temperature profile was slightly 

changed. In order to get bigger single crystals after reaching the final temperature of 

500ÁC, the temperature was again increased up to 750Á with further cooling to 500ÁC. 

This process can help with growing of bigger single crystals. When temperature increases 

up to 750ÁC, the smaller single crystals dissolve. When the temperature starts to decrease 

back to 500ÁC, remaining bigger single crystals can enlarge. There were no single crystals 

of expected composition of U3Pt3Bi4 in U-Pt-Bi system. Figure 28 shows only the obtained 

single crystals of U-Ni-Bi system. Single crystals had different colours (Fig. 28). The 

composition of the darker single crystals was found as UNi5 and the other analysis was 

done on the brighter and rounded single crystals; their composition was found as UNi5Bi4. 

 From the results of these repeated materials, I assume that the growth of U3Pd3Bi4 and 

U3Ni3Bi4 depends strongly on the temperature profile during the growth. In future, I need 

to repeat this process again to understand which factors besides the temperature play a big 

role in the growth of U3T3Bi4. The growth process also needs to be advanced in order to 

acknowledge the reproduction of the growth. 
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Figure 28: Single crystals obtained from U-Ni-Bi system from repeating the second                       

series of U3T3Bi4. 
  

 As mentioned before these materials are part of International Czech ï Austrian project. 

Therefore, I went to Technical University in Vienna to look how their process of growth 

and preparation of this class of materials based on Cerium under the supervision of 

Dr.rer.nat. Xinlin Yan. When growing Ce3T3X4 they also try to dope Ce with La which is 

quite known substitution. In order to show me how they prepare the materials, we grew 

single crystals of La3Pd3Bi4. Even though this compound does not have Ce the process is 

the same as for Ce3Pd3Bi4. The purpose of this work travel was for me to gain some other 

perspective in growing of these materials and use it for single crystal growth of U3T3X4 at 

our faculty. The Table 5 shows the used stoichiometric ratios.  

 

Crystal ï 40% (1 g)  Flux ï 60% 

Elements 
Stoichiometric 

ratio  
 Elements 

Stoichiometric 

ratio  

La (4N) 

Pd (3N5) 

Bi (5N) 

3 

4.5 

4 

 
Bi (5N) 

Pb (5N) 

40% 

60% 

                                                                            

Table 5: The stoichiometric ratios of elements for crystals (left) and flux (right). 
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 The flux is prepared from mixture of Bi and Pb. Presence of Pb in the flux raises the 

solubility of Bi and the ratio must be as close as it can get to 40% crystal and 60% flux 

because the system is very sensitive. First, we made alloy of La and Pd by arc-melting 

which we put in one crucible with flux of Bi and Pb. The scheme and picture of the 

ampoule after taking it out of furnace are in Figure 29. 

 

      

 

Figure 29: Scheme of prepared material (left) and ampoule after growth process (right). 

  

 The used temperature profile is showed in Figure 30. When we took out the crucible 

from the ampoule, we sorted out the single crystals suitable for powder diffraction and 

Laue diffraction to analyse if it is the single crystal and test the composition. Laue pattern 

with sharp spots confirmed single crystal form (Fig. 31). Powder diffraction pattern 

evaluated structure model confirmed La3Pd3Bi4 composition (Fig. 32).  

 

 



 
 

40 
 

 

Figure 30: Temperature profile for growth of La3Pd3Bi4. 

 

 

 

 

 

 

 

Figure 31: Single crystal of La3Pd3Bi4 (top left), Laue diffractometer                       

pattern (bottom left) and single crystal on goniometric head. 
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 Since this compound is known to crystallize in the cubic Y3Au3Sb4 ï type structure 

[32], the input cell parameter for the powder diffraction was ὥ ρπȢρρρψ ᴠ, to 

successfully evaluate the Laue pattern as well as the powder x-ray diffraction pattern.  

 The major differences in material preparation at the Technical University in Vienna 

were composition of the flux and different type of crucible. In future, we would like to try 

to grow U3T3Bi4 using these preparation parameters. 

 

 

 

Figure 32: Powder diffraction pattern confirming the composition of La3Pd3Bi4. 
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6.1.4 Ce3Al 11 series 

 

 The next type of material I tried to grow was Ce3-xLaxAl11 series. This compound has 

interesting magnetic properties. It orders ferromagnetically at TC = 6.2 K which is 

followed by an antiferromagnetic transition at TN = 3.4 K [33]. These compounds were 

grown from Al flux. I tried to dope the Ce with La with 5%, 10%, 15%, 20%, 30%, 50% 

and 100%. The temperature profile and ampoules taken out of centrifuge are in Figure 33.  

  

 

 

 

 

 

 

 

 

 

Figure 33: Temperature profile for growth of Ce3-xLaxAl11 (left) and ampoules after 

growth process (right). 
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Figure 34: Single crystals of Ce-La-Al system. 
























































