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Introduction

Nowadays, single crystals are a pillar of modern technology in many fields of our
everyday life. Thematter in the form of single crystal is in mobile phones, TV, cars,
airplanes etcSingle crystas are usedin semiconductorchips 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 materialsA very important propertythat isconnected exclusively with
single crystals is anisotropyvhich means that physical properties depend on the
crystdlographic direction along which is measuredbserved. The studyf solid matter
performed orsingle crystals ishe only way to obtain the highest quality data, valuable
results and complex idemabout the origin of specific material properties. Theyo
obstacle ighe growth ofa single crystalSometimes it can be very difficult to graav
single crystalfrom specific materials. Single crystal growth involviesowledge of
physics, chemistry, material science, crystallography, mineralogy, chemidaéerigg
and othersThe single crystal growth methods can vary from v&rgple and cheap
techniques to the complex expensive procesBesinderstandieeply the single crystal

growth process ia complexassignment.

During the preparation of my bachal thesis, | tried various single crystal growth
methods to see how they differ from each gthad whichappropriatemethodis suitable
for materials with specific propertie3he selection of single crystal growth method
depends othe physical properés of the materialsuch as solubility, melting poingnd
if it is congruently or incongruently melting material, evaporation and others. Each single
crystal growth method has itsvn specifiationand is suitable for some materials more
than others. Thisvork is aimed orihe optimization of the single crystal growth process
andto ge to knowthe advantages and technical limitstbé various methodsSelected
single crystalsvere esed togrow by Czochralski, Bridgman, floating zone, chemical

vapour trasport and Flux method



1 Structure of solid state materials

Since ancient times people were fascinated byarious properties of natural
substancesnd gemstonedt stated by noticing differences ioolour, hardness, shape
and meltng point which led © de=per research dhesematerials. Peopléound outthat

some materials change when exposeThese o

observations led tadeepemunderstandingf solid statematerials.

Natural eystalscanoccur inmany geometridashapesOne of thefirst questionsvas
why the broken crystak decomposé¢o the smallerblocks with the samesymmetry
Johannes Keplaronsidered to solve this questiomhis workDe nive sextangulél611)
[1] by describingthe snowflakesbeing built from small ballsNowadayswe know these
small balls are atombut thismodelwas unacceptable for masgientists of that timet
was assumd that crystals must be connected tosit® microscopistructure.The sub
microscopicmodelturned out to be truafter Laue disoveredthe diffraction of X-rays

onsinglecrystals in 1912.

(@) (b)

Figure 1: Pictures show different type of structures onigatructure of single crystal

and on (b) structure of polycryshak [2].



We distirguish two types of solid mattebased on microscopic arrangementered
and amorphous. Ordered mattenyéta) is characterizetly long range periodistructure
compared to amorphous solidsdered onlyat the level of small molecular clusteié/e
have two types othe ordered mattér single crystals and polycrysgalSingle crystals
characterized by periodicarrangement of constituents all directionsthat repeat
throughouta singlecrystalvolume(Fig.1a) On the other hand, polycrystallingotive is
amorecommonform for solid materialdt consists of grains which aceiented randomly
(Fig.1b) Neverthelesspne single grairs a periodicallyorderedsingle crystalThe size

of grains tendto be from~10>mupto ~cm.



2 Crystallography

2.1 Symmetry operations

Symmetryelementslassily thecrystal structureymmetry The symmetry operations
are such a class of operations, whiemain theobjectindistinguishabldrom the original
after its applicationElements of symmetry are points, axes and plar@sa@iag to which
the operationsreperformed We have thesg/pes ofsymmetries:

[.  Identity
. Inversion

[ll.  Rotation around an axisi if all properties of the object remain unchanged after rotation
about —, we call this axisasn-fold rotation axis. We have 1, 2, 3, 4 antb@l rotational

axes.
IV. Reflectioni mirror plane
V. Rotoinversioni is combinedsymmetryoperation It composs of rotationfollowed by
inversion.
VI.  Glide planesi is combined symmntey operation. It composes oéflection followed by
translation. In this case translation is in direction parallel to reflection plane.
VII.  Screw axesi is combined symmetry operation. It composes of rotation followed by

translation.

The fundamentalsymmetryrequirementdefining single crystal is called translational
symmetry.This translational symmetrg given by three translational vectoes b andc
andis described by formula

Y 6®d 0B U@ (2)
where 6fDR) arearbitrary integersTranslation vectors are commonly used as crystal axes
(Fig. 2).



Figure2: Lattice parametersiuduh fi i ; crystallographic axes and crystal
side A, Band 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 conditios®e neededravais lattice i geometrical concept
of arrangemeistof points in space. If weant to build a crystalve must assign atoms to
the lattice. This geometrical concept helps us to deterthmerientation ofthe single

crystal andhe lattice parameterassign to specificrystalstructure

The latticecreatesprimitive cells(Fig. 3). These pmitive cells area special type of
unit cells. Itis garallelepiped bounded branslation vectors and has a minimum volume.
A primitive cell tdls us how many atoms iavolving one lattice and we can categorize
crystals by this factf we usel theright translation operationa primitive cell would fill

upthe entirespace.

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

other symmetry operations. Tlmme most used ighe rotation about an axis passing



through lattice point. In two dimensisrwe have 5 basic types of lattices: square,

hexagonal, oblique, rectangular primitive and rectangular cerfgd4).

L]
®

0080 & 8 @ [ [ [

. N N N IL‘-‘HI. 7] [ .

| - N W s & oo f: 2 .

ececeo e ¢—g—=e

o000 ® & & 0 g 9 oo

square hexagonal oblique
a=h "'I.-=‘31:|T a=h T = 120F a#Z= b -'-II-?E‘EI{IT
rectangular
0080 primitive . N N [
Ii a9

e ee 17 by =90 9

2808
rectangular
oL == centred g-2-2-0 @

Figure 4: Bravais lattices in two dimensions [5].



The lattices armamedatfter the French physicist Auguste Bravawho in 1848
proved thathere areonly 14 types of space groups possitor lattices therefore there
arel4types oflattices(Fig. 5) with different responding parameters (Tab. 1).

Simple Body-centrad Face-centred
cubilc (P cublc () cublc (F)

a 3 EE“H
a /’ 4 < E] ;‘

Simple Eody-centred Simple Body-centred
tetragonal tetragonal ortharhombic orthorhombic
] n (F) {n

]
C
b c
| 1207
3
Base-centred Face-centred Rhombohedral Hexagonal
orthorhomiic orthorhombic (R) ]
() (F}

""'

a.!

Simple Base-centred TrI-:IInI-:
monocdinic monodinic {F
] (C)

Figure 5: 14 Bravais lattices in three dimensifijs



Number Bravais Restrictions on

SZ?:TL of lattices in SMr':;rr:;tll Conventional Unit Cell
y lattices  system y Y Dimensions and Angés
Triclinic 1 P None W 0w
I 7T 7 wmd
. One 2fold DO
Monoclinic 2 P, C i ) W © w
rotation axis | [ Wt Ji
Three mutually v
. W W W
Orthorhombic 4 P, C, I, F orthogonal Zfold
) f [ wTJd
rotation axes
One 4fold Do
Tetragonal 2 P, I i ) W 0w
rotation axis | T [ wTd
. Four 3fol DG
Cubic 3 P.IF our 3fold W 0w
rotation axes | 1 [ wTd
. Onefold rotation DOW G
Trigonal 1 P . W 09
axis |7 I wmdpgT
Onefold rotation Do
Hexagonal 1 R ) @ E’o w
axis | 7 wmd | pgn

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 planebs intercepts of the
orientation easilywe use Miller indicesh k |. To get these indicesve nust take the
reciprocals of the intercepts and gedet ofthe smallest integers giving the same ratio.

These small integers are interpreted as the Miller indares$ we mark the numberis

generajas (h k I). Foexample if the intercepts would be {2, 2} the reciprocal values
would be - - - and numbers in this ratio are ¢ oo . Therefore Miller indices are

Coo.
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2.4 |deal vs. Real crystal

The ideal single crystal has infins&eand structural motive periodically propagate
in all directions. Thereforeit is not possibldéo grow an ideal single crystal due to its
infinite size because real crystgisesent various types of defeatdhich locallybreakthe
ideal periodicity.The cefecs can beof various originssuch aspresence oanimpurity
atomor afaults ofcrystalstructure. 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 physi@l properties of real single crystals depen@oeamountofimperfections
in the lattice A single crystal can change coloandother optical propertie®r electrical
resistivity in semiconductors is strongly dependenth@mamount and type of dopaint
Si single crystal. Therefore, the presence of impurities or imperfections can be destructive

when they obstruct the working nature of theemnal, but also constructive [7

Another feature of real single crystals that they are ot monolithic. Theyare
composed of smaller fragmentsilled mosaic blocks (Fig.)6These blocks are not
perfectly aligned with one another. Therefdhe singlecrystal has a mosaic spread that
reflects the degree of orientational divergence of these mosaic blocks. @siadscthave

mosaic spreads of 0.2 degrees or less. Bad crystals have nmsait ofL.0 degrees or

LT
LIV
[

more [§.

Figure 6: Mosaic blocks in a real single cry$&ll

11



3 The usage of single crystals

Thesolid matter in the form dfingle crystalss important both in advance research
but also applications. Fundamental research performed on single grystiales more
accur ate dat aintanbioprapertiesathae polyaystéllineatter where
anisotropic properties are averaged creating the sanmgptropic Other important
advantage of single crystallsss defects and rgrain boundariesWithout defects and
grain boundarigghe crystal gains more precise properties in mechanics, electronics and
optics. Because of thisingle crystals are camonly usel in industrial segmentSingle
crystal materials usually occur in engines or generaoch as turbine blades, semi

conductors, detectors (infrared or radiation sensopjcs andasers]9]

Production of single crystabtarted to be indusal because scientstould control
the composition and purity of theystals. Thanks to new researshijentists discovered
a | ot of new mat er i al,suchas¥AG (Yetraum alaminibre f ou n
garnet). [10

Silicon is the mog common material usedfor production of microchips and

photovoltaic cellswhich are used in phones, cars and many other electronic devices.

12



4 SingleCrystal growth

4.1 Crystallization

Crystallization is a process during which atporsmoleculesarrange inta periodic
threedimensionallattice The aystallization starts by a nucleation process creating a
microscopimuclei or seedNucleationis often triggered by agitation, mechanical shock,
friction and exteme pressures within the melt [1IWe have twomajor classes of
nucleation heterogeneousaand homogeneousThe heterogeneous nucleation occurs
aroundforeign particles or moleculeghereashomogeneous nucleation happens without
the foreign particlesis a result of thermodynamic instabiljy2]. Crystal phase occurs
when a phase balance break¥hen, theinitial phase with higher chemical potential
transformanto asolid phasef lower chemicapotential[13].

4.2 Singlecrystal growth methods

Up to date, series of single crystal growlethodswere inventedSelectionof the
particular method usually depends on characteristics of the matsiphiase diagram and
other parameterssuch asmelting point, solubility in chosen solverdnd evaporatian
Some methods are instrumentally very singrig cheap while other instrumentat®can
be very sophisticatedypically, when extreme conditions like the high temperature and
pressure are necessaryl{ptheselected methods, whichusedmyself, are described in

the next chapter
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Growth from melt (flux) i solution growth

This techniqueworks on principle ofresolidification of material from the
oversaturated hot solution by its gradual cooli@gtainedsingle crystaldy this method
are usuallyery high quality but often quite smalllaterialis dissolved in a solvent which
is chosen based @phase diagram characteris#ctypical solvent is element, compoynd
or their mixture with low melting point. It opensp awider operation window in which
the crystallization can be realize@rowth from the solution is technically very simple
and cheapnstrumentationA crucible with material and solveris put and sealeth a
guartzampoule andthenheated up i chamber furnace. After melting characteristic
cooling temperature profile is setcacding tothe phase diagranThe 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 dgsns. Therefore, the composition and thermal profile are
often selected and set based on operator experience with similar systems. The fundamental
advantage of this method tke possibility to grow bothcongruently and particularly

incongruently melting aterials, which is not possible by athermethod.

(b)

@ . _
/T . ) < 2
| -

= Quartz wool

Flux Flux

—  +crystals (?)

Figure 7 (a) Sheme of commdwy preparedsample with two crucibles sealed under
vacuum in quartz tuband (b) separation of crystals and flux in centrifuge.[14]
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Bridgman method

This method wa invented by Percy Williams Bridgman and is considered to be a
branch of growth from mel he method works on a principle of the gradual solidification
in a temperature gradient produced in a gradient furnace. Bridgmarcrygible has
conically shapedbottompart. Material inside the crucibles meltedand thengradually
cooled fronthe conical part by inserting to a cooler part of the furnalsend@rrowcorical
shapeof the crucible isa crucial part since crystallizations initialized thereThe hgh
probability of the crystallization is in thearrow space of the conusere asingle grain
material will gradually propagate through the whole volume of the crudibisprocess
can beperformedin both vertical and horizontalrangementThe instrunentation of the
Bridgman methoaonsiss of crucible with conically shaped bottom, pulling mechanism

and furnace with upper and lower chamber with temperature gradign8).F

Pullz y_©3 : .
Crrurn

- H_ 33— Lid

Lipper
winding

TiC

N

Baffle

Cryslal

TiC

- [ @ Lower
winding

Figure 8 Schemeof Bridgman methodh verticalset up[15].
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Czochralski method

This method was invented by the polish chemist Jan Czochralski in 1915. He
discovered this methoatcidentally This methodvorks on a principle of vertical pulling
of solid material from its melt near melting pofRig. 9). Precursor in the forraf a narrow
seedrod is dipped into the melt artiey stick together by surface tensiol@uring the
slow pulling, theingotrotatesanticlockwise with rotated crucibl&he rate of pullingand
rotationdepend ora specific characteristic of each materiethe seed rod can be an inert
material or oriented single crystéhenthe grown single crystal respects the orientation
of the seed single crystal. In contrast to Bridgman method, thelsplid interface in
Czochralski method is not in contact witlettrucible, thg, the crystallization process is
much lesglisturbed16]. The size othe crystal is given by geometry and sizafirnace
which design is very variable with specific types of crucibles, heateratamzspheres
An example could bsilicon single crystalfr industrial purposesvhich can be 2 meters
in length.

i§!
| |

—— Heater
— Melt

——

Crucible

f) a) h) d) i)

Figure 9 The process of Czochralski methodhathe setup of the equipment. It
pictures the process of growth a) elements in crucible, b) melted eleménty, c)
connectilg precursor with the melt, &)j) pulling crystal ouf17].
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Floating-Zone method

This method invented by chemist Henry Theurer in lif8@lvesalocalized heating
which creates a molten zotrappedbetween théottom growingsinglecrystal and upper
polycrystalline precursor in the form of ad. This so called floating zonemoves
graduallyalong the wholgrecursorrod by simultaneouly moving togethewith single
crystal downwardTheliquid melt in the floating zone iseld by the surface tensipi8].

Both single crystal and precursor are rotated to reduce thermal oscillations from the
surroundingheat sourcesThe foating zone method is typically implementedotatical

mirror furnace, which uses emitted and focused light from a powerful hatmgesnon

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

laser heating isnore preciselyntersectedloating zone, higher available temperatures,

andsignificantly less energy consumption.

C.—nv Upper shaft
Xenon lamp P Feed rod

/-

Mirror Molten zone

| ol

Aire—

Lower shaft

3_ Seed rod

Figure 10 Schemeof the optical floating zone furna¢#9].
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All experiments bythe floating zone method were carried out in furnaces made in
Crystal Systems Corporatid@ompanyin KobuchisawaJapan. | hadhe opportunity to
visit the company to see the production of thedwes and various prototypes of different
size, principle oheating or working pressuréFig. 43). | saw how the calibration of laser
furnace worksas well asthe manufactured optical furnace for grogng sized Si single

crystals.

Chemical vapour transport method

The principle of this simple method is transport of material using transmitting
medium due to thermaimbalancecreated in a gradient furnace. Material is sealed in a
closed tube and locaten a horizontal arrangement e furnaceOn the hotterside is
located solidmaterial whichis transporteddue to the presence of gaseous reactant and
deposied on theopposite coldeside inthe form of single crystals(Fig. 11). The most
important factors of this methaatethe size otemperatve gradient, free energy of the
reaction and growth temperature. Halogens and halogen compounds are usually used in

this method.

Figure 11 Scheme of chemicahpourtransporimethod[20].
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5 Crystal analysismethods

5The Braggodos | aw

In 1913 the Brtish physicist, chemist and mathematic William Henry Bragg
explained why after diffractionf X-rayson asinglecrystal we get diffractiompatterns
with sharp, symmetrically arranged reflectioe consideredsingle crystal assets of
parallel latticeplanesatdistan@ d which issimilar with the wavelength of-rays In these
geometrical abstragilanesare situated atomsf the single crystal. The X-rays makes a

constructiveinterference maximumf conditions oB r a g g ars fulfilledw

¢Q OEBT ¢ _
wheret is an integral number of the path differencés a wavelengthandi s Br agg6 s
angle under which thX-rays land ora system of planes (hkl). The distance between

planes’Q  declines with rising Miller indices.T h e Bsr lang ¢poditions for

interference of Xrays are shown in Figure 12.

Figure 12:Geometrical principle ofiffraction of X-rayson crystal latticg2].
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5.2 X T ray methods

Laue method

The Laue method is mainly uséar determiration of single crystabrientationor
distinguishing betweesingle crystabnd polycrystaline mater During Laue methqgca
single crystal is irradiated by collimated X-ray beam with continuous spectrum
Diffraction peak appears when thery of discrete wavelengtiterferes ora specific
atomic plane withnteratomic distanc€® and angle of incidence thatitt he Br aggo6 s
law. The experiment in baekeflection arrangement, which | used in my work, is shown
in Figure 13. Single crystal produces a Laue pattern in the fofgeometrically arranged
spots. The Laue pattern can be evaluatesihg dedicated softwares and basic

crystallographic symmetry and lattice parameters can be verified.

o

Figure B: Principle of recording the diffracteX-rays from singlecrystal[21].

In case we are verifying if treolid mattetis single crystalwe must usawider beam.
Too narrow beantan irradiate one specific graamd theLaue patterhooks asfor single

crystal although it is a polycrystal.

20



X-ray powder diffraction

The X-ray powder diffraction method works on principle of diffraction of
monochromatic Xray on solid material in the form of randomly oriented powdEne
powder consists of smadlingle crystals which havestatisticalorientations therefore
some ofthemha angl es with the beam thatthesui t t
powder sample must be located on the axis of goniometer surroundedalyytube and
X-ray detector. Thecheme oK-ray powder diffraction principle is shown Figure 14.
Thepowdersample rotates in the path of the collimateday beam at an angleand the
x-ray detector rotates at an anglezef{23]. During the measuremerhe X-ray detector
and sample are rotating and the intensity of the reflecteysis recorded. When the
angles and planes (hkl) on whi ¢donstwetivear e di
interference occurs and a peak in intensity occws. get a diffractogram wheris
intensity of detected-ray beamsas a function oingle¢— X-ray powder patters are
mostly evaluated bRrietveld method[24], which works on the principle of comparison

between recorded data aadtructural model.

Detector

Dlivlérgence
Anode il S't

Filter o

Figure 14 The xray optics set up for powder diffracti¢22].
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5.3 Scanning electron microscope and
EDX analysis

The scanning electron microscopeorks basedon interaction of high energy
electrons witta materialsurface Theelectron bearof primary eéctronof voltage oftens
keV is focused by the set of electromagnégitses (Fig. 19. During theinteractionof
primary electronsvith the surfacef a samplevarious particles and radiations are emitted.
Some of them carry information about chemical composition of the sa@pé&of the
productdss backscattexd electrons (BSEas a product alastic collisios. Production of
BSE is greatly impacted by the atomic number ofdleenent, thus the signal from the

BSE detectoprovideschemical contrast.

The second useful type is-kKay radiation produced by interaction of atoms with
highly energetic primary electrongvery element has its own characterisliscrete
spectrum with peakdVe can compare theé-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 faach element whilst intensity is proportional to concentration.

X-ray spectra were recorded hyenergy dispersive Xay detector (EDX).

For my work | usecelectron microscop€EM MIRA3 FEGequipped by chemical
analyselEDS Bruker.

22



— Condensing Lenses - condense beam

€1 Scan Colls - raster beam back & forth

<1— Objective Lens - focuses beam 1o a small point

0(—

N

- Energy Dispersive X-ray Detector
| Backscattered Electron Detector

~ Cathode Luminescence Detector

" EBSD Detector

~ Secondary Electron Detector

~ Sample

- Mechanical Stage

Figure 15 Schene of scanning electron microscope with BSE and EDX
detectorg25].

23



6 Results and discussion

| have practically tried all single crystal growth methods listed and generally
described in Céyxer 5.This chapter describes the instrumentatighich | have used for
single crystal growth in MGIL laboratores in DCMP and summarizes my achieved
experimental raults. All single crystals grown by specific methods atenmarizedn
Table 2.

Single crystal growth method Materials
UsT3Sh
U3sT3Bia
Flux growth
CesAl1s
CeCaPs
Bridgman method UsPtShy
. U2RWSn
Czochralski method
UCoo.0dr0.05G€
. Sapphire materials
Floating Zone method .
UNISn
Chemical vapour transport method Vi3

Table 2 List of materials grown by different methads
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6.1 Flux growth

6.1.1 Description of method

All experimentswere performed using identical instrumentation. Elements were
weighted with preciseness 1 gga small alumina crucibl@otal mass was typically5-
10 g of material including the solvent elemérttis cruciblewasput into the flat bottom
guartz tubeand on the top | putienticalalumina crucibleipsidedownfilled with quartz
wool to filter the single crystals from the solvent durthg laterdecanting On top ofthe
upper cruciblefurther quartz woolwas placd to protect the quartz arople against
braking during the decanting process eeatrifuge.After the installation of the crucilde
the narrow neck was madéove the upper crucibles in a glass sealing station. Then, the
tube was attached to a vacuunitwamd evacuated down to vacuum limit%1Gbar To
improve the vacuum by degas process, quartoalapvas inserted to a movable furnace
and heated up 3@0Gor several hoursAfter evacuation | seatl the ampule by a hand
burnerby closing the narrow & and disconnectetifrom the rest of tubéFig. 16).

Figure B: Making of the neck imuartz tube (left) and vacuum unit witlagssealing
station (right)[26].
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Whentheampoule is sealed it gut ina bigger alumina crucibleo keep itupright in
the chamber of the furnackt is alsoeasier faster and safdp takeit later out from the
hot furnaceand put itinto the centrifuge (Fig. 17). After the termination of the growth
process in the furnacehdampoule igput quickly upsidedowninto a centrifuge in order
to separate excesd the solventfrom thesinglecrystals Typical speed was 1061500
rpm in which ampoule is still durable to survive ttentrifugal force In the case of
breaking and opening of the ampoule, intruded air witiigexstrongly oxides or even
can burn the stilvery hot single crystalsThe upper temperature and the coolprgfiles
vary for different materials.

After cooling downthe ampoules were covered by a sheet of paper and broken by a
small hammer. The afmina 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 witrampmules in big alumina crucibi(left) andampoules after
decanting(right). The separategkst of the solvent element is visible in thgpertip of
ampoules
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6.1.2 UsT3Shsseries

First materialsgrown were froman UsT3Shy serieswhere T is a transition metal
T = Ni, Pd and PtThese materialare expected tactas heavy fermion sdoonductor
with metal insulator transitiof27]. | performed fourattempts to growhesematerials

Stoichiometric ratios of the elemerfts the first seriesre summarized in Table 3

Thesecompoundswere grownfrom Sb seltflux [27]. The temperatie profile is
shown in Figure 18The stoichiometric rat®of the elementsvere determined from the
phase diagram@ig. 19). The atomic ratios for the growthere selected as shown the
picture.The solubility of Ptand Uin Sb is similar On the other hat solubility ofPd
andNi is significantly higher in Sb than U.

Elements Atomic ratio
Sh (6N) 10

Ni (4N5) 2

U (3N) 1

Sh (6N) 10

Pd (4N5) 2.5

U (3N) 1

Sh (6N) 10

Pt (4N) 1

U (3N) 1

Table3: Atomic stoichiometric ratios of elements and their puritiethe irst series of

U3T3Sh, materias.
1100, 10 h
100 1AC/ n
4 days
5AC/ m 730AC

Figure 18 Temperature profile for the first series ofTdSh: material
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The obtainedsingle crystals of different morphologies were obtained WhNi-Sb
system(Fig. 20). The composition of theinglecrystals wasoundby microprobe analysis
as WNiSbs, which isanunreported new phase. Since the solubility of Nh@Sb-flux is
significantly higher tha U processit wasrepeagdwith two differentratiosrich on Niof
10:4:1 and 10:3:1 (Sh:Ni:UResults of these repeated materials are in further text.

Theobtainedsingle crystals from theolutionof U-Pd-Sb(Fig. 20) were in a shape of
small plates The composition of theingle crystals was &PdSB which is alsoan
unreported new phass Ni single crystals had. With Bdhere is alsa problem with
significantly higher solubility in Stflux than U so | decided to repeat thisaterialwith
ratio o 10:5:1 (Sh:Pd:U).

The obtainedsingle crystalsof U-PtSb system(Fig. 20 were in the shape of
polyhedrons.The singlecrystd 6 s composi t i ahe® are tavondifferent t as
compositions. One composition is UWSbwhich is weltknown antiferromgnet
Tn = 203 K[29]. The other one was Ptglwhich is alsoa well-known narrowband

semiconductof30].
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Figure 20 SingleCrystals othe UT-Sb systenobtained from first series ohaterial
grown from Sb flux

Because of small amount of single crystals in the first seriesNi§8h: and P Sk
due to high solubility of Pd and Ni in Sb, secoserieswas preparedvith higher
concentration oPd and Ni.Stoichiometric ratiosare summarized in Table ertical

temperature profilevas usedFig. 18).
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Elements Stoichiometric

ratio

Sb (6N) 10
Pd (4N5) 5
U (3N) 1
Sb (6N) 10
Ni (4N5) 3
U (3N) 1
Sb (6N) 10
Ni (4N5) 4
U (3N) 1

Table 4 Atomic stoichiometric ratios of elements and their purities in thergkseries
of UsTsSky materials

~ pure Pd

0.5 mm

Figure 21 Single cystals ofU-Ni-Sb and UPd-Sb systems ohtned from second series
of materials

31



Theobtainedsinglecrystals of UPd-Sbsystem(Fig. 21) were in theshape of needles.
The composition of theesinglecrystals is pure Rd'he parts of quartz wool were covered
with Pd and the other elements were in top crucible.

The obtained single crystals ofNi-Sb systenfFig. 21) were invarious shapes such
as dendrites, cubes and plafBse ampule with elements in ratio 10:3:1 (Sh:Ni:U) broke
in centrifuge Despite that, the obtainethglecrystals from botlampoules were analy
with the same composition of 4Mi11Sks.

The third series 0fUsT3Shy materias were grown with Influx [31], becauseghese
materias arenot sorich for Sb.Elements were mixed in stoichiometric ratio 0.33:0.33:0.4
(U:T:Sb) and added to In in ratio of 1:1@. order to get sufficient sizesingle crystals
the cruciblemust havebeenfuller. The auciblewas filledwith pureln which was melted
in avacuum unit to create more space forrd® ofelementsThis little alteration helped

to grow biggersinglecrystals.The ampoule wasput in furnace withemperature profile

in Figure 22
1150/ 4h
900 sy
240h
3AC/r 400AC

Figure 22 Temperature prdé for UsTsSh, singlecrystals grown from In flux

The compositioa of all obtainedsingle crystals(Fig. 23) arethe same 7In;.. This

might be because thidnaryphase is more stable than the desire@:Bh.
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—

0.5 mm

1 mm

Figure B: Single eystals d UsT3Sh; obtainedfrom In flux.
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6.1.3 UsT3Bisseries

The growth of the &Il'sX4 singlecrystals is a part of the bilateral AustriarCzech
research project ohopological Kondo Insulators based on Ce andothpoundsSince
the Austriangrouphas manage to grow single crystals of Get:Bis and CeP&Bis, we
decidedto testUsT3Bis with Bi instead of 8.

For WsT3Bis seriesthe constituentlements were mixed in the ratio 10:2:1 (Bi:T:U).
The single crystals were grown from Bi fluxalumina crucibleinder vacuum in a quartz
ampoule The temperaturerofile and stoichiometric ratios wetekenfrom the article
about single crystal growth dfizBisMs (M = Ni or Rh) [33. Figure 24shows the

temperature profile for the first series growthUsT3Bi.a.

11204 C 4 h
900A C
IAC/ m 01AC/ m
3AC/n 6500 C  cont.

Figure 24 Temperature profile for first series 0§T4Bis 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 battocible are shown
in Figure 25 Since almost no single crystals were found in the top crucible the terminal
temperature 650AC of the temperature profi
the experiment with | ower t etempéraiuaelprofiee mp e r ¢

for second attempt is shown in Figur@ 2
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Figure &: Single crystal®btained from th&J-T-Bi systenfirst series grown from Bi
flux.

11504 C 4h
900A C .
JAC/ m 130 h
3AC/n

500A C  cont.

Figure 26 Temperature profile for second seriggnaterialsJsT3Bia.
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The changeof final temperature solekour problem Second seriesf UsT3Bis materias

wasmuch more successful than tirst one(Fig. 27).

No single crystalsn U-Pd-Bi system were seerymaked eye. In Figure 2ybu can
seesmall black or white singlcrystalsThe composition of the small black single crystals
was found adJsPdiBiiz and thecomposition of thewhite single crystals was pure

uranium.

e giee JERST L o
; ~ U;Pd4B113 1
inad k. B

Figure 27 Single crystal®btained from th&J-T-Bi systemsecond series grown from Bi
flux.
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The composition of UNi-Bi systemsingle crysals was confirmed asaMNisBis. The

surfacecrackingof thesinglecrystal is probably caused Bjrong innetension.

Chemicalanalysis of UPtBi systemsingle crystals was complicatdn this system
two different single crystals of two different cpositions were obtained (Fig. 27The
composition of the smallesinglecrystals on the big single crystals was found &2dBi.
The other single crystal was confirmeés UsPtBis. So far this material &5 not been
reportedin single crystaform. The main problem is that the $Pt:Bis single crystad are
very small5 0 0 1©this case it is very important to try to reproduce the growth process

to receive bigger single crystals.

Growth ofUsNisBis and WPtBis weretested The temperature profile was slightly
changed. In order to get bigger single crystals after reaching the final temperature of
5 0 0, A€ temperaturevas again increasad p  t owitt¥ féribeh coolingt o 500 AC.
This processanhelp withgrowingof bigger single crystalsVhen temperature increase
up t o,the Sntalleisingle crystatissolve. Wien the temperature startstiecrease
backt o 5, Getanidgbiggersingle crystals can enlargehere were no singlerystals
of expecteccompositiorof UsPt:Bis in U-Pt-Bi systemFigure 28showsonly theobtained
single crystals of ENi-Bi system Single crgtalshad different colourgFig. 28. The
composition of the darker single crystals was found as dhd the other analysis was

dore on the brighter and rounded single crystalsir composition was found as WBia.

From the results of #serepeated materiglsassume that the growth ogR®%Bi4 and
UsNisBis dependstronglyon the temperatunerofile during the growth. In futuré need
to repeat this process again to understand which factors besides the temperature play a big
role in the growth of &ITsBis. The growth process also needs to be advanced in order to

acknowledge the reproduction of the growth.
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~Binary UNi,, UNi;Bi,

1 mm

Figure 28 Singlecrystals obtained fromWli-Bi systemfrom repeating the second
series of WT3Bia.

As mentioned before theseaterials ag part ofinternational Czech Austrian project
Therefore went toTechnical University in Vienngo look howtheir process of growth
and preparation ofhis class of materials based on Cerium urthersupervision of
Dr.rer.nat. Xinlin YanWhen growing Cel3X4 they also try to dope Ce with La which is
quite known substitution. In order to shame how they prepare the materiailse grew
single crystals of L& dBis. Even though this compound does not have Ce the process is
the same as for GRRcBis. The purpose of this work travel was for me to gain some other
perspective in growing of these mater@at&l use it for single crystal growth ofT3X4 at

our faculty. The Table Shows thaisedstoichiometric ratios.

Crystal i 40% (1 g) Flux i 60%
Stoichiometric Stoichiometric
Elements i Elements )
ratio ratio

La (4N) 3 Bi (5N) 40%
Pd (3N5) 4.5

) Pb GN) 60%
Bi (5N) 4

Table 5 The stoichiometric ratios of elements for crystals (left) and flux (right)
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The flux is prepared frommixture ofBi and Pb.Presence of Pb in the flugisesthe
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 sensitiest, we made alloy of La and Pd by amelting
which we put in one crucible witflux of Bi and Pb.The scheme and piceirof the
ampoule after taking it out of furnacarein Figure 29

Quartz wool

\/ Alloy + Bi + Pb

Figure 29 Scheme of preparadaterial(left) and ampule after growth process (right)

Theusedtemperature profilés showed irFigure 30 When we took out the crucible
from the ampule, we sorted out theingle crystals suitable for powder diffracticand
Laue diffraction taanaly if it is thesingle crysal andtest thecompositionLaue pattern
with sharp spots confirmedingle crystalform (Fig. 31). Powder diffractionpatern

evaluated structure model confirmeasP&Bis composition(Fig. 32.
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1150°C 12 h

150°C/h Cont.

Figure 30 Temperature profile for growth of R®&BI4.

LN-1:1.722 mm

Figure 31 Single crystal of LePBis4 (top left), Laue diffractometer
pattern(bottom Eft) and single crystal on goniomethiead
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Since this compound is known to crystallize in theic8Au3Sb4i type structure

[32], the input cell parameterfor the powder diffractionwas @ p B p pvyto
successfully evaluate the Laue pattern as well as the powdgrdiffraction pattern

The major differences imaterialpreparatiorat theTechnical University in Vienna
were composition of the flux and different type of crucible uituife we would like to try

to growUsT3Bis usingthesepreparationparameters

1 5 I I I I
La,Pd,Bi,

—_
o
I

e data

fit

— diff
reflections

O
o

[ (arb. units)

=
o

_05 | | | | | | | |
20 25 30 35 40 45 50 55 60 65

20

Figure 32 Powder diffractiorpatternconfirming the composition of RBia.

41



6.1.4 CesAli1series

The next type of material | tried to grow wass&leaxAl11 series.This compound has
interesting magnetic propertie orders ferromagneticallgt Tc = 6.2 K which is
followed by an antiferromagnettcansitionat Ty = 3.4 K[33]. These compounds were
grown from Al flux | tried to dope the Ce with La with 5%, 10%, 15%, 208%6, 50%

and 100%The temperature profilend ampules taken out of centrifuge arekigure 3.

1100A C 2h

5AC/ n 50 h

750AC

Figure 33 Temperature profile for growth of €d axAl11 (left) andampoules after
growth process (right)
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0.5 mm

Figure 34 Single crystals of Gea-Al system
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