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Abstract

Transition metal Pentatelluride ZrTes is a versatile material in condensed-matter physics and
has been widely studied since the 1980s. ZrTes crystallizes in the orthorhombic layered
structure that held together with space group Cmcm. The motivation of this study was to grow
and characterize ZrTes. So, by means of chemical transport reaction, the crystals of ZrTes
were successfully grown by using iodine (I2) as a transport agent. Samples were prepared in
different concentrations to grow successful ZrTes. The samples were characterized by using
X-ray diffraction (XRD) to identify the crystal phase, X-ray photoemission spectroscopy
(XPS) to determine the binding energy, and scanning electron microscopy (SEM) to

investigate the shape of ZrTes.
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CHAPTER 1: Introduction

Pentatelluride materials, such as ZrTes, have been studied widely from the first time
they were synthesized back in 1973 [1]. The reason starts from the interesting transport
properties that these materials possess, especially with respect to the resistivity peak at a
characteristic temperature, T*, which is about 60K [2], and a sudden switch of the sign of

the thermos-power at the same T* [3].

ZrTes belongs to a category of layered transition metal tellurides with a general
formula MTen, where M is a transition metal with n =1, 2, 3, or 5 [31]. MTen represents
many compounds by combination of the elements (M) and stoichiometry (n) [65]. A few
materials from this family have also been studied widely because of their interesting
physical properties. For instance, WTez has gained a lot of popularity because of its non-
immersing giant magnetoresistance [4] and, with MoTez [5], has additionally been
anticipated to be a type 1l Weyl semimetal [6], another category of quantum matter.
Moreover, ZrTes has been hypothetically predicted to have a place with another group of
topologically non-trivial materials, i.e. a triple-point topological metals [7]. In the last
years, an extreme argument about its topological character has been developed. However,
an unclear experimental verification of the topological character of ZrTes is still elusive

[31].

The motivation of this thesis is to prove the growth of ZrTes by means chemical vapor

transport (CVT) and characterize it by several systems.



1.1 Structural and Topological Properties of ZrTes

1.1.1 Crystal Structure

ZrTes is a material that crystallize in the orthorhombic layered crystal structure with
space group Cmcm. Along the a-axis, the crystal structure is shaped as a result of trigonal

prismatic chains of ZrTe3 [31]. The prismatic chains are linked along the ¢ axis by zigzag
chains of Te atoms to form two-dimensional (2D) ZrTes layers in the a — ¢ plane. The layers
of ZrTes stack along the b-axis making a layered structure [31]. The primitive unit cell

contains two formula units with two prismatic chains and two zigzag chains [31].

Figure 1.1 The schematics of ZrTes crystal structure along a-, b- and c- direction projections.
The red rectangles highlight the unit cell of ZrTes. Tel and Tell represent the Te atom in the
ZrTe3 trigonal prismatic and inter-chain site, respectively [51].



ZrTes crystals are orthorhombic and analytical techniques such as convergent beam
diffraction showed that in certain cases, these crystals did not possess any diffraction zone
axes, which is expected from mmm point group material system. It is even suggested that
ZrTes could be a polymorph system, i.e. a crystal that can exist in more than one crystal
structure [55]. It is also reported that in the absence of higher axes of symmetry, this material
could take up a monoclinic crystal point group, the unit cell parameters corresponding to its
monoclinic form as am= 4.12 A, bm = 13.7 A, cm = 7.5 A and B = 111°. However, in its
orthorhombic form, the crystal parameters are ao = 3.97 A, bo = 14.502 A, ¢, = 13.726 A, and
a =P =1v=90° showing its different crystallographic parameters in its two distinct forms

[56].

The crystallographic information such as the reflection planes, the space groups, the
parameters at different reflection axes, etc. have been studied and solved for the orthorhombic
and the monoclinic structures of ZrTes and has been quite effectively summarized by
Sambongi et al in their paper [56]. These crystallographic parameters were solved from
different X-ray diffraction photographs and other analytical techniques [56]. In certain
instances, the variations in electrical resistivity was also assigned to the
monoclinic/orthorhombic nature of the material. Temperature based X-Ray diffraction studies
also showed phase transformations taking place at low temperatures which resulted in its
interesting electrical properties. Besides, both Zr and Te have large X-ray absorption
coefficients and these also result in interesting diffraction patterns because of the self-

absorption by the parent sample [56].



1.1.2 Transport Properties of Zirconium Telluride (ZrTes)

Research in ZrTes has increased considerably since the discovery of a charge density
wave (CDW) at low temperatures [8]. In such unique situations, the conceivable uses of
pentatellurides like ZrTes in thermo-electrics [10] have advanced a serious investigation for
clarifying the beginning of their abnormal transport properties [11], in spite of having little
success so far. Several mixed rare earth materials with colossal magneto resistance (CMR)

have been employed in the recent past to treat non-magnetic Pentatelluride [12].
1.1.2.1 Resistivity

The resistivity of ZrTes shows an important anomalous peak at T* [2], “with an
increase by factor 3 respect to its room temperature values” [31]. It has been reported that, it
is conceivable to find samples of ZrTes with temperature T*~ 135 K [29], T*~ 140 K [2], and
T*~170 K [30]. It has been also observed that the values of T* can strongly change by a
controlled substitutional doping of the material [31]. Some researchers suggest that the
anomalies in transport phenomena are probably due to the polaronic nature of these
pentatellurides. Polarons are trapped electrons in a one-dimensional material caused due to
electron-phonon interactions [13]. These polarons can form a conduction band at low
temperatures that can result in a sudden resistivity peak at a particular characteristic

temperature [13].



1.1.2.2 Thermopower

ZrTes is known for its thermoelectric properties which are effected by its transport anomaly
[31]. This resistivity peak is accompanied by a sign change in the thermopower at the same
T*. The thermopower in a material quantifies the magnitude of the induced electric voltage in
response to a temperature gradient across the material. In the material, the therompower can
be positive or negative. The therompower sign is determine the nature of charge carriers, so
if the charge carrier is negative, the thermopower is negative, and positive if the charge carrier
is positive. Accordingly, the change of sing of ZrTes thermopower could be associated with

change of the charge carrier sign [31].
1.1.2.3 Positive Magnetoresistance

ZrTes presents an obvious magnetoresistance (MR), “the property of a material to
change the value of its electric resistance under the application of an external field” [31]. It
has been reported that, by applying a magnetic field B perpendicular along to the surface b,

the resistivity peaks of ZrTes can be increased.
1.1.3 Topological Properties of ZrTes

In these last years, ZrTes has likewise increased expanding consideration about its
topological character [14] and has been a part of several debates in the scientific community
[15]. Some reports suggest that ZrTes is a Dirac semimetal that does not possess a distinctive
bandgap [16], and there are several characterization techniques such as ARPES, STM,
magnetic susceptibility measurements, low temperature resistivity measurements, etc. that can

be employed to confirm these properties of the material [17].



ZrTes is a unique topological material that is known to be insulating on one layer and
conducting on the other, making it a multi-layered topological material. Sometimes, this
material is a semi-metal in its bulk, i.e. in layers below the material surface while their valence
and conduction bands touch at Fermi levels [18]. Depending on degeneracy of the energy
bands, ZrTes is sometimes called a topological Weyl semimetal. Some of the other interesting
topological properties ZrTes possesses are the existence of Weyl and Dirac fermions, they are

high temperature superconductors, topological insulators, graphene analogues, etc. [18].
1.1.4 Topological Insulators

However, in the case of two-dimensional (2D) topographical insulators, for time-
reversal symmetry, it is essential that electrons traveling in opposite directions have spins
oriented in opposite directions as well in the one-dimensional (1D) edge state [18]. These
topographical insulators along with Dirac and Weyl semimetals have reopened up a new surge
in research on the transport properties of such interesting topographical materials [19]. Even
though these transport anomalies are still mostly unclear, some groups suggest that interlayers
of these semimetals play a crucial role in defining the topological behavior of these materials
in bulk [20]. However, definite experimental confirmations of the topological character of
ZrTes is as yet uncertain [31]. The uncommon temperature advancement of the electronic
transport properties of ZrTes comprises in a resistivity peak at T* joined by a sign inversion
of the Seebeck coefficient [3]. Seebeck coefficient S, is what is used to denote the

thermoelectric power of ZrTes and is defined by the equation E=S V T, where E is the electric

field generated by the crystal [3]. However, because of the impurities present and sample
defects resulting from the specimen development conditions, T* depends critically on the

specimen and it can shift from ~ 60 K to ~ 170 K. The source of these confusing properties



has been subject of significant research and diverse systems including a basic stage change,
development of charge density waves (CDW) and the nearness of polaronic charge bearers
have been considered [26]. However, straightforward experimental confirmations supporting
these speculations are yet missing, and a consistent agreement about the behavior of its band

structure versus temperature has not yet been determined.

Studies on the electronic band structure of the material has uncovered a shift in the
band towards lower E — Er energy states, which was monotonic in the researched temperature
scope of 300 — 125 K. Specifically, the energy of coupling of the characteristic Dirac cone at
the I" point of the Brillouin zone achieves its pinnacle at ~ T*. The electronic properties of
ZrTes are governed by the valence and conduction band branches that have almost a linear
dispersion at the center of the Brillouin zone [19]. The T point as discussed above, is basically
a small spot on the center of the Brillouin zone that is depicted as a constant energy contour
at the Fermi Level in an ARPES data plot. There are also bands at the Brillouin zone
boundaries that crosses the Fermi levels at low temperatures when the momentum space of
the Brillouin zone is mapped [19]. There are no other energy bands observed over the Brillouin
zone at any other temperatures and these bands around the Brillouin zones are what result in

the interesting topological properties of ZrTes [5].
1.2 Applications of Zirconium Telluride

Quantum Hall states belong to a topological category of materials that cause a rupture
on the time reversal symmetry in the presence of external magnetic fields [14]. A topological
insulator (TI) [14] can improve the electronic transport inside a bulk insulator, which are

topologically secured. In two-dimensional (2D) Tls, in particular, the quantum spin Hall



(QSH) separators [14], the low-energy (back) scrambling of the boundary states are denied by
the time-inversion symmetry that causes transport edge channels and the QSH effects [14].
Several experimental results confirmed how 2D topological insulators showed quantum hall
effect in some telluride quantum wells [14]. However, the known experimental verifications
of the QSH impact in HgTe/CdTe quantum-well structures require extreme synthesis
conditions like the precisely controlled molecular beam epitaxy (MBE) and the ultralow
temperature because of the bulk bandgap of the levels of a few meV, which extremely prevents

additional test studies and conceivable applications [14].

To be a "decent™ quantum spin hall insulator, the material must meet the accompanying critical
criteria: (1) It must be a decent layered material to effectively acquire the chemically stable
2D framework; (2) it must have an expansive 2D mass bandgap to figure it out the QSH impact
at high temperatures [14]. The principal proposition of graphene as a QSH separator is
basically futile in light of its amazingly small gap (1072 meV) instigated by spin-orbit coupling
(SOC) [14], albeit, up until now, graphene is the best 2D material and that be effectively made
even by the scotch-tape technique [14]. As of late, Bi-Tel has been proposed as another
possibility for a QSH insulator [14] even though it has a small bandgap. The bismuth (111)
bilayer is conceivably a substantial bandgap (around 0.2 eV) QSH cover [14]. In any case, its
interlayer holding is solid, and its synthesis is difficult [14]. A few different propositions such
as ultrathin tin films and the CdsAsz quantum well have a similar issue. Since they are not
layered materials, the very much controlled molecular-beam-epitaxy (MBE) system is
required to acquire the ultrathin-films. These films, because of their different transport
properties at different layers can then be employed in several practical applications in

electronics as well due to its conductivity similar to that of graphene layers [14]. These



topological properties and Quantum spin Hall effects properties make ZrTes particularly

useful in spintronic devices and quantum computing [18].
1.3 Potential Applications as Double Layered Thermoelectrics

Straightforward double layered pentatellurides like ZrTes, already known as layered
thermoelectric materials, are interlayer feebly reinforced materials equivalent to graphite [14].
Their single-layer sheets, which can be made, on a basic level, without MBE, are QSH
protectors with a vast mass hole, and they are powerful against cross section mutilations [14].
Along these lines, ZrTes is a very promising 2D Tls that fulfill both of the above conditions
and clear another route to facilitate test examines the effects of QSH [14]. Also, certain
estimations demonstrate that the three-dimensional (3D) crystals shaped by the stacking of
layers are situated in the region of a progress amongst solid and powerless TI, additionally

making them an ideal stage to consider the topological quantum-stage changes [14].
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CHAPTER 2: Experimental Materials

In this study, the crystal growth of ZrTes is attempted through a known recipe. The
elemental composition of the different crystals is also assessed through, X-Ray Diffraction,

X-Ray Photoelectron Spectroscopy and Scanning Electron Microscopy.
2.1 Raw Materials

ZrTes was synthesized by taking pure Zr (Alfa Aesar- 3N) with Te source elements
(Alfa Aesar- 6N) and high purity of transport agent “I2”. The high purity of ampoules was

prepared by a glass blower Aaron Babino [51].
2.2 Crystal Growth

ZrTescrystals were grown by a chemical vapor transport method (CVT). The materials
were loaded into a sealed and evacuated ampoule that placed in a furnace in horizontal position
to grow the crystals. The furnace was heated to 520 and 450 °C respectively to growth the
crystals. The crystals with a metallic sheen were successfully obtained after growing in the

temperature gradient for over 10 days [51].
2.3 Growth Mechanism

Schematic in figure 2 (a) displays the chemical vapor transport (CVT) growth furnace.
In the beginning, temperature adjustment is carried out on the furnace [51]. In order to
maintain crystal growth, the mixture of ZrTes together and specific quantity of the transport
agent are placed at the hot zone of the tube (T2). Also, as an avenue for crystal growth, the
end of the tube is kept at the low temperature (T1). “The raw materials and transporter may be

volatilized in the form of a chemically intermediate phase at a high temperature”. The
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chemical intermediate decays and forms ZrTes nuclei and compress at the internal surface of
the tube as seeds when the intermediate phase diffuses to the lower temperature growth area.
Next, ZrTes vapor molecules combine the seeds, and the seeds slowly grow into single strip
crystal as shown in figure 2.1 (b). This growth is ruled by an intrinsic property of the material
which causes different growth rates along different directions. The growth along the a-
direction is the fastest, followed by c, and b, respectively with the a — ¢ place growing into the
surface that is exposed dominantly [51]. Finally, high crystalline ZrTes can be growth after
adjusting the growth parameters such as the concentration of the transport agent, the

temperature gradients, and the shape of the tube [51].

( Volatiles > ZrTes single crystal
5 b

. ZrTes+ Transport agent  ——=~ ¥ "Rq—‘a

Raw materials zone T>>T4 Crystal growth zone
(T2) (T1)

eeeeocceccccece

Figure 2.1 (a) schematic shows the CVT growth furnace of ZrTes single
crystal. (b) Picture of the grew up of ZrTes single crystals on the internal
surface of the tube.
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2.4 The Usage of Nitrogen

Before taking the samples out for further characterization, Nitrogen gas was employed
to get rid of iodine and also to clean them. Nitrogen is a non-reactive gas. It is an abundant,
stable gas that has several commercial and biological properties that can be exploited in the
synthesis of several materials as well as by industries. In the synthesis of several materials,
nitrogen provides an inert environment that prevents the oxidation of samples. It is also useful
in getting rid of different unstable organic compounds that maybe a side effect of various
synthesis processes. Also, it can be used to clean and reduce different toxic materials in a

reaction solution or in a gaseous phase [65].
2.5 Calculations for Producing ZrTes

In this study, seven samples were prepared to grow Zirconium Pentatelluride. Those
samples have different Zr concentrations, Te concentrations and I “the transport agent”
concentrations to grow successful and high quality of ZrTes crystals. The ratios of those
samples were different. In the first sample, we took a piece of the Zr and measured. Then, we
calculated the Te by using that measurement; however, the material for sample 2,3 were
five times, and ten times smaller than the first try. Sample 4 was by using half the amount of
the ratio that has mentioned in the reported work [51]. For samples 5 and 6 the concentrations
were decreased gradually to have long seeds of ZrTes. However, in the last sample, the
concentration of ZrTes was 2 grams as mentioned in Lv’s work [51], whereas the transport

agent concentration was decreased to 1.2.



Concertation Mass of Mass of Mass of
Tellurium (Te) | Zirconium (Zr) | Transport
Samnels g g agent (I2) g
First attempt 1.22 0.0174 1.7
Second attempt 0.244 0.0174 ¢ 0.34
“less 5 times”
Third attempt 0.122 0.0174 0.17
“less 10 times™
Fourth attempt (1 g) 0.877 0.123 1.7
Fifth attempt 0.469 0.067 0.9
Sixth attempt 0.05 0.361 0.7
Last attempt (2 g) 1.754 0.246 1.2

Table 2.1: Calculations for producing ZrTes

13
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CHAPTER 3: Experimental Technique

3.1 Crystal Characterization

ZrTessamples were characterized by X-ray diffraction using Cu-Ka radiation as an X-
ray source at a scan rate of 0.6° per minute, and the 26 scanned was from 10°-70°. The
synthesized ZrTes samples were also investigated by XPS (X-ray photoemission

spectroscopy), and by SEM scanning electron microscopy [51].
3.1.1 X-Ray Diffraction (XRD)

In last few years, X-ray diffraction (XRD) has become an important technique for
examining the properties of the fundamental studies and crystals structure and polymers [31].
It is a powerful nondestructive technique for characterizing crystalline materials [38]. It gives
information on crystal structure, phase, preferred crystal orientation, and other structural
parameters, such as average grain size, crystallinity, strain, and crystal defects [38]. Around
95% of solid material can be described as crystalline [38]. At the point when x-rays collaborate
with a crystalline substance, one gets a diffraction design [32]. In 1919 A. W. Hull gave a
paper titled, "A New Method of Chemical Analysis" where he highlighted that each crystalline
substance gives a specific pattern; a similar material dependably gives a similar pattern, and

an independent set of patterns are created in a mixture of materials [33].

Diffraction patterns are obtained when electromagnetic radiation falls on crystalline
structures with geometrical arrangements in length of the same order as that of the wavelength
of the incident radiation. The interatomic spacing in crystalline solids and molecules are about
0.15- 0.4 nm, which is about the same as the wavelength of x-rays in the electromagnetic

range having photon energies of 3 - 8 keV. As is the case, processes like the constructive and
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destructive interference are fairly conceivable when crystalline and molecular structures are
subjected to x-rays [57]. Before the geometrical requirements for x-ray interference are
determined the influence of x-rays on matter must be considered. There are three unique sorts
of collaboration in the significant energy range [57]. In one form of interaction, electrons
might be freed from their bound nuclear states during the time spent photoionization. Since
energy and momentum are exchanged from the approaching radiation to the energized
electron, photoionization falls into the gathering of inelastic scattering forms [57]. What's
more, there exists a different sort of inelastic scattering that the incident x-ray radiation may
experience, which is named Compton scattering. Likewise, in this Compton scattering, energy
is exchanged to an electron, which continues, however, without discharging the electron from
the atom. At last, x-rays might be scattered elastically by electrons, which is named Thomson
scattering [57]. In this last procedure, the electron wavers like a Hertz dipole at the recurrence
of the incident radiation and turns into a source of dipole radiation. The wavelength A of x-
rays is saved for Thomson scattering as opposed to the two inelastic scattering forms specified
previously. It is the Thomson segment in the scattering of x-rays that is made utilization of in

basic examinations by x-ray diffraction [57].

3.1.1.1 Powder X-Ray Diffraction

In X-ray diffraction work we regularly recognize single crystal and polycrystalline or
powder samples. The powder diffraction technique is a preferably suited for sample
characterization and recognizable proof of polycrystalline stages [35]. Today around 50,000
inorganic and 25,000 organic single part, crystalline, diffraction designs have been gathered
and recorded in different online and offline databases. The principle utilization of powder

diffraction is to distinguish parts in a specimen by a search/match strategy. Moreover, the
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regions under the peaks are identified with the contribution of each phase present in the
specimen [38]. In powder or polycrystalline diffraction, it is imperative to have a sample with
a smooth plane surface. Generally, large, chunky samples are ground down into finer particles
with sizes of around 0.002 mm to 0.005 mm cross area [57-59]. The perfect sample is
homogeneous also, the crystallites are randomly oriented so that intensity ratios can be
analyzed accurately for quantitative purposes. This quantitative analysis will not be possible
if the crystals are not randomly distributed because there will be a definite change in the

intensity ratios that would affect further calculations [57-59].

The specimen is squeezed into a sample holder with the goal that we have a smooth
level surface. In ideal measurement conditions, we now have random distribution of all
conceivable h, k, | planes. Just crystallites having reflecting planes (h, k, I) parallel to the
example surface will add to the reflected powers. On the off chance that we have a really
arbitrary specimen, every conceivable reflection from a given arrangement of h, k, | planes
will have an equivalent number of crystallites adding to it. We just need to shake the example

through the looking point 0 to create all conceivable reflections [57-59].
3.1.1.2 Single Crystal X-Ray Diffraction

The single crystal samples are perfect (all unit cells adjusted in an impeccable
geometric pattern) crystals with a cross segment of around 0.3 mm [58]. The single crystal
diffractometer and related software is utilized for the most part to illustrate the crystal structure
of specific compounds, either naturally occurring or man-made materials [58]. The samples
are undivided and optically transparent single crystals. Their size ought to be between 0.1 and

0.2 mm in a 3D orientation [58]. They are typically chosen utilizing a simple optical
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microscope, magnified to about 40x, loaded with a polarizing accessory and observing if light

disappears consistently every 90° when turning the translational phase of the magnifying lens.

The structure parameters are reciprocal lattice vectors though the electron density is
from the real space. The diffraction pattern is the Fourier transformation of the electron beam
and the electron density is the converse Fourier transformation of the diffraction pattern [59].
The slow forces of a diffraction pattern allow the assurance of just the structure factor
amplitudes but not their specific phases [59]. The computation of the electron density isn't at
that point obtained directly from experimental estimations and the phase values must be
acquired through different strategies. This is the apparent phase issue. The most common
techniques to beat the phase issue are immediate techniques and techniques in view of the
Patterson function. The previous are the most essential in X-ray crystallography and the latter
are right now used when analyzing materials involving heavy atoms [59]. The phases are
acquired approximately and must be refined. With the figured phases and structure factors
amplitudes, at first an electron density map is determined from which the specific atomic

positions can be calculated [59].
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3.1.2 X-Ray Photoelectron Spectroscopy

In this study, X-ray photoelectron spectroscopy is applied to investigate the chemical
elements and the binding energy of the compound. X-ray photoelectron spectroscopy is a
surface characterization technique analysis. It shows the nature of the chemical bond that
exists between the elements and the chemical elements which are existing at the surface. A
monochromatic beam of high-energy photons (X-rays) strikes on the example to be
considered, energizing an electron in the specimen to a higher energy excited state [39]. On
the off chance that the energized state is higher than the "vacuum level™ of the specimen (the
sum of the Fermi energy and the work function), the electron might be launched out into the
vacuum and gathered and energy examined by the electron spectrometer [40]. With
information on the last state electron energy and the energy of the x-rays, energy preservation
at that point enables us to conclusively decide the underlying state energy of the electron
before it was ejected from the specimen, utilizing the condition Ex = hv — BE — ¢ where Ek is
the kinetic energy of the electron ejected from the surface, hv is the photon energy, BE is the
binding energy of the electron in the sample, and ¢ is the work function [41]. The peak as a
component of energy in this manner let us know the compound components in the specimen
that the electrons were launched out from. The quality or intensity of the peaks is relative to
the quantity of particles of any sort from which the electrons are launched out so that the
stoichiometry of an unknown sample can be distinguished, as well as the valence of the
chemical composition of the inner elements. Eventually, the surface sensitivity (in the region
of 5-50 A) permits a novel perspective of the physical and chemical properties of the material

surface [42].
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3.1.3 Scanning Electron Microscope

A scanning electron microscope (SEM) is a sort of electron microscope that creates
images of a sample by scanning the surface with a concentrated beam of electrons. The
interaction of electrons with atoms in the sample produces several signals that have
information about the sample's surface external morphology and chemical composition. To
produce an image, the electron beam is scanned in a raster scan pattern, and the beam's
position is merged with the revealed signal. In conventional SEM, samples can be observed
in high vacuum, or in low vacuum or wet conditions and at a broad range of low or high
temperatures with particular instruments [43].

The detection of secondary electrons emitted by atoms which excited by the electron
beam is the most common SEM mode. The number of secondary electrons that can be detected
be contingent among other things on sample topography. Finally, an image displaying the
topography of the surface can by created by scanning the sample and collecting the secondary

electrons that are emitted using a special detector [43].

100pm  Mag= 27X Signal A = TV Universit
= Date :15 Mar 2017 clelaiven?
H WD=120mm  SH1 =200V gionaig = SE2 of Idaho

Figure 3.1 shows the sample inside SEM instrument.
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CHAPTER 4: Results

4.1 X-Ray diffraction:
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Figure 4.1 X-Ray diffraction patterns of (a) first attempt, (b) sixth attempt, (c) fifth
attempt, and (d) fourth attempt respectively

Displayed in figure 4.1 (a) is the first attempt when the concentrations are Zr: 0.017,
Te:1.22 and I: 1.7. The XRD diagram comprises of 8 sharp peaks between 15° and 65° and
several broader low intensity peaks as well in this range. However, these peaks do not match

with the ICSD database for any form of ZrTes.
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Sixth attempt is shown in figure 4.1 (b) the peaks are observed at 18°, 26°, 27°, 29°, 33°, 36°,
49°, and 51° could be assigned to the ZrTes. Figure 4.1 (c) was closest to the reported form of
ZrTes powders and with the standard database (ICSD Code: 085506). Figure 4.1(d) presents
the fourth attempt which is fairly noisy with prominent peaks appearing at 27°, 39°, 40°, 42°,

50°, and suggesting a powder ZrTes phase might be present.
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Figure 4.2 Standard XRD patterns, powder XRD patterns

and single crystal XRD patterns (measured on a—c and a—b
planes, respectively) of ZrTes samples, respectively [51].
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Figure 4.3 X-Ray diffraction pattern of the last attempt

Presented in figure 4.3 is the last attempt for ZrTes growth. The peaks corresponded
to the OKO planes that were characteristic for a — ¢ as the maximum exposed surface of the
crystal. These peaks can be assigned as (020), (040), (060), (080), and (0100) for 26 values
are about 13°, 26°, 38°, 51° and 65°, respectively. The peak at 65° is supposed to have the
same relative intensity as the peak at 65° in the reported work, while the other intensities are

the same.
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4.2 X-Ray Photoelectron Spectroscopy (XPS):
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Figure 4.4 XPS survey spectra of the sample with Zr = 0.0675 and Te = 0.469 for the
binding energy range between 0 — 700 eV and the characterestic peak of Zr, Te, O, and C
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Figure 4.5 High-resolution XPS of (a) Zr and (b) Te, of the sample. Figure.2 (a) shows the
high-resolution XPS of the Zr 3d sample and the characteristic 3dz.2 and 3ds/2 doublet of Zr
that is present at 182.7 and 185.2 eV, respectively. Figure.2 (b) shows the high-resolution

XPS of Te and the characteristic doublet of 3d Te, 3ds/2, and 3ds.2 which exists clearly at

573.2 and 583.5 eV.
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Figure 4.6 XPS survey spectra of the sample 2 with Zr = 0.05 and Te = 0.361 for
the binding energy range between 0 — 700 eV, and characteristic peaks of Zr, Te,
OandC
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Figure 4.7 High-resolution XPS of (a) Zr and (b) Te, of the sample. Figure 4.7 (a)
demonstrates the high-resolution XPS of the Zr 3d and the characteristic 3d32 and 3ds.2
doublet of Zr which can be seen at 182.5 and 185.2 eV. Figure 4.7 (b) shows the high-
resolution XPS of Te and the characteristic doublet of 3d Te, 3ds/2, and 3ds/2 that present

at 573 and 583.5 eV, respectively.
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Figure 4.8 X-ray photoemission spectroscopy (XPS) results of binding energies of Zr
and Te. The inset table summarizes the atomic ratio of measured sample [64].
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4.3 Scanning Electron Microscope (SEM):
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Figure 4.9: The first attempt of growing nanosprings on a chip of silica.
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Figure 4.9 presents two SEM images of nanosprings viewed at 2.52 k x and 677 x
magnification with Zr; Te concentrations of 0.0174 g and 1.22 g respectively. It can be clearly
seen that, although there are nanosprings in both images, they are not uniform and did not

form very well.
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Figure 4.10: a SEM image for the sixth sample of growing ZrTes
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Figure 4.11: The layers of ZrTes for the sixth sample in different magnifications

Displayed in Figure 4.10 is a SEM image of the layers of ZrTes at 1.20 k x
magnification with Zr; Te concentrations of 0.05 and 0.36 g respectively. We can obviously
see the very uniform layers of ZrTes that are stacking on top of each other, and we can also

notice some layers are peeling off.

Illustrated in figures 4.11 is the SEM images of ZrTes at 54 x and 263 x. The first
image shows some layers of the zirconium telluride are peeling off, and the second image

displays its uniform layers.
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Figure 4.13: The last attempt of growing ZrTes when Zr: Te is 2 g.
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Demonstrated in Figure 4.12 is the SEM image of ZrTesat 1.00 k x magnification with
Zr; Te concentrations of 0.246 g and 1.75 g respectively. It is difficult to see the layers, but it

has a uniform coating as expected.

The displayed figure presents the last attempt of growing ZrTes when the
concentration of the transport agent increased to 1.2 g while the mixture of Zr; Te was 2 g. It

can be observed that some parts are layer by layer while other parts are very dense.
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CHAPTER 5: Discussion

5.1 Procedure of the Crystal Growth

The samples were synthesized in different conditions to have long and successful
ZrTes crystals. Initially, the first synthesis was unsuccessful because of the excessive amount
of iodine and Te. Although it coated nanosprings, they did not form very well. The experiment
was repeated for 2 samples with iodine and tellurium concentrations reduced to about 5 and
10 times than their initial level. Once again, the results proved there is no ZrTes in those
samples which could be due to the temperature gradients. Another attempt to grow ZrTes
crystals was to adjust the temperature start point of from 450 °C to 520 °C. This attempt did
not grow ZrTes. Last try was to change the shape of the ampoule. In the previous samples, Zr
was placed in the middle of one side while Te and the transport agent were added to the other
side in no particular order. A chip of silica was placed at the end of each ampoule in order to
coat nanosprings. Eventually, the shape of the ampoule was changed to an elongated ampoule
with a certain measurement that was about 3 cm in diameter and 12 cm long. This method

grew so ZrTes, but did result in short seeds.

The next target was to grow long seeds of ZrTes. Programing the furnace temperature
was the first attempt. The furnace was programmed to change the temperature gradually and
automatically without any manual supervision. It was programmed at 520 °C and 450 °C
respectively for 10 days before allowing them to cool and removing the samples from inside.
Unfortunately, long seeds were not obtained in this way. Thus, it was assumed that a slight
increase in transport agent level could play a role in growing the seeds. This assumption was

built because it was observed that in one of the samples when the transport agent was 0.9 g, it
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grew longer seeds than when it was 0.7 g. Eventually, long seeds were successfully grown

when the transport agent was 1.2 g.

The successful growth of ZrTes was achieved with 1.2 g of I2, 1.754 g of Te, 0.246 ¢
of Zr in the ampoule shape that was elongated and a temperature profile that started at 520°
went from 520° to 450° C respectively in 10 days, and then from 370 to 300 for one day and
then from 220 to 150 for one day as well, then the sample stayed in the room temperature for

a day.
5.2 X-Ray Diffraction

In this study five samples were characterized. First, 4.1 (a) is the first attempt of
growing ZrTes. The XRD diagram comprises of 8 sharp peaks between 15° and 65° and
several broader low intensity peaks as well in this range. However, these peaks do not match
with the ICSD database for any form of ZrTes. Therefore, it is difficult to assign them to any
hkl values. This attempt did not grow ZrTes which could be due to the excessive amount of
Te and the transport agent or the present of nanosprings on the surface of the sample. The full
width at half maximum (FWHM) of the XRD peaks gives a very good estimate into the
material crystallinity and also helps calculating the crystallite size using the Debye-Scherrer

formula:
0.944

D =——
ﬁ%cosﬁ?

F

where A is the X-ray wavelength which is 1.54 A, B1/2 is the FWHM, and 0 is the diffraction
angle. The FWHM of the most intense peak at 28° can be used to calculate the crystallite size

which we calculated the size as 97 nm.
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In fig 4.1(b), peaks are observed at 18°, 26°, 27°, 29°, 33°, 36° 39°, 49° and 51°, all
these peaks could be assigned to the ZrTes powder phase [51]. The average crystallite size for
this sample was calculated as 54 nm based on the peak information of the most intense peak
at 26°. These peaks probably suggest the growth of the material in no specific direction since
there appears to be a random distribution of all diffraction peaks. The different cell parameters
of ZrTes was originally calculated by Fjellvag and includes a, b, and ¢ values including the
cell volume. These values were experimentally verified by several others as well [53-54].

Fig 4.1(c) was quite closest in appearance to the reported form of ZrTes powders with
experimentally obtained peaks in the given X-Ray diffraction patterns corresponding closely
with the standard ICSD database for powder ZrTes (ICSD Code: 085506). The peak at 13° is
supposed to have the same relative intensity as the peak at 25° and the crystallite size 97 nm
[52], while the peak at 65° is missing. All the other peaks in this XRD corresponded to the
orthorhombic phase of ZrTes. This means that XRD peaks corresponding to other phases of
ZrTes were not observed.

Fig 4.1(d) is fairly noisy with prominent peaks appearing at 27°, 39°, 40°, 42°, 50°,
suggesting that a powder ZrTes phase might be present, even though there could be some peak
shift. It is extremely difficult to assess the multiple phases of the sample since it is very noisy
background. The crystal size for the most intense peak 27° in this sample is 26 nm.

In figure 4.3, the peaks corresponded quite to the OkO planes of the crystal, that were
characteristic for the crystals grown in an a — ¢ plane direction as the maximum exposed
surface of the crystal. These peaks can be assigned as (020), (040), (060), (080), and (0100)

for 20 values are 13°, 26°, 38°, 51°, and 65°. The peak at 65° is supposed to have the same
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relative intensity as the peak at 65° in the reported work, while the other intensities are the

same that could be due to the elemental composition of the sample or preparation conditions.

5.2 X-Ray Photoelectron Spectroscopy

In this study, the successful growth of ZrTes crystal was investigated. In general, Zr
has a binding energy range from 190-175 eV and its characteristic peaks are generally
observed between 182.7 and 185.5 eV [41], while the binding energy of Te has a range from
587-567, and the characteristic peaks for Te are detected between 573 and 583.7 eV [42],
whereas that for the standard calibrating “adventitious carbon” C, is obtained at 285 eV [43].

From XPS data it is evidence to say that all these peaks can be seen in our spectra.

Presented in figure 4.4 is the survey spectra of the sample with Zr = 0.0675 and Te =
0.469 for the binding energy range between 0 — 700 eV and characteristic peaks of Zr, Te, and
C can been seen in this spectrum. While the peaks corresponding to O (534 eV), Te (572.3
and 583.7 eV) are quite sharp and intense, the peaks corresponding to C (285 eV) and Zr (183
and 185.5 eV) are low and broad. Whereas, figure 4.5 (a) displays the high-resolution XPS of
the Zr 3d. The characteristic 3ds;2 and 3ds/2 doublet of the Zr can be seen at 182.7 and 185.2
eV, respectively. These peaks are broad and have low intensities, which could be due to the
low concentrations of Zr. Figure 4.5 (b) shows the high-resolution XPS of Te. The
characteristic doublet of 3d Te 3ds2 and 3ds/2 exist at 573.2 and 583.5 eV, which confirming
the attendance of Te in the specimen. The relatively high intensities of Te is due to the

excessive amount of Te in the sample [44].

Displayed in figure 4.6 is the survey spectra of the sample with Zr = 0.05 and Te =

0.361 for the binding energy range between 0 — 700 eV and the characteristic peaks of Te, Zr,
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O and C. The peak corresponding to O (536 eV), Te (573 and 583 eV) are quite sharp and
intense, while the peaks corresponding to Zr (182.5 and 185 eV) and C (283.7 eV) are low
and broad. However, figure 4.7 (a) presents the high-resolution XPS of the Zr 3d. The
characteristic 3dss, 3ds/2 doublet of Zr can be seen at 182.5 and 185.2 eV, respectively. These
peaks are broad and have low intensities, probably due to the low concentrations of Zr.
However, we note some additional satellite peaks that are not supposed to be there. Figure 4.7
(b) shows the high-resolution XPS of Te and the characteristic doublet of 3d Te, 3ds/, and

3ds/2 exist at 573 and 583.5 eV, respectively, indicating the presence of Te in the sample.

The difference in the intensities can be attributed to the peak processing such as
smoothing, that can alter the relative intensity of the peaks. The XPS technique is a surface
phenomenon and “whatever data has been extracted is based on the data on the surface” [45].
In other words, XPS can detect extremely small amounts of absorbed O from the material
surface. This is why the peaks corresponding to O is clearly visible in the samples. It is easy
for environmental oxygen to adsorb on the surface of the crystal [46]. However, the C peak is
often referred to “Adventitious Carbon” that supposed to be at 284.5- 285 eV. In addition, the
material surface can have hanging or incomplete bonds, which can result in shifting the BE to

lower energy values or reduce the intensity of the peaks [47].

Zr 3d 5/2 Peak

The position of the Zr 3ds/2 peak for the first sample was obtained at 182.5, which is
well within the range of the expected position of Zr. For the second samples, the 3ds/2 peak
was obtained at 185.2 eV, which is the same as that as the first powder. In literature, the Zr
3ds/2 peak of ZrTes is reported at about 183 eV [64]. The second sample had an additional

peak on the lower BE of the 3ds/2 peak which may be due to an impurity. Since it has a lower
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BE, it could mean there is a mixed phase of Zr, or there could be ZrO2. All these are

possibilities and are consequences of the methods of synthesis.
Te 3ds2 Peak

The Te 3ds2 is reported between 571 and 576.3. In some specially grown (Pb,Ge)Te
composites, the Te 3d5/2 peak was obtained at 571.5eV. In a PbTe material, the Te peak was
obtained at 572.3 eV and in GeTe, it was observed at 571.8eV [63]. In the XPS of the first
and second samples, the Te 3ds2 peaks range between 573 and 573.2 eV, which are well
within the reported values of Te [63]. In the case of ZrTes, the Te peak has also been reported
around 573 eV, suggesting that there is Te present in the sample. However, phase
quantification using XPS is almost impossible since this is primarily a surface technique.
However, the relative peak intensities and the ratio of the area under the curves for the Zr and
Te peaks would give a decent approximation as to the relative atomic ratio between the two
elements [64]. It can be seen in all the samples that the counts on the intensity axis is much
higher for Te compared to Zr. This shows that the concentration of Te in the samples are much

more, confirming that perhaps the Zr:Te ratio is about 1:5.
5.3 Scanning Electron Microscopy Discussion

In this experiment, figure 4.9 displays the first attempt of growing nanosprings on a
silica. It can be observed that the ZrTes did not cover uniform nanosprings, and also it can be
seen there are some parts did not cover at all, and some parts are very dense, so these make it
difficult to distinguish the nanosprings. Hence, these effect on the results, and there are no
more nanosprings on the sample. Also, we can notice that, the present of the nanosprings in

this sample prevents the growth of ZrTes. Figure 4.10 presents the layers of ZrTesat 1.20 k x
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magnification with Zr; Te concentrations of 0.05 and 0.36 respectively. We can obviously see
the very uniform layers of ZrTes that are stacking on top of each other, and we can also notice
some layers are peeling off this probably due to the heat. In figures 4.11, It can be clearly seen
the first image shows some layers of the zirconium telluride are peeling off, while another
image shows uniform layers. However, in figure 4.12., it is difficult to see the layers, but it
has a uniform coating as expected. Finally, figure 4.13 indicates that, some parts are layer by
layer and some parts are very dense. So, by comparing this figure with figure 4.12, we can
evidently notice how the difference in the concentrations play a role. Hence, when the

materials are increased to 1 g, we are able to observe the layers of ZrTes
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CHAPTER 6: Conclusions

The samples were synthesized through a chemical vapor transport technique and the
detailed recipe for the successful synthesis and crystal growth conditions have been
elaborately mentioned in this paper. The synthesized materials were characterized using XRD,
XPS and SEM. The X-Ray diffraction for sixth and the last attempts present the successful
crystals phase of ZrTes, while the fifth attempt shows some phases for ZrTes, which is the
closest in appearance to the reported form of ZrTes powders. The fourth attempt illustrate a
powder ZrTes phase might be present even it is difficult to assess the phases. Thus, the
successful growth of ZrTes was achieved after adjusting the growth parameters such as the
concentration of the transport agent, the temperature gradients, and the shape of the ampoule.
For the XPS measurements of the samples with different Zr:Te ratios, resulted in almost
similar results. While for the all the two samples, the Zr 3d doublet peaks were low in intensity
and clearly visible, there were a few additional satellite peaks observed for the first sample.
However, the Te doublets in all cases were sharp and highly intense, confirming that Te was
in excess and the relative intensities of the peaks suggested that Zr:Te composition was almost
1:5. The SEM images for sixth and last attempt illustrate the layers of ZrTes, and these samples

are ZrTes, while the fourth attempt could be ZrTes but the layers are not clearly visible.
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APPENDIX 1

Chemical properties of zirconium (Zr)

Atomic number

Atomic mass
Electronegativity according to Pauling
Density

Melting point

Boiling point

Vanderwaals radius

lonic radius

Isotopes

Electronic shell

Energy of first ionisation
Energy of second ionisation
Energy of third ionisation

Energy of fourth ionisation

40

91.22 g.mol !
1.2

6.49 g.cm™ at 20°C
1852 °C

4400 °C

0.160 nm
0.08 nm (+4)
11

[ Kr] 4d2? 5s2
669 kJ.mol -
1346 kJ.mol -
2312 kJ.mol -1

3256 kJ.mol -1
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https://www.lenntech.com/Periodic-chart-elements/Zr-en.htm#Zirconium_
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APPENDIX 2

Chemical properties of tellurium (Te)

Atomic number

Atomic mass

Electronegativity according to Pauling

Density

Melting point

Boiling point

Vanderwaals radius

lonic radius

Isotopes

Electronic shell

Energy of first ionisation

Standard potential

Discovered by

52

127.6 g.mol -

21

6.24 g.cm™

450 °C

988 °C

0.137 nm

0.221 nm (-2) ; 0.089 nm (+4)
23

[ Kr]4d'0 5525p*
869.0 kJ.mol -

- 0.91 V ( Sb3*/ Sb)

Franz Muller von Reichenstein in 1782
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APPENDIX 3

Technical data for Zirconium

Click any property name to see plots of that property for all the elements.

Overview
Name Zirconium
Symbol Zr
Atomic Number 40
Atomic Weight 91.224
Density 6.511 glem®
Melting Point 1855 °C
Boiling Point 4409 °C

Thermal properties
Phase Solid
Melting Point 1855 °C
Boiling Point 4409 °C
Absolute Melting Point 2128 K
Absolute Boiling Point 4682 K
Critical Pressure NfA
Critical Temperature N/A
Heat of Fusion 21 kJ/mol
Heat of Vaporization 580 kJ/mol

Specific Heat 278 Ji(kg K)n°te!

Classifications
Alternate Names None
Names of Allotropes None
Block d
Group 4
Period 5
Series Transition Metal
Electron Configuration [Kr]5s24d?
Color Silver
Discovery 1789 in Germany
Gas phase N/A
CAS Number CAS7440-67-7
CID Number CID23995
RTECS Number N/A

Electrical properties
Electrical Type Conductor
Electrical Conductivity 2.4%108 S/m
Resistivity 4.2x107 m Q
Superconducting Point 0.61
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APPENDIX 4

Technical data for Tellurium

Click any property name to see plots of that property for all the elements.

Overview
Name Tellurium
Symbol Te
Atomic Number 52
Atomic Weight 127.6
Density 6.24 g/cm®
Melting Point 449.51 °C
Boiling Point 988 °C

Thermal properties
Phase Solid
Melting Point 449.51 °C
Boiling Point 988 °C
Absolute Melting Point 722.66 K
Absolute Boiling Point 1261 K
Critical Pressure N/A
Critical Temperature N/A
Heat of Fusion 17.5 kJ/mol
Heat of Vaporization 48 kJ/mol

Specific Heat 201 J/(kg K)In°tel

Classifications
Alternate Names None
Names of Allotropes None
Block p
Group 16
Period 5
Series Chalcogen
Electron Configuration [Kr}5s24d105p*
Color Silver
Discovery 1783 in Romania
Gas phase N/A
CAS Number CAS13494-80-9
CID Number CID6327182
RTECS Number RTECSWY2625000

Electrical properties
Electrical Type Semiconductor
Electrical Conductivity 10000 S/m
Resistivity 0.0001 m Q
Superconducting Point N/A




