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Chapter 1: Introduction

Two dimensional van der Waals (vdW) materials have seen a signi cant increase in
interest among academic communities do to their potential applications in spintronics and
low size weight and power devices. Graphene being the rst 2D vdW material to garner at-
tention was rst discovered after the exfoliation of bulk graphite utilizing scotch tape.[3] Its
monolayer of tightly packed carbon atoms in a honeycomb lattice with exceptionally high
crystallinity have shown unique and unusual electronics which has led to a new paradigm
of condensed-matter physics. Since the discovery of graphene and its unique monolayer
physics researchers have hypothesized the combination of different vdW materials to study
the chemistry and physics of the hetero structure junction and the race for discovering new
vdW materials began. Materials such agGeTe were synthesized that exhibit Curie tem-
peratures of 207 K in bulk and 130 K at the monolayer.[4] In attempts to increase the onset
of ferromagnetism to around room temperature chemist began the search for ferromagnetic
vdW materials by preforming doping of already known vdW materials. However, the li-
brary of 2D vdW materials continues to be limited so interest in pseudo 2D van der Waals
materials has seen an increased interest in the chemistry and material science communities.
In this thesis | preformed rst principles research on the pseudo 2D van der Waals material
CrcTey. Chromium tellurides offer a complex phase diagram with samples crystallizing in
a variety of different space groups that seem to heavy in uence the magnetic properties of

the material.



1.1 Ferromagnets

Ferromagnets have been an important part of human technology since the turn of the
century, many modern day transistors and semiconductors would be impractical without
the accompanied magnetic components.[5] The search for ferromagnetic materials has led
to the discovery of conducting, insulating and semiconducting ferromagnets, all of which
have a variety of applications in modern technology. Ferromagnets distinguish themselves
from other magnetic materials by having a large easily observable magnetic moment due to
the alignment of magnetic moments of magnetic ions in the solid material. Picture below
in Figure 1.1 is a simple representation of what ferromagnetic moments would look like
in one dimension. Magnetic materials have recently been used to make memory banks to
store information utilizing magnetic materials to store binary bits of information (0 or 1)
depending on the magnetic moment orientation. An "up” state could be representative of
a 1 and a "down” state as a 0, this has enabled modern day computers to function as we
know them today.[5] However, with the emergence of solid state drives hard disk drives
have become obsolete. Tuning materials Curie temperature that are pseudo 2D or 2D ma-
terials is paramount in creating devices that will be function-able at room temperature.
Chromium tellurides and their vast phase diagram provide a great opportunity to utilize
varying space groups and chromium amounts to tune ferromagnetic temperature to above
room temperature. [2] Chromium tellurides can be synthesized to a variety of different
space groups utilizing different chromium to tellurium ratios. Each crystal structure offers
wildly different magnetic properties with the vast majority of them being ferromagnetic
to some degree.[2, 6, 7] A recent study by Wen et al has shown Curie temperature can be
tuned to higher temperatures with thinner samples. Typically reducing layer thickness of
2D van der Waals materials results in a monotonic decrease in Curie temperature.[2] Inter-

estingly, CpTes shows the opposite of this widely observed property. One, two, and four



Figure 1.1: Ferromagnetism, Anti-ferromagnetism and ferrimagnetism representation. Arrows rep-
resent magnetic moment vectors.[1]

unit cell thick single crystals were grown via van der waals epitaxy on a mica substrate
and an increase of Curie temperature was observed.[2] Chromium-tellurides exact mag-
netic mechanism for the enhancement pfsTstill unknown but Wen et al hypothesize that

it may be due to the ultra-thin samples unique surface chemistry that would be similar to
doping in bulk. When the chromium telluride is suf ciently thick the unique surface chem-
istry resembles the bulk and the doping-like effect is decreased leading to its conventional
Curie temperature. With the possibility of tuning ultra-thin ferromagnetic materials to have
above room temperature magnetism, the realization of new hetero-structure devices may be
just upon the horizon. The discovery of 2-D van der Waals materials has raised signi cant

interest in the scienti c community due to their potential application in spintronics devices.



Figure 1.2: Study showing Curie temperature increase with decreasing layer thicknesteaf{2]r

While T increase is seen with thinner samples inTeg the opposite is usually true lead-
ing scientists to begin the search for new 2D van der Waals materials and so called pseudo
2D vdW materials. Below two dimensional van der Waals materials and pseudo van der

Waals materials will be discussed.

1.2 Two Dimensional Materials

Two dimensional van der Waal's materials have garnered signi cant interest recently
due to their ability to form hetero-structures comprised of one atom thin layers of varying

chemical make up.[8] The 2D layers typically have vastly different properties than their



three dimensional counter parts. The race to nd 2D vdW ferromagnets emerged and sci-
entists began synthesizing various transition metal dichalcogenides due to their wide elec-
trical properties. Transition metal dichalcogenides (TMD's) consist of compounds with the
broad formula M>% where M is any transition metal and X is a chalcogen. TMD's can form
insulating or semiconducting compounds when M is Ti, Zr, W or they can form metallic and
semi-metallic compounds when M is Cr, V, Nb.[8] Interesting magnetic phenomena have
been observed in TMD's to include itinerant ferromagnetism in atomically thin samples
as well as A-Type anti ferromagnetism in tantalum selenides.[4, 9] Research into TMD's
saw the important discovery of f&eTe (FGT) a two-dimensional vdW with high Curie
temperatures of roughly 205 K in bulk material.[10] FGT was discovered to have intrinsic
out of plane anisotropy even when exfoliated to the monolayer.[10] However, upon exfo-
liation the paramagnetic to ferromagnetic transition quickly dropped. While long range
magnetic ordering is observed it is quickly suppressed via thermal uctuations according
to the Mermin-Wagner theory.[11] Chromium tellurides may serve as a good candidate for
room temperature ferromagnetism due to the observed increase in Curie temperature upon
lessening the amount of layers.[2] Gong et al discovered that these thermal uctuations
can be counter acted by magnetic anisotropy and con rmed the existence of intrinsic long
range ordering via scanning magneto-optic Kerr microscopy.[11] Creating heterostructure
devices relies heavily on the unique properties that will appear at the 2D interface of dif-
ferent layers. First principle studies by Gong et al of 12 metal-graphene interfaces was
preformed and detailed electronic and atomic physiosorption and chemisorption proper-
ties were studied. [12] For chemisorption interfaces the combination of Pauli-exclusion
energy shifts and hybridized states tend to lead to band gap opening. Electric eld can
then be used to modulate graphenes energy levels creating new electronic states for de-
vice fabrication.[12] Mixed dimensional van der Waals Heterostructures have already been

developed utilizing One-dimensional Mpftomic wire and two-dimensional graphene.



The electronic structure of graphene was successfully changed due to sub-lattice symmetry
breaking via the inter layer interaction.[13] Building out mixed dimensional heterostruc-
tures utilizing two-dimensional vdW materials and three dimensional crystals can feasibly
change electronic structures at the 2D-3D interface making for new and exciting electronic
and magnetic properties. Due to the lack of room temperature 2D vdW ferromagnetic
materials scientists have expanded their search to pseudo 2D vdW materials, to aid in the

creation of hetero-structure devices.

1.3 Pseudo Two Dimensional Materials

Chromium tellurides have been referred to in recent literature as pseudo 2D van der
Waals materials due to their resemblance to Transition metal dichalcogenides crystal srtucture.[14
Chromium tellurides crystallize forming alternating layers of chromium full and chromium
de cient stacking. With low enough chromium content they begin to resemble 2D vdW ma-
terials like the above described MXtructures. The ability to exfoliate the materials via the
scotch tape method like true 2D vdW materials is limited but some amount of exfoliation
can be preformed. The crystals still show magnetic anisotropy when observed in the bulk
state and studies of thin Ims have shown the magnetic anisotropy remains in the ultra thin
domain.[15] However, a common FM to AFM transition is observed in chromium tellurides
and typically takes place below 100 K. Heterostructures of chemical vapor deposition thin

Ims have been made with near room temperature device performance. Chromium tel-
lurides offer interesting magnetic properties for application in heterostructure devices due
to their dual FM-AFM behavior.[16] In thin Im grown samples magnetic skyrmions with
random chirality have been observed lending teTés being an exciting candidate for
device fabrication.[17] In order for usable room temperature devices to be made efforts

towards synthesizing high temperature 2D magnets have been made.[18] Typical efforts



have relied on exfoliation of bulk materials on the wafer scale but often results in lower
than bulk curie temperatures. Due to this pseudo 2D materials have piqued the interest of
the scienti c community and self intercalated TMD's have shown promise of raising low
dimensionality materials operating temperatures to beyond room temperature. The promise
CrpTes shows with increasing curie temperature as thickness decrease make the chromium

telluride family ideal for study.[2]

1.4 Chromium Tellurides

Chromium tellurides crystallize in a variety of different space groups, each of which
offers unique magnetic structures. The typical overall structure is the Ni-As type structure
with hexagonal close packing of Tellurium and Chromium ions occupying the octahedral
holes. Figure 1.3 below shows a basic representation of the Ni-As type structure that the
chromium telluride family of compounds crystallizes in. Notably chromium lIs in alter-
nating layers of chromium full and chromium de cient stacking which may be the cause
of interesting magnetic properties observed. Most of the chromium telluride library con-
sists of ferromagnetic materials with Curie temperatures ranging from 180 K-340 K.[19]
Uniquely these ferromagnetic materials are also conducting and fall into the category of
itinerant magnets. Density functional theory calculations have shown the most important
interactions to be the Cd3 orbitals along the c-axis and the @r3Je 5p covalencey.[19]
Crystal structures are known for hexagonal phasge Je where X is at least 1, mon-
oclinic Cr3Tey, trigonal CpTes, and both monoclinic and trigonal £reg. While most
of these compounds have magnetic susceptibility measurements documented, few have
been taken to neutron diffraction sources to determine the true magnetic structure of the
material.[19] Often unique metamagnetic transitions around 70 K-100 K have been seen in

the chromium telluride family but few explanations have been given for the sudden change



Figure 1.3: Chromium Telluride crystal structure showing chromium full and chromium de cient
layers. Chromium full layers are represented by full blue spheres and chromium de ciency is rep-
resented by fractionally lled spheres.

in magnetic susceptibility.[20, 21] A neutron diffraction study of monoclinigT@ég shows

the introduction of an antiferromagnetic phase at low temperature alongside the expected
ferromagnetic phase. [21] Dzialoshinski-Moriya have derived the canted-spin structures as
an inherent consequence of super exchange interactions in spin-orbit coupled systems.[21]
However, this is typically a small effect and may not fully explain the AFM-like behavior
observed in the chromium telluride family. Recent research has shown temperature depen-
dent anisotropy in trigonal Gfeg. Mondal et al observe a paramagnetic to ferromagnetic
transition temperature of 220 K with the addition of weak antiferromagnetic contributions
below T¢.[20] Magneto-caloric effects have also been observed and were explored via eld

variation magnetization data near the Mondal et al's CgTeg shows a second order mag-



netic transition of 220 K. Their critical behavior studies have suggested a quasi-2D short
range type weak itinerant ferromagnetic interaction. [20, 22]

The ability to tune the Curie temperature of the T with additional chromium con-
tent shows a monotonic increase in Curie temperature with a suppression of the AFM-like
behavior observed at low temperature. Results from Zhang et al show a rapid increase
in ferromagnetic transition temperature in theGiTeg samples when X increases. It is
hypothesized that Chromium begins to Il the inter-layer sites and causes the local spins
of the intercalated Cr ions to align ferromagneticaly through the Tellurium 5d orbitals.[7]
Spin- ip behavior is observed in the €A4.1Te single crystals grown by Zhang et al. As
seen in other Chromium telluride crystals competing anti-ferromagnetic and ferromagnetic
domains are observed at low temperature. Signi cant splitting in magnetization versus
temperature is observed and was attributed to the competition of anti-ferromagnetic and
ferromagnetic domains. Zhang et al hypothesis a net ferromagnetic moment in the c-
direction with competing AFM moments in thab plain but no neutron diffraction study
was preformed to con rm the magnetic structure of these materials.[7] Zhang et al's tun-
ability study shows that with suf cient chromium occupancy the AFM contributions can be
suppressed almost entirely where a simple ferromagnetic ordering is observed Relow T
While AFM contributions can be suppressed a spin- ip behavior is observed in samples
of CrsxTeg Where x=0.11. Its observed that at low temperatures thermal energies are not
enough to un-pin the magnetic domains but when suf ciently high energy temperatures are
reached a sudden unpinning from the c-axis happens and magnetization increases greatly
in the ab-plane before a spin-re ip is observed to thdirection.

In the metal dichalcogenide Crdsimple ferromagnetic behavior is observed with a
Tc of 310 K. The CrTe crystallizes in a trigonal structure and is meta-stable due to its
decomposition recorded above 330 K.[23] Contrary to Zhang et al's work hypothesizing

increasing chromium content will allow ferromagnetic domains to dominant, Gfi@vs



simple ferromagnetism and has no competing AFM behavior despite being less chromium
rich than CgTeg. Magnetization versus temperature studies show a simple ferromagnetic
satirization with no meta-magnetic transition recorded belgwImterestingly ferromag-

netic moments are parallel to the ab plane which is in contrast to #egsystem where

the moments show its ferromagnetic easy axis to be parallel to the c-plane.[7, 23] Work
preformed by Huang et al shows higher than expected chromium moments of 3.80 4.3
which is higher than theoretically calculated values of s#37 This phenomena is of-

ten observed in chromium dichalcogenides and is attributed to the orbital hybridization
through the Cr3d-Te 5p.[24] Relatively short Cr-Cr distances are reported across layers in
the c-axis. Theses short distances indicate relatively week bonding between Cr-Cr atoms.
CrsTeg when doped with titanium shows differing M-Te distances depending on wether
the metal is located in the full or de cient layer with the full layer having increased M-Te
bonds of 2.7712compared to the de cient layers M-Te bond distances of 2.68284]

Cr;Teg has seen increased interest due to its large Anomalous Hall Effect and its poten-
tial application in devices.[16] Polycrystalline samples has been know since 1969 where
it was rst reported by Hashimoto in both order (monoclinic) and disordered (hexagonal)
phases.[25] Simple macro-magnetic property measurements were preformed and the addi-
tion of AFM-like moments was observed but no explanation was offered. Until recently
single crystal samples had not been reported until chemical deposition methods allowed for
nanosheets to be generated of hexagonal phagdeitUpon AHE testing relatively high
Tc nano sheets were synthesized with temperatures as large as 270K.[26] A reduction in
thickness of the GiTeg nanosheets allowed for the con rmation of ferromagnetic ordering
in samples as thin as 20nm thickness.[26] The knowledge that Chromium tellurides main-
tain magnetism down to 20nm thickness aids in the idea of their usability in 2D/3D vdW
devices.

In this research we provide a detailed neutron investigation of polycrystalline hexagonal

10



phase CiTeg to better understand the micro magnetic structure of the chromium telluride
family. A variety of single crystal samples have also been grown in an attempt to distinguish
why meta-magnetic transitions are observed in somé&d;isamples but absent in others.

As mentioned in the above chapter, an increase in chromium content in the de cient layers
typically causes a decrease in the AFM contributions to the magnetic structure.[7] However,
observations of meta-stable Cglghow that even with low chromium content the AFM-

like contributions can be subdued leaving a predominately ferromagnetic material. Macro-
magnetic studies of varying chromium content single crystals and varying space groups
may elucidate why AFM-like behavior is observed in some chromium telluride samples
but not in others.

The effects of anion substitution on the chromium telluride system has also been ob-
served via substituting telluride with S, Se and Te. Increased chromium content cause
more ferromagnetic contributions but no observations on anion substitutions effect on the
magnetic structure of been preformed prior to this study.[27] The addition of Selenium
introduces much higher anti-ferromagnet contributions compared to its tellurium counter
part. This is attributed to the shrinking of inter layer Cr-Cr distances and has already been
hypothesized as the main driver for anti-ferromagnetic contributions.[27] Due to the de-
creased radius of the selenium ions closer Cr-chalcogen distances are observed and may

also contribute to the decreased FM behavior observed in selenium substityifegd Cr

11



Chapter 2: Experimental Methods

In this section | will provide the working principles of all instruments and measure-
ment techniques as well as an explanation of the synthesis techniques used to generate
the chromium tellurides being studied within this thesis. | will also introduce important
concepts needed to interpret the crystal structure and magnetic properties of the studied

materials.

2.1 Solid State Synthesis

Solid state synthesis is a reaction mechanism that involves taking solid starting materi-
als, typically elemental powders, nely grinding them with a mortar and pestle or grinder
and heating them to high temperatures to form a new product.[28] The reaction conditions
used often require advanced knowledge of your starting compounds phase diagrams, in or-
der for the desired phase to be formed the reaction must go to completion and mustn't stop
at any kinetically favorable side product phases. Solid state synthesis reaction often depend
on a plethora of variables that include shape and surface area of reactants, diffusion rates
of reactants, and the thermodynamic properties of the reactants in the reaction vessel.[28]
In this work solid state reactions were performed in quartz ampules that were prepared in
an argon environment and purged under vacuum before being sealed via a hydrogen torch.
The evacuation of atmospheric gases is important in the reaction vessel as it removes the

possibility of undesirable side products like oxides forming. Another potentially harmful
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result of poor vacuum in the quartz reaction vessel is the possibility of gases expanding
due to the often high heats used in solid state reactions, and the quartz ampule exploding.
In order for desired product to be formed the employment of starting materials as binary's
or even tertiary compounds is sometimes required due to the thermodynamically favorable
competing phases that may be formed. Another important factor to be aware of while pre-
forming solid state synthesis is the cooling rate of the often molten reaction as utilizing
different cooling methods can often times in uence different product phases to form.[29]
For example, and as we will see later in this work, the cooling of chromium tellurides
slowly will result in an ordering of chromium within the unit cell and result in a lower
symmetry ordered phase. Alternatively, if the reaction vessel is quenched in an ice bath a
disordered phase can be secured that is higher in symmetry due to the randomly distributed
nature of the vacancies. In this work high symmetry disordered phadegds synthe-

sized by rst mixing stoichiometric amounts of chromium and tellurium, 7 to 8 parts, and
grinding them to a ne powder inside of an argon lled glove box. Next, the mixed powder

is sealed utilizing a hydrogen torch into an evacuated quartz ampule where it was placed
in a programmable box furnaces. The disordered phase is heated © 468 rate of 1

/min and held for 12 hours. It was then heated to 1Z7@t a rate of /min and held

for 1 hour, following this it was cooled to 1000 where it was held for 60 hours before
being quenched in an ice water bath. Powder was then removed from the quartz ampules
and nely ground until a consistent texture was achieved for follow on experiments. This
simple change in reaction conditions can result in wildly varying physical properties so
knowledge of the cooling kinetics is a must for successful solid state reactions. Solid state
reactions often result in polycrystalline samples which can then be used in combination
with a vapor transport agent in a chemical vapor transport reaction to develop large bulk

single crystals.
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2.2 Single Crystal Growth using Chemical Vapor Transport

Often times single crystal's of product are needed for characterization due to the ability
of researchers to look at unique axis's of the crystal lattice in a bulk state. In order for
single crystals of non-volatile solids to be formed, a reaction mechanism called chemical
vapor transport is often used. In chemical vapor transport, a volatile element is used to
reversibly convert nonvolatile chemical compounds into their volatile derivatives in a sealed
reactor. In this work chemical vapor transport was performed in a 13mm quartz ampule of
approximately 13cm in length. The length and size of the reaction vessel can be changed
to allow for varying heat gradients within the vessel which is an important variable in large
crystal growth. Typically one side of the reaction vessel is held at a high temperature and
the other side is places along a temperature gradient to a "cold” side. Due to the temperature
gradient, the non-volatile derivative of the compound is deposited at the cold side of the
reaction vessel and the transport agent is regenerated and proceed back to the hot side to
form another volatile derivative.[30] This reaction is repeated and the volatile chemical
vapor transport agent is regenerated and is thus a catalytic reaction mechanism. Typical
chemical vapor transport agent employed are elemental iodine, aluminum chloride, and
ammonium chloride. More obscure chemical vapor transport agents can be utilized if issues
of side products forming are encountered. Often times chemical vapor transport reactions
are done in two zone furnaces which allow for exact temperature gradients to be generated
leading to increased crystal growth on the cold end of the reaction vessel. Temperature
gradients and chemical vapor transport agent amounts can be varied to increase crystal size

and quality when preforming chemical vapor transport reactions.
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2.3 X-ray Diffraction

X-ray diffraction techniques have been used to assess the crystal structure of crystalline
materials since the discovery of Bragg's law in 1912. [31] Bragg hypothesized that atoms
separated by a distance d would produce constructively interfering X-ray waves in a crystal
lattice due to the proximity of their sizes. Atoms in a crystal lattice are typically arranged
to each other in the order of a few angstroms and the wavelength of X-rays being roughly
one angstrom provides the perfect wavelength to observe constructive and destructive in-
terference. The interference will be constructive if the difference between the different
atomic planes is a multiple of2in 1915 Bragg was awarded the Nobel prize in physics
for con rming the existence of real particles at the atomic scale due to the Bragg equation

shown below in equation 2.1 below.

hl = 2dsim (2.1)

The equation above relates the wavelength of X-raysa{ith the atomic spacing between
miller indices h, k, and | (d) along with the angle between incoming X-ray beam and the
re ected X-ray beamd). In image depicting the relation ship in an atomic crystal lattice

is shown below in gure 2.1. Typical lab X-ray diffractometers consist of an X-ray source,

Figure 2.1: Description of Bragg's law and its relationship to X-ray diffraction techniques
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a monochromator to choose the wavelength, slits to adjust the shape of the bean, a colli-
mator to focus the X-ray beam, a sample holder, and an X-ray detector positioned at twice
the sample angle (B.[32] X-rays have since played a critical role in determining crystal
structures and their associated geometries and space groups. Below we will talk about a
few of the X-ray diffraction techniques used to characterize the polycrystalline and single

crystal samples generated in this work.

2.3.1 Powder X-ray Diffraction

Powder X-ray diffraction (pXRD) was employed to con rm the successful synthesis
of the ferromagnetic materials investigated in this study, prior to conducting any magnetic
measurements or follow-up experiments. pXRD operates on the same fundamental princi-
ples as traditional X-ray diffraction, but it differs in that the sample comprises an in nitely
large number of small crystallites that are ideally randomly oriented. This random orien-
tation simpli es the analysis, as it requires only the variation of the angle of incidence and
the angle of diffraction. During the pXRD process, a diffraction pattern is generated by
counting the intensity of the de ected X-ray beam as a function of these angles. Peaks
in the resulting diffraction pattern will only be observable when Bragg's law is satis ed,
as outlined in Equation 2.1.[33] The intensities of the diffraction peaks observed depend
on a number of factors including the structure factor, the amount of materials and the ab-
sorption of the material being measured.[34] The structure factor, denotgg, @an be
mathematically described by the equation presented in Equation 2.2. In a perfect crystal,
the arrangement of atoms creates a lattice that de nes a reciprocal lattice. This reciprocal
lattice, in turn, determines the positions and angles of the diffracted beams. The structure
factor is crucial, as it dictates both the amplitude and phase of the diffracted beams. By un-

derstanding the structure factor, we gain insights into how the crystal's atomic arrangement
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in uences the observed diffraction pattern.[35]

o = éN_ fje[ 2pi(hx;+ ky;+1z;)] 2.2)
j=1
The sum is over all atoms N in the unit ced|, yj, andz; are the positional coordinates of
the ith atom andj is the scattering factor of the ith atorR. hkl is the vector sum of all
the waves from all the units in the unit cell.[35] A typical X-ray diffraction pattern of the
disordered phas€ér;Te8 is shown below and will be discussed in much greater detail in

chapter 3 of this thesis. All powder X-ray diffractions were ran on a Bruker D8 Advance

Figure 2.2: Representative powder X-ray diffraction of T&g disordered phase

pictured below in gure 2.3.

2.3.2 Laue Diffraction

The Laue method of X-ray diffraction was among one of the many ways to study crys-
tal symmetries at the turn of the 1900's. However with it being one of the more simple
techniques at has taken a back seat to more complex X-ray diffraction techniques. In this
thesis it was used primarily to determine the quality of grown single crystals before exam-

ining them via other means. Laue diffraction utilizes a stationary single crystal where it is
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Figure 2.3: Bruker D8 Powder Diffractometer

interrogated by a stream of polychromatic X-rays and the diffracted X-rays are collected on
a 2 dimensional detector.[36] Due to the polychromatic nature of the X-ray interrogation,
Bragg's law is still ful lled without the changing of incident X-ray angles like in powder
X-ray diffraction explained above.[37] Laue studies can be performed on both laboratory
grade X-ray detectors and higher energy synchrotron sources around the world.[37] One
short coming of Laue diffraction has always been deciphering the indices of the lattice
planes involved with each diffraction spot, manual methods had been used but the advance-
ment of computer technology has quickly seen them become obsolete in favor of advanced
computer programs. A representative Laue diffraction is show below in gure 2.4 and the
single crystals orientation was determine for magnetic measurements. The existence of
bright and sharp diffraction spots hints at the purity of the single crystal samples interro-

gated by Laue diffraction.

2.3.3 Synchrotron X-ray Diffraction

Synchrotron X-ray sources have become increasingly widespread which allows solid
state chemists and crystallographers to explore solid structures with higher delity.[38]

The important difference between lab X-ray diffraction and synchrotron X-ray diffraction
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Figure 2.4: Laue diffraction of GggTeg single crystal

is the X-ray generation source. In Laboratory X-rays a X-ray tube is typically used which
only allows for small variations in beam parameters, due to this fact many more challenging
experiments require a more intense and tunable X-ray source like Synchrotrons.[39] Syn-
chrotron radiation sources are typically comprised of specially designed storage rings that
are loaded with pre-accelerated electrons with gigaelectron volt kinetic energies, meaning
they are traveling at near the speed of light.[40] Electrons are accelerated to these speeds
by changing the electrons momentum via a ring of magnets, causing it to accelerate to very
high speeds and reach the relativistic regime.[41, 42] Synchrotron X-ray sources also pro-
vide X-rays that are extremely intense typically 100 to 1000 times more intense than con-
ventional laboratory X-ray tubes, the synchrotron X-rays are also highly collimated.[41]
Synchrotron X-rays were used in this work to con rm the presence of multiple phases in
the disordered and ordered phase chromium tellurides. Conventional laboratory X-rays
were incapable of providing high enough resolution to distinguish the multiple phases in-
stead of broad diffraction peaks. The Synchrotron source utilized in this work was the 111

Diamond Light Source.
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2.3.4 Rietveld Re nement

Rietveld re nement is a technique that uses whole diffraction patterns from either neu-
tron or X-ray sources to determine crystallographic information. The computations per-
formed in Rietveld tting attempt to minimize the weighted sum of the squares of the dif-
ferences between the observed powder diffraction and the simulated or calculated powder

diffraction patterns.[42]

S= é_ Wi (Yobsi 3/calc;i)2 (2.3)

The above equation shows the difference of the weighted sum of the squares of differences
(s) where () is the weight value,yopsi) is the observed powder diffraction data set, and
(Yealci) 1s the simulated or calculated powder diffraction data set.[43] In order to obtain
the calculated diffraction data set the below equation is used vasethe background

at a point,I(Q;) is the product of intensity adjustment ternms,y is the multiplicity of

re ections hkl, Oy is the optional intensity adjustment for possible preferred orientation,
Qnk is the location of re ections hkl anéhy is the structure factor term computed from

Fourier transforms of the scattering unit cell.[43]

Yealci = Bi+ 1(Qi) & MuaFZOnaP(Qna - Q) (2.4)
hk

The units used for Q are typically the units used during the data collection process, typi-
cally angle or time of ight depending on the diffractometer utilized. Typically instrument
correction terms will also need to be accounted for during the re nement process to ad-
just for zero offset and sometimes more complex functions need to be used to account for
sample displacement factors. Due to the Rietveld re nement processing using a model to
attempt to best t the observed data, a quanti cation of how well t the data is must be

used. Rietveld re nement software often use a weighted-pro le R factd®,@rto gauge
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the quality of the calculated t to the observed data. The equation used to determine the

Rwp is shown below in equation 2.5.

Rwp= [é Wij (YObsj YCaIc,j)Zzé Wngbsj]lzz (2.5)
j j
Often times the weighted pro le R factor is compared to the expected R factBg,@r
however this comparison is built into another statistical quantity called the redifced
shown below.[44]

2_ 1 o

C J—Va] i (Yobsj yCS.lC]) =(

ey 2.6)
In equation 2.6 above the j term is the number of observed data points and v is the number
of re ned parameters. Therefor, it is expected that whgns properly weighted: 2 will

be equal to one when no systematic errors are accounted for and will be greater than one
when an imperfect model is utilized. Typically we attempt to t our model to the best of our
ability and get thec? value to as close to one as possible without over tting the data and
providing a awed model due to too many degrees of freedom.[45] In this thesis Rietveld
re nements were performed on all products and sub products synthesized to determine the

purity and crystallinity of the samples being studied.

2.4 Raman Spectroscopy

The Raman effect was rst discovered in 1928 by the Physicist C.V. Raman, the method
utilizes inelastic scattering of photons on molecular systems. [45, 46] Incident light beams
interact with vibrational modes of the molecule of interest and transfer some amount of
energy associated with the quantized vibrational modes. The inelastic scattering beams

of interest are both stokes and anti-stokes shifted light which can be related to energy
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lost or gained from the vibrational modes of the molecule of interest.[47] Each molecule
provides unique vibrational modes allowing Raman to be utilized to provide a molecular
ngerprint and provide insight into how molecules may change with differing connectivity
and symmetry. In this thesis we attempted to utilize Raman spectroscopy as a method of
deciphering how much chromium content was in the single crystals synthesized as well as

see if the space group could be determined from crystal to crystal.

2.5 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy was performed on the chromium telluride single
crystal samples in this thesis to preliminarily con rm the compositional analysis of the
single crystals grown. Energy dispersive X-ray spectroscopy or EDS/EDX is primarily
coupled with electron microscopes to analyze materials at the micro and nanometer scale,
however, in this thesis we were primarily interested in the chromium to tellurium ratio in the
single crystal samples. EDS uses a phenomenon known as X-ray emission where an inner-
shell electron is excited to a higher energy level and is replaced by a higher energy electron
which is accompanied by an emission of an X-ray associated with a discreet energy level.
[48] When the electron in the higher energy level replaces the lower energy electron, only
transitions with allowed orbital angular momentum (I) are allowed due to the selection
rules. The emission process Kk, X-rays are characteristic of the transition from the
outer shell to the 1st inner shell(K). While X-ray emissions can be observed from other
transitions (M-L, M-K), the characteristic nature of transitions from the L shell to the K
shell can be matched to speci ¢ elements allowing for compositional analysis of materials
at speci c locations. The energy of the X-ray emission corresponds to speci ¢ elements and
the content of the element in the compound can be identi ed via integrating the intensity

of the peak.[49] It should be noted that with lighter elements it is possible to emit an Auger
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electron instead of the characteristic X-ray so EDS is generally more useful in identifying
heavier elements. For the purpose of this thesis primarily focusing on chromium tellurides
it was assumed EDS would give an accurate compositional makeup of the single crystal

samples. While EDS analysis is a useful tool certain limitations were encountered with the

Figure 2.5: Representative EDS analysis of single Crystals gffegr
. The peak location x-axis (eV) determines the element of interest an the integrated
intensity determines the compositional analysis of the compound.

single crystal samples which will be discussed in greater detail below in the results chapter.
A representative EDS spectrum is pictured below in gure 2.5, multiple single crystals
were tested and greater delity of each measurement will be provided in chapter 3 of this

thesis.

2.6 Neutron Diffraction

Neutrons were originally discovered in 1932 by sir James Chadwick, though their exis-
tence was predicted for more than 12 years previous to that by Ernest Rutherford.[50, 51]
While Neutrons are uncharged they can carry a magnetic moment which makes them suit-

able for determining the magnetic structure of a material. Alongside their magnetic moment
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they interact directly with the nucleus of our sample material making them ideal for study-
ing materials of low atomic weight. Due to this same factor scattering occurs differently
from isotope to isotope, instead of linearly with increasing Z like in electron diffraction
mentioned previously.[51, 52] While regular neutron scattering depends heavily on the nu-
clei of the sample, magnetic neutron scattering depends heavily on the unpaired electron
cloud of the atoms being studied and can identify local magnetic structure of compounds
of interest.[53] A key aspect of neutron scattering is its relatively weak interactions with
materials aiding in probing the entire bulk material instead of just the surface, as would
happen with much stronger interactions. The downside of this same interaction is the need
for more material than would be required for electron scattering due to the stronger scatter-
ing interaction observed in the latter case. While Neutron scattering is similar to electron
scattering a key difference is the addition of an associated mass with neutron diffraction
of m= 1:67X10 ?’kg. A neutrons wavelength is then calculated by the De Broglie wave-
length equation below.[54]

| = h=mv (2.7)

Due to this and its associated mass it gives a de Broglie wavelength comparable to in-
teratomic distances of 1-8 making it ideal for studying materials and their associated

magnetic structures.[51, 54]

Z
hk ¢V (n)jkii = lz hk +jV (r)jkii d°r (2.8)
2ph
The equation above represents the matrix elerhef¥/ (r)jk;i, which describes the in-
teraction between initial and nal states of a quantum system under the potéfitigl
expressed in terms of the particle's magghe reduced Planck constdntand an integral

over spatial coordinates.[51, 54] whisr= K¢ and accounting for the very short nucleon-
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nucleon interaction the equation then becomes equation 2.9 below. R explains the position

of a nucleusb; is the scattering length.

ﬁZ
V()= 2—bi (1 R (2.9)

We can now see the scattering length is different for each atom and each atoms differing
isotopes. When temperatures are high enough for nuclear polarization to be limited this
dependency can be left out of the equation and the nal coherent scattering cross section

can be described as the below equation.[51]
— = jbj? (2.10)

The average of the isotope population is taken over the natural element and de ned as the
average nucleus.[51, 55] In order to obey Bragg's law and allow for constructive interfer-
ence a transfer of the neutrons momentum to the sample of interest must satisfy the recip-
rocal lattice space of a re ection d. Because of Neutron scatterings weak interactions with
materials, high angle magnetic scattering is highly degraded and much of the prominent

magnetic information will be found at lowcRangles.

2.6.1 BT-1 Neutron Diffraction

In this thesis the BT-1 powder neutron diffractometer was utilized to observe nuclear
and magnetic scattering of the disordered phase chromium telluride system. BT-1 allows
for high resolution powder neutron diffraction that can be analyzed via the above mentioned
Rietveld analysis. The BT-1 Instrument is a 32 detector instrument that can be used with
three different monochromators to allow for interrogation of a sample with three different

neutron wavelengths. In this thesis wavelengths of 2.0¥8be to the use of the Ge(311)
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monochromator which allows for the highest neutron intensity at low scattering angles.[56]

Scans of the powder &Feg were taken at 400K, 298K (RT), 150K, and 5K.

2.6.2 Commensurate Magnetic Structures

Simple magnetic structures can be described with a propagation vector of k=0,0,0, sig-
nifying the magnetic structure has no periodic repetition across multiple unit cells.[57] For
example a simple ferromagnet can be described utilizing no change of unit cell lengths in
any direction. More complex magnetic structure may often require an addition of a vector
to describe the magnetic structure. Utilizing K=0,0,1/2 would signify that the magnetic
unit cell would be properly described by a doubling of the crystallographic unit cell in the
c direction. Often times magnetic unit cells can be solved by the addition of one single
k-vector but it is also possible that it requires multiple k-vectors to describe resulting in
doubling, quadrupling or even greater multiplications of the crystallographic unit cell to
describe.[57] The magnetic structures solved in this report were all able to be described
by simple commensurate k-vectors. Commensurate k-vectors can be described as simple
multiples of the nuclear unit cell and include a vast majority of magnetic structures includ-
ing simple ferromagnets, antiferromagnets and ferrimagnets.[57] Translation of magnetic

structures are described by the below equation.
mj= q Yke @ikt (2.11)
k

This details the periodic reputation of a magnetic unit cell similar to how nuclear structures

are described by translations of nuclear unit cells.[57]
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2.7 Magnetic Susceptibility

In this thesis magnetic susceptibility data was taken on both a SQUID and vibrating
sample magnetometer (VSM). The magnetic transition temperatures of the single crystal
chromium tellurides were often outside of the bounds of the SQUID's temperature range
(1.8K-315K) so two systems were utilized in order to develop a whole picture of the unique
magnetic transitions of the samples. In this section we will describe the underlying princi-
pals of magnetic susceptibility measurements as well as provide a short description of the
devices utilized for the bulk of our magnetic measurements. Magnetic materials are widely
studied in the elds of material science, physics and chemistry due to their important appli-
cations in modern technologies. In order to understand the experiments utilized to measure
these systems a basic understanding of magnetism must rst be developed. particularly the
most important concept looked at in this thesis with the chromium telluride single crystals
in magnetic susceptibility.

M= cH (2.12)

The above equation represents magnetic susceptibility where M is the materials magneti-
zation, H is the applied eld by the measurement device and the relationship of the
materials interaction with the applied magnetic eld of the measurement device (VSM or
SQUID).[58] In general magnetic susceptibility tells you how your material responds to a
magnetic eld which helps you understand the magnetic identity of a speci ¢ sample of in-
terest. These measurements are typically paired with temperature changes so that a change
in magnetic moment can be seen at varying temperatures. Speci cally with chromium t tel-
lurides in this thesis it was typically to observe a ferromagnetic to paramagnetic transition

at temperatures of 300K plus with unique metamagnetic transitions at lower temperatures

around 100K. These transitions will be discussed with more delity in t he results and dis-
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cussion chapter of this thesis. Another important concept that must be understood is the
difference between eld cooled (FC) and zero- eld cooled (ZFC) measurements. Field
cooled measurements are taken when the sample of interest is cooled in the presence of
a magnetic eld and zero eld cooled are taken when there is zero eld upon cooling of
the sample.[58] Often times a divergence of these two curves is seen which is indicative of
some sort of magnetic hysteresis. This in simple terms is described as a magnetic memory
due to some applied eld upon cooling. Exchange interactions are often the cause of this
which can be described as the quantum mechanical interactions of nearby magnetic ions
and how they interact with each other.[58] Often times these interactions occur directly via
interaction of magnetic ion orbitals with other magnetic ion orbital but it is also possible to
have itinerant magnetic systems where the interaction is via the conducting electrons and

is known as an itinerant interaction.[59]

2.7.1 Vibrating Sample Magnetometer

Vibrating sample magnetometers (VSM) are capable of measuring a sample magnetic
eld and interactions with applied magnetic eld at varying temperatures. VSM's can be
used to measure magnetic susceptibility and MvH curves from liquid helium or liquid ni-
trogen temperatures and can also be used in conjunction with a furnace for above room
temperature measurements. In this thesis measurements that required greater than 315k
temperatures were taken on the VSM instrument in the Material science department at
UMD. VSM work by measuring a voltage change induced by the change of an applied
magnetic eld, sample position or coil position. [60] Samples are typically vibrated per-
pendicular to the applied eld where the vibrating sample then induces a voltage in the
stationary detection coils. This voltage can than be used to deduce the magnetic properties

of the sample. Typical VSMs also come equipped with a set of reference coils and a small
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permanent magnet that is measured simultaneously with the sample of interest. Since both
the sample and the reference are vibrated simultaneously the resulting voltages are directly
related. [60] The known portion of the voltage can than be related to the unknown voltage
of the sample and the exact magnetic moment of the sample can be backed out.[61] Ex-
act magnetic properties with limited error are measured utilizing VSMs and in this thesis
speci cally the Chromium telluride systems were measured which are all ferromagnetic in

nature with canting or AFM like contributions at lower temperatures.

2.7.2 Magnetic Property Measuring System (SQUID)

In this thesis a Superconducting Quantum Interference Device or SQUID was utilized
to take magnetic measurements from 315K-1.8K for the chromium telluride compounds
synthesized. SQUIDs utilize very sensitive detectors of magnetic ux by combining ux
guantization and Josephson tunneling.[62] Josephson tunneling involves the coherent tun-
neling of Cooper pairs through a thin barrier separated by two superconductors. In general
two kinds of SQUIDs are utilized, the rst being the dc SQUID which consists of two
Josephson junctions connected in parallel on a superconducting loop. They are then uti-
lized in the voltage state with a current bias applied. When the ux loop is increased the
voltage oscillates with a unique period and small changes in that voltage can be recorded
and extremely small changes in ux can be observed.[62] The second kind of SQUID used
in modern science is the RF SQUID which consists of a single Josephson junction inserted
into a superconducting loop.[62] the amplitude of the oscillating voltage across the reso-
nant circuit is periodic when the ux is applied. This again allows scientists to detect small
changes in ux on the order of 1@ Fo. The majority of SQUIDs utilize superconduct-
ing niobium and operate below the boiling point of liquid helium allowing for magnetic

properties to be measured at near 1.8K.
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