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Abstract

Two-dimensional2D) transition metal dichalcogeniséTMDs) have been widely exploretlie

to their exotic quantum behavios that include a nontrivial band topology extreme
magnetoresistandXMR), pressuranduced superconductivitycharge density waves and Mott

physics In the last decade or so, TMDs MaeTand WTe have garnered attention becauserthei
nonrcentrosymmetric orthorhombic phase is host to Weyl fermBui& MoTe, and WTe consist

of van der Waalbound layerstacked along theaxis following an A/Btype of stacking sequence,

where their kEctronic band structuresan betunedthrough layer stacking ordeBulk MoTe

exhibitsa structural phase transition at around 260 K ftbenhigh temperatummonoclinic I 6

phase tdhe orthorhombic T phaseupon cooling On the other handpn WTe, the orthorhombic

phase is presned to be the stable phase at all temperatldiése t r ansi t iqbreaksf r om 1
inversion symmetry and allows the Weyliasiparticle to emergeThe T-1 T6 tr ansi ti o
accompanied bgubstantiastackingdisorder, the effects of which are megll understoodTo this

end, the structural properties MbTe> and WTe and theirsolid solutions play a critical role in
determining the topological properties of this syst@mstudy of the structural mechaniseading

to the nontrivial topology will provide insights into the nature of the Weyl electronic structure.

The stuctural phase diagram d&floixWxTe> has beerexplored The -1 T6 struct ur al
transition and associated stacking disorder across the phase bowedargvestigatedusing

elastic neutron scatterirand Xray diffraction (XRD) In MoTe, a cell doublingstructureTg*,

present betweengTand 17 was observed The T¢* phase appears only on warming from T
whereason cooling froml T, broaddiffuse scatteringvas observed across teguctural phase
transitioninstead The Tq4* structureconsists of four layers ithe unit cell andis constructed by an

GAABB dlayer stackingequence rather than theA dandtABdsequencesf theTqand1Tophases,
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respectivelyCompared with §, the T¢* phasehasadditional Bragg peaks at half intedgemhich
appearso be orthorhombidHowever structural refinementshowedthat T4* is centrosymmetric

with the same space group as the monoclinic

The ompositionrdependence of tHei-1 Tt@nsition inMo1xWxTex wasadditionallyinvestigated
The Tq* phaseobserved in MoTgappears only on warming fromy h Mo1xWxTex in low W-

substitution (xd 0.21). Increasingthe W fractionto x = 0.34and beyondeads tophase

coexistenceof Tq¢ and 110 across the transition artle vanishing of theTq* phase With W-
substitution the structurghaseransition temperatur@creasesrom 260 Kin x = 0, to near500

K by x =0.54

The pressurdependence of thEs-1 Ttansitionwas also investigateth a Moo.sWo.2Tex single
crystal,the Tq* phaseappearsonly on warming from T at pressurs lower than0.88 GPaand
disappeardy 1.20 GPaHydrostatic pressure suppresses thd T téansitonandm | vy t h e
phase remainat 1.40 GPaand beyond.The structuraltransition temperature rangemains

roughly constant with increased-$ubstitution bubroadens with pressure.

In WTe, the monoclinick T 6  hdseosbeenobservedrom previousstudies. it was assumed

that the system enters into thgphase on coolinfom the melt However,in this work,a sharp

Tg-1 T tbansition at ambient pressuweas observedin a WTe single crystal near 565 Khat
proceededwithout hysteresidn WTe: powder, however, the thermal transition from theolthe
1Téphasdas muchbroade, and atwo-phase coexistenaeas observed until 700 Wo Tq* phase

is presentin WTex. The observation of th&s* phase in MoTe and thelTé phase in WTgat
ambient pressurexplainsthe inversion symmetrpreakingmechanisnf r o m 14indMot o T

xWxTep.
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Chapter 1

I ntroduction

Since the discovery of grapheme2004[1], two-dimensional 2D) materials with van der Waals
bound layers havattracted considerabbdtentionbecause of their unique electronic and optical
properties.In 2D materials, kctrons are free to move in the tdonensional planebut are
restricted in the third directiprmaking possilbe further miniaturizationof currentelectronic
devices such alectronic chipsandsolid-state storagdevices [2, 3]. Research o2D materials
has explodeaver the last two decadesheregraphene is probably theestknown In 2004,
Novoselovand Geimusal scotch tapgto produ@ stablemonocrystalline graphiti¢ilms and
showed that gaphene is goodelectronic andhermal conductoeven atthe oneatomthickness
[1, 4-6]. Single-layer graphendorms an infinite sheet of hexagorgig. 1.1 (a)) and the
correspondingelectronic band structure is shownHiy. 1.1 (b). At the crossings of thealance
and conduction bandBirac nodes are formed.he linear dispersion at the K poumitves rise to
an anomalous roomtemperature quantum Haleffect [7]. In 2018, unconventional
superconductivity in twisted bilayer graphemas reportedwhereundera small twisthrough a

angleof 1.1° superconductivity appears wigetcritical temperaturef 1.7 K[8].

Graphenehasimportantlimitations, one of which ighe lack of anelectronic bandjap Thishas
restrictedthe applicatiors in the fields ofnanoelectronigsnanophotonicsnanoscale sensing and
actuation, that requir@ narrow band gap wiemiconductingharacteristicsThus, thesearch for
other2D materials with semiconductirfgatures has exploded in thetladgecade or sA well-
knownclass ofmnaterials with properties dominated by tH&lr structural unitss layeredtransition

metal dichalcogenidethat exhibit fascinating propertiesuch ascharge density waves and

13



superconductivity[9, 10]. Layered transition metal dichalcogenidegprovide a promising

alternativeto graphenelue to the presence of alectronic bandjap[11].

Fig.1.1(a) Hexagonal honeycomb lattice of graphene with two atoms (A and B) per unit cell. (b)

The 3D electronic band structure of graphene. The figure is from B&f. |

1.12D transition metal dichalcogenides

2D transition metal dichalcogenides (TMDs) are a class of layered materials with stgagen
bonding and weak otdf-plane van der Waals interactiomsdlike graphenecan beexfoliated
into singlelayers withunit cell thicknesq13]. Layered TM[3 share a very simple chemical
formula, MX, wherethe metal atom® are mainly from group 4 through 7 in the periodic table

and the chalcogen atorXsinclude sulfur(S), selenium(Se)or tellurium (Te) [14].

One advantage of 2D0MDs over graphene is the existenceetdctronicbandgaps in both
monolayer and bulk compoun{ls5, 16]. Thus, manyD TMDs are semiconduictg andcanbe
engineerednto ultrasmall transistors that are more efficient than stétihe-art silicon-based
transistord17]. Moreover, the electronic properties of 2D TMDs can be further tuned through

changes otheir chemical compositiong-or example, monolayer dichalcegides such as MeS

14



(1.8 eV), MoSe (1.5 eV), 2HMoTe (1.1 eV), WS (2.1 eV) andWSe (1.7 eV)have adirect
bandgapof various sizeswhereagheir bulk phases exhibihdirect gag with smaller energies

[18].

Layered TMDs usually crystallize in several structar polytypes resulting in different
coordinatios of the transition metal atom3he transitionmetal atomsare surrounded by the
chalcogen atoms in eithex trigonal or an octahedral local environmeijii9]. The trigonal
environment givesise tothe 2H phasewhile the octahedral environment givase tothe 1T
phas€g11]. Anothercommonphase ighel Ttbat arises because aflistortionof the 1T phase

that lowes the overall periodicity [20]. The atomic Bucturesfor the2H, 1Tand1 T 6 pdrea s e s

shown inFig. 1.2.

Fig. 1.2 Structures ofa singlelayer TMD in the trigonal (2Hpctahedral (1T)and distorted
octahedral (1l phasesThe figure is froniRef.[21].

The structure oflayered TMDs can be further defined by the stacking configuration of the

individual layerq11]. If single layers of TMDs are siieed directlyon top of each other, thiy
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bulk structure igormed.If there is a displacement betweadjacent layeralongthe a-axis, the

1 Thulk structure iSormed[11].

1.2 Properties ofMoTez and WTez2

A class ofwidely studiedlayeredTMDs are compounds that contain MoW, whichhave great
potential for application It was reported thavloS; and MoSe exhibit indirectto-direct gap
transition when the thickness is reduced to a single monolahérh opens up opportunities for
optoelectronic applications of the matesifl?]. MoS; nanoparticlesarean advancedcatalyst for
thehydrogenevolutionreacton [23]. MoTe; and WTe are twootherwell-known representatige
MoTe> and WTe have received considerable attention recently because of their fascinating
electronic properties arising from nontrivial bastcucture topologiep24-27], theemergence of

superconductivity28] andextreme magnetoresistan&s, 30].

1.2.1 Topological Weyl semimetal

Topological insulators (TI) and topologicalsemimetals(TSM) are new classes ajuantum
materialscharacterized bymetallic surface statesnduced by thetopology of the bulk band
structure Topological Dirac or Weyl semimetashiow linear dispersiain their electronic band
structures At energies near the Fermi leyéhe valence band and conduction balnteary
intersect at ginglepointcalledDirac or Weyl poin{31]. There are two types of Weyl semimetals:
typel and typell. Type-l Weyl semimetals haveoint-like Fermi surfacesvhereadypell Weyl
semimetaldiave Weyl points that appear at the contaahigdbetweerelectron and hole pockets

[32]. The two types of dispersions are showifiig. 1.3.
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Fig. 13 Conventional typd Weyl point with point like Fermi surface (left) vs. tyb&eyl point,

which is the contact point between electron and hole pockets (right). The figure is fron3gef. [

To realize a Weyl semimetal phase, eitheritiversion symmetry or time reversal symmetry of
the crystal need to be broke®4]. If time reversal symmetris preservedusually for non
magnetic materials without applying an external magnetic fidie)) inversion symmetry must

be brokenThe Weyl femions can thus emerge in the electronic band structure if the quasiparticles
at the band crossing poiate topologically protected against symmedrgserving perturbations
MoTe: has three crystal structuretnichare2H, Tsa n d while@nly the Tg structurehas been
reported for WTe BothMoTe; and WTe are known as typd Weyl semimetals in the dlphase

[25, 27]. In fact, WTe> was the first theoretically predicted candidate for tiip&/eyl semimetal

[32].

A typical characteristiof Weyl semimetal is the existence of surface Fermi aritds because

Weyl nodes come in pairand bulk Fermi surfacea( energy contowrossing theNeyl pointg
exhibits an unclosed line that starts from one Weyl point and ends at the other with opposite
chirality, ceatingFermi arcs 31]. Fermi arcs are the surface manifestation of the topological

nature of Weyl semimetalsvhich can beexperimentallyobserve using surface probing
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techniques such amgleresolvedphotoemission spectroscopy (ARPESHhown inFig. 14 (e-h)
areARPES intensity mapsieasurecn MoTe; at energies fronthe Fermi leve| Er,t0-0 . 0 6
The ed arrowspoint to the topological surface statesere Fermi arcs can be clearly se#s.|
Through ARPES measurements, theyl\semimetahatureis evidert in bulk MoTe; [25], WTe,

[35] andrecently inMoo.4sWo ssTe> [36] from the observation of topological Ferancs.
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Fig.1.4 Observation of topological Fermi arcs in thephase of MoTg(data inpanels eh) The
figureisfrom Ref.[25].

1.2.2 Extreme magnetoresistance

In addition to thenontrivial topologicalband structuresMoTe> and WTe haveotherfascinating
properties For example, in WTg a nonsaturating XMRwas observedvhich is very uncommon
for nonmagnetic materialsShown in Fig. 15 is the electrical resistivity as a function of

temperaturéor WTe> under different magnetic fieldeatshows thathe XMR effectin WTe can
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be turned onat low temperatures with an external magnetic figlde XMR in WTe reaches
2,500,000% at 45 T and 4.5 K and does not sat{#8}eSuchXMR in WTe; has beerxplained
by the nearly perfect balanced electitoomle populationsn the Tq-phase $7]. Therefore, WTe
has thepotential for lowtemperature applications D magnetic sensors or computinglated

devicesMoTe: also has a very largeagnetoresistanc®R), reaching up to 32,000% at 938].
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Fig.1.5 Temperature andnagneticfield dependence of the XMR in WsJ&hen the current is
applied along thé-axis (Wchain direction) and magnetic fieldparallel to eaxis(perpendicular

to the layers) The fgureisfrom Ref.[29].

1.2.3 Superconductivity

Another interesting property for MoTés superconductivity. At ambient pressurejkoMoTe
exhibits superconductivity withaitical temperaturd ¢ of 0.1 K. By applying pressure, thatical
temperaturecan beincreasd [28]. Shown inFig. 16 is the éectrical resistivityof MoTe» as a

function of temperaturanderpressurdrom 0.7to 11.7 GPan (a), andfrom11.7to3 4 . 9inGP a
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(b). Drops inelectrical resistivity and zenesistance behavior are apparenfirgt increasesvith
increasing pressusndreaches amaximum superconducting transition temperature corresponding

to Tc=8.2K at 1 By furtheBiRcaeasing the pressure, howetlee, zereresistancepoint

Tcis gradually suppressé¢da].

0.4 0.20
 (a)

T 03f N B oos

a ..i G

s <

= 2

E: ; 0.10

= =

@ @

3 8

o o 0.05

0.00
4 6 8 10 0
Temperature (K) Temperature (K)

Fig.1.6 Electrical resistivity of Mobeas a function of temperature and pressure, showing clear

superconductivityThe fgureisfrom Ref.[28].

1.3 Structures of MoTe2 and WTe2

MoTe crystallizes inthree crystal structuresshich areTy, 1TO6 [2Id thehdlk form,
whiletheTga n d phase@are semimetalshe 2H phaseof MoTe is a semiconductawith an
indirect band gap 0#0.85eV [4(]. In the fewlayered formthe 1T6 phaseexhibits a bandyap
opening of up to 60 meY41], andthe 2H phaseshowsa direct band gaphe size ofwhich is
inversely proportional to the number of lay§4]. In bulk MoTe, there is a structural phase
transition at ~260 K fromthe highe mper at ur e 1 Ttémpgradtueegphasd4a].Int h e

bulk WTe, onlythe Ty phase has been reported under ambient presgyrés]. The Tq phase of
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WTez, however, can be converted idt@dby applying an external pressdrem 4.0to 18.2 GPa

[46, 47].
1.4 Outline of the thesis

The research described in the thesis mainly consisteutfonscatteringand X-ray diffraction
measurements exploringastructural phase transitions in the Weyl semimetal M&Te>. The
objective was to provide an experimental basisthar understanthg of inversion symmetry
breaking mechanisracrossthe 1 T-Ty transitionin this materiglwhich isa prerequisitefor the
emergence of Weyl fermion$he composition and pressure dependence of the structure phase
diagram of MaxWxTe> was alsanvestigatedas both factors are known to influence the sliding

layer transitios, thusthe electronic band structureEMo1xWxTex.

The following chapters of thahesisare organized as followsChapter 2 will focus orthe
discusson ofthestructures of MoxWxTez. The Tsa n d pla3sedof bulk MoTe will be discussed
and compared in detadndtwo structural parametevéll be defined. Thel¢-1 T6 st ruct ur al
transitionin bulk MoTe> and the associated stacking disom#iralso be discusse@vith questions

raised thatequire further investigation

Chapter3 will provide an overview of thexperimentatechniquesn detail. An overviewof the
theoretical backgroundf scatteringwill be provided.Current neutron sources the USand two
types of neutrorscatteringspectrometersiriple-axis neutron spectrometand tme-of-flight
neutron spectrometevill also beintroduced In chapter 4the experimental methods used for
sample preparatiowill be discussedthat include solid-state reaction method used to prepare
powdes of Mo1x\WxTe, andself-flux growth method useith the preparation afingle crystals of

Mo1xWxTex. Sample characterizatiodata collectiorandanalysismethodsarealsodescribed.
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Experimental workonthedl T 6 t r a n $xWiT& wilhbe presentdabin chap®s through
8. Chapter5 focusesonthe -1 Td t r a n s i2tResalts fromelastivheulren scattering
measurements dwo MoTe: single crystalwill be discussedirect evidence of the presence of
a novel structureTq*, across the fFl T 6 p h a s ewill bbeo pronided Digcussionon the
stackingsequenceand the crystal structure diis centrosymmetric, pseuemrthorhombicTg*
phasewill be included as wellln addition, the tacking disorders associated with steuctural

changedetweenlq, T¢* and1 Twall be described.

In chapter6, the compositional dependence of thg-TT & t r a n sikWyTeowill bé n Mo
investigatedSingle crystals of MoTewere chemically doped with various levels of W, and the
evolution of the -1 T6 t r ans i t i o n-fraatisn, nat orflyinrtecnts iofaheoveoafl W
transition temperaturdut also theransition behaviothat involves changes in tAg* phase and

diffuse scattering, will be discussed basedesultsfrom elastic neutron scattering measureraent

A phase diagramf Mo1.xWxTe as a function of temperature andstbstitutiorwill be presented

and dscussios on the change in thattice constantandthe layer sliding parametér arealso

provided.

In chapter7, the crystal structure of Whet ambient pressure aarioustemperaturesvill be
explored and evidence will be presented ®offg-1 T 6 t r. &videncetofthetransition from
both single crystaheutron scattering andowder XRD measurementsvill be described A

comparison othe transitiorbehavior beveenWTe> and MoTe will be provided.

In chapter8, the effecs of hydrostatic pressure on tig-1 T téansition in M@.sWo.2Te> will be
studied.The suppression of the; phase with increasing pressure will be discus8egressure

temperature phase diagrdon Moo sWo 2Te> thatfollows the T* phasewill be established
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In chapter9, a qualitative model that describe thee T T 6 t r a n 9.4\WkTe: @asna funation Mo
of W-substitutionwill be provided together witha phase diagram for the M@NxTe> system.
Conclusiononthe -1 TO t r a n s.WiTe wilhbe presentdd chapter 10Connections
are made betwedhe experimental workn the thesisandcurrent theories on Motend WTe.
Some possibléuturedirectionsfor further studes onthe structural properties of M@WxTex will

begiven
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Chapter 2

Background

2.1 Introduction

Bulk MoTe> consists of layers of Moctahedrdy (Taand 1 T06 toigoraly €6 phase)r
coordinated with Testacked along the-axis, wherethe layers are held together by weak van der

Waals forcesThe stable phase foulk MoTe> at room temperaturas 2H. But if the melt is
guenched, then t he 21uhderggeh sirgcriralipfaseansitoratareuthd Mo T e
260 K fromthemo noc | i ni c thedrtborhpnibia $§ ghaseon cooling The transition

f r om 1qbréakdinversion symmetry and allows the Wepydsiparticle to emergeThe Ty

phase of MoTegis reported to béype-ll Weyl semimetad [25].

WTe is isostructural to MoTg with Mo atoms replaced by Vih contrast to MoTg only the T
phase has been reportéat bulk WTe under ambient pressuré4, 45]. WTe> hosts Weyl
fermions in the electronic band structure and exhibits XRERF5]. In WTe, there are zigzag W
chains running along thedxis, and the XMRcanreachto 2,500,000% at 45 T and 4.5t is

only achievedvhen the current is applied along thevhds and magnetic field is parallel teagis

[29]. The anisotropic behavior of XMIR WTe> has been explained by the nearly perfect balanced
electronhole populationgalong the kaxisin the To-phasesuggesting the XMR in WBas closely

related to the crystal structure.

The differencebetweertheTqa n d sttuttdresof MoTex can bedescribd by a shiftof layers
alongthemraxisi n t he 1T06 pghThesetore,the F1laTt o6 vter atnos isdtypen i n M
of sliding layer transitiog in which the layers shift from one stackitmyanother as a function of
temperatureDuring theTg-1 Ttéansitionthere is substantiatackingdisorder. Overall, though,
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the nature of théransition itself has not been closely studied, despite the apparent simplicity of

the change in structure and the opportunity to investigate the rdigoofler in tle transition.

In this chapter, th&qa n d sttugtdres obulk MoTex will be discussed in detail. Two parameters
aredefined to describe the stacking sequerateng the eaxisfor Tsand 1T 6-typeain A/ B
stacking operation thatescribeshow the neighboring layers arelatively positionedand al
parameter that characterszee magnitude of layer displacem&atong the @xis Earlier neutron
diffraction measurementsn a singd crystal of MoTe will also be presentedhatshowdiffuse
scatteringupon coolingacross the F1 T & p h a s e sudgesting thea megessity ffrther

investigation.

2.2 Layer stacking for Ta-a n d -MoTe&2

The orthorhombic J phase ofMoTe: is nonrcentrosymmetriavith a space groupf Pnma2,
whereagshemo no c | i ni of MAT& & cepttosyraneetrievith aspace groupf P2/m [24,

25]. The sand 1 T &ave sindlar strsictures; thdpth consist of &vo-layer unit cell and

differ mainly byanin-plane displacement aloribe a-axis Both Tsa nd 1 T éhaveneals e s
identical, centrosymmetric layers stackalbng the eaxis according to an Aor B-type of

operatios, as shown iririg. 2.1. The A operatiotasically maps one layer of 1o the layer below

it, so Tq can be built from repeatin@ A0 sequences. The B operatior
followed by a translation dhe layeralong the airection the magnitude of which is definedjas

as shown irFig. 2.1 For MoTe, f = £0.15lattice units Th e 1 T 6of Nofeamsea stacking

seqience offABAB...0. Equivalently thesetwo types of stacking@rdess can also be represented

by centering the smadiquaresn Fig. 2.1 at the inversion symmetry center of each layer, denoted
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bythe blackdotsFor t he 1T6 p hsgmanetry centbaref the segoadrlayer is aiso the
inversion symmetry point of the monoclinic unit cell. For MgTibe Tq-1 T tructural phase

transitionis first-orderin nature43].

" sdededodor,
o f o,fgzg/fgpff of f

warming
Td - 1T

cooling

Fig.2.1 Crystal structures of theqsT Y R M ¢ Q LIKZirdite &c pkafe shoRirtg Stacks of
layers along the-axis. For each phase, two equivalent representations are used to demonstrate
the A/Btype of stacking sequences. The solid bisgpkaresepresent cells that make up a single
MoTe layer, the dashed blue boxes denote the unit cell fa« ¢ 1@Fesents the magnitude

of interlayer shift for Bype of stacking in fractional unignd the black dots show the inversion

symmetry centers of each layer.

2.3 Layer displacementparameter U

ShowninFig.22isa schematic representation ofgamdhe st ¢
OABABO6 for the 1T G&qugdrantermdattheBrwersios symngetrytcémter

each layerthe amount oflisplacement along-axis between all pairs of neighboring layers,
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regardless of Aor B-type stacking,s essentially the same, because the A and B stacking
operations are ideally symmeteguivalent. A becomes B on inversion, as shown on the afght
thefigure. Therefore, an uplane displacement parameiiewhich is defined as the distance along

the aaxis between the inversion symmetry centers of neighboring Jagars be usedo
characterize the layer displacemenherefore the structures of Mobeare specified by two
parameters: the A/B stacking sequenceta®dor t he monocl inic 1T6 phas

is tilted withan angleb, as shown irrig. 2.2.

A

N

@ > o >

Inversion

. ) EdN
T4stacking 1T’ stacking ;

il HER

—

Fig.2.2 Stacking orders for thesT Y R M ¢ Q LIKI & S & -syiminktyfintdekitSredA vy @S N&
cells. Dashedine boxes denote unit cell. It is shown that @&d Btype of layer stacking are

symmetry equivalent.

24Tg-1 TGO structuralinMpfease transition

When MoTe is cooled belowD260 K, the layers slide from the stackingrrangement of the
monoclinic 1Tophase toward that of the orthorhombigphasg24, 25,43]. The T¢-1 Td t r ansi t i

in MoTe has beerstudiedfrom transport measurementShown inFig. 2.3 is the electrical
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resi st i WboTeas aofdnctidn Dfttemperature. Upon cooling from room temperature, an

anomaly in resistivity is observed at around 25@nKicating the onset tdq [48].
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Suchsliding layer transition is often seen in 2D materials, amait be thought of as a distinct

kind of structuralphase transitioomechanismin which the layers shift from one stackitm

another as a function of temperature or other extgar@meterssuch as pressure, electric field,

or thickness of the sampléd]. For instance, theqfl T 6 t r aMo3e dan be taned by strain

electric fieldand chemical substitutioit is reported thatqgssure decreasesthe TIT 6 t r ansi t i
temperature in bulk Mobg50]. By applying an external electric field strain, the stable 2H

phasec an transform into mbnelayere thiafinisafMbTe, atxobd phas
temperatureql, 52]. With Se substitutiona structural phase transition frorg {6 1T6to 2H can

be realizedn MoTexxS& thin films [53].
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W-substitutions anothertuning parameteior MoTe.. Given W has a larger atomic size compared

to Mo, doping MoTe with W in the form of MaxWxTez is equivalent to applying a negative

chemical pressure to the lattice, which increasestibmic distanes Varying x in MaxWxTe2
canshiftthec o mpound 6 s , thushawng a greatvedfdct on physical and structural
properties W-substitutionalsoaffects the &1 T6 s | i di ng | a yeltrisreportadn s i t i o
that ncreasing the Wraction inMo1xWxTe increases th&g-1 Ttéansition temperaturgb4]. A

phase diagram ofhe Mo1xWxTe> system as functionsf temperature and Waction was

established, as shownfing. 2.4 [39].

Mo,_XWXTe2

Fig. 24 Phase diagram of M@WyTe system as functions of composition x and temperature. The

i LKFaS Ay GKS FAIdANBE A& BKS mM¢eQ LKIaSeo» ¢KS ¥

However, the phase diagram Mb1xWxTe in Fig. 2.4 is not complete, ashé W-substitution
dependence of the structureshMd.x\WxTe> hasonly beeninvestigatedup to x = 0.5 For the

region that is | abeled O6mi xedd, t therangtromuct ur e
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X =100.7, the phase of MQWxTe is described as a mixinghase ofl Tahnd Ty, gi ven
existsfromx = to 0.5alroom temperature, afid lies in a composition x ramgg from 0.7 to

1, withouttemperaturalependent phase transitidse&ng reportedd9]. The increase inthed 1l T 6
transition temperature with \Asubstitution suggest the possibility of an ambiefdressure

transition at high temperatures in WTeat requirdurther investigation

Some ¢her materials with reversible temperaturelucedsliding layer transitions include CgX
(X=Cl, Br, 1) [55] andU-RuCk [56], of interest for their magnetic propertiesIB{57], of interest

as a weak topological insulator theb p hla faa, many layered materials have structure
property relationships that depend on their layer stgckor example, a twist in bilayer graphene
canresult in superconductivit}8]. MoTe> can be a prototype for understanding how stacking
variations in layered materials can lead to exotic states of mattehausd aneffect onthe

topological properties

2.5 Stacking disorder acrossthe 31 T6 transi ti on

Though the §1 Tdiructural phase transition in Mogmainly involves layer shifts along the a
axis, the transition behavig more complex thamsuallythoughtas stacking disorders are known
to occur Previous neutron diffractiomeasurements on MoZshowedthe presene of substantial
diffuse scatteringipon coolingacross the phase boundabg]f Shown inFig. 2.5 is the neutron
scattering intensity in thelOL and OKL planesneasured on a Mo%single crystal acrossqil T 6
phaséboundary The diffusescattering is only observed in the HOL plane but not OKL plane, which
indicatesa disordered stacking pattaalong the eaxis intheac-plane[58]. A better understanding

of the stacking disorder in the phase transition is needed
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Fig.2.5 Neutron scattering intensity measured on a M@$mgle crystal in the HOL and OKL planes.
Diffuse scattering streaks appear along L in the HOL plane only, upon cooling from 295 to 240 K.
The figure is fronRef.[58].
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Chapter 3

Neutron / X-ray scattering

3.1 Introduction

Neutrors and Xrays are widelyused in scattering experiments to investigate microsctgiails

of the staticstructures and dynamics. Neutronor X-ray scattering involves creating a beam of
neutronsor X-ray photonspassing tat beam through a sample, addtectingwhere and when
neutronsor X-ray photonsscattered from the sample hit a detecksom the changes in energy

(E) and momentungQ) of neutonsor X-ray photonsthe crystal structure of the materiegan be
determinedThe principles underlying the scattering process are the same regardless of the particle
(neutronor X-ray) used to probe the periodic structure of materialthischapter an introduction

on both neutron scattering and XR@chniquewill be provided Neutron sources and two types

of neutron spectrometers, which are triplds spectrometer and tinod-flight spectrometenyill

bediscussgd.
3.2 Neutron scattering

The reutron wadirst discovered by James Chadwick in 1939]. Neutron scatteringechnique

has been developed irdgpowerfulprobethat is nowwidely used in condensed matter physics to
study both the staticrystalstructures and the dynaerproperties, such as phonon and spin wave,

of different materials[60]. The 1994 Nobel Prize in Physics was awarded for pioneering
contributions to the development of neutron scattering techniques for studies of condensed matter
jointly with one half toBertram N. Brockhouse for the development of neutron spectroscopy and

with one half to Clifford G. Shull for the development of the neutron diffraction techrnigiie [
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3.2.1 Neutron properties

Thebasic properties of neutron makeuit ideal probe with which to study condensed m@stgr

First, reutrons carryzero charge They can bypass the Coulomb barrier of the electron cloud,
penetrate deeply into the sample and scattethefhucleé Secondthe de Broglievavelengthof
thermal neutrons (300 meV) are comparable to the interatomic distéoeehe order 0o£01° m)

of solids The interference effeetlows thermal neutrons to detect the microscopic structure of the
scattering systenThird, neutronshave magnetic momen¢$.913 nuclear magnetoris, ), and
theyalso interact with the unpaired electronghe magnetic atoms, yielding information on the
magneticstructure. In addition, the energy of tival neutron isof the same ordeas that of many
excitations in solids. Using inelastic neutron scattering (where negaomor lose energyduring

the scattering processhe excitation energyan be precisely determingai3, 64].
3.2.2 Neutron sources

There are two method® producethe neutronbeamsused in a scattering experimemither
through nuclear fission in a reac{@continuous source)r throughspallation wha accelerated
protons strike Aeavy metal targetpulsed source)'heHigh FluxIsotope ReactdiHFIR) at the
Oak Ridge National Laboratof@RNL) [65] and theresearch react@tNIST Center for Neutron
ResearchNCNR) [66] are both reactabased neutron sources, while tBpallation Neutron

Source(SNS) at ORNL is based on spallati@7].
3.2.3Triple -axis neutron spectrometer

At a neutrorfacility, specialized instrumentsith different Q and E coveragese builtto carry
out a wide variety of experimeniBhe two most commay usedneutron scatteringpectrometers

aretriple-axis spectromet [68] and timeof-flight spectromedr [69], which differby how energy
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transferis measuredData shown in the thesis was stlg collected ontriple-axis neutron
spectrometers, that include HB1, CG4C, HB1A at HFIR, and SPINS at NIST center for neutron
research.Elastic neutron scattering measurements were also performetdmerof-flight

spectromadrs such alCORELLI and NOMADatthe SNS.
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Sample (3rd axis)
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v
0, \ 1
e Monochromator crystal

(1st axis)

Fig. 3.1 A schematic layout of a trigglgis neutron spectrometer. The figure is from R&f][

A schematic layout of a triplaxis neutron spectrometer is showiirig. 31. White neutronbeans
generatedrom the reactofirst pass through singlecrystal monochromatdhatselects neutrons
with a specific wavelengtfenergy) The beam ighendirectedonto the sample. The neutrons
scattereaff the sample are Bragg reflected from sireglecrystal analyzer to determine the final
energy.The analyzeralso uses Bragg scattering to select outgoing neutron enekgist$y,
neutrons reflected by the analyzer are detected by the nelgtiector] 70]. For measurements on
triple-axis neutron spectrometerthe scatterethtensityis obtainedor one location in the space
of momentumand energy transfer at a timdriple-axis neutron spectrometeillows for the

variations of three dimensions by being able to rotate a sample (typically a single crystal), the
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monochromator, and the detector independemthich enables the study of intermediateergy

excitations, phase transitioaadstructuresof the material ¢8].
3.2.4 Time-of-flight neutron spectrometer

For neutron scattering experiments performed on a-ofilight spectrometer, pulsed neutron
beans are usedAt the pulsed sourceseutrons are produced in burstsrefighly 16* particles,
with an initial p ul saea frequenhdy lof 2@80rHz[68h Bmeofrflidhe r o f
spectrometers provide neutron pulses with a distribution of wavelengths and chopdtsnare
usedto selects neutrons with a speciéicergy For measurements oimie-of-flight spectrometey

the time between thgulse hitting the sample and each neuttoiving ata detectois recorded
Time-of-fight spectromedrs usually havean array of detectors so that maewergy and
momentum transfers can be measured egith pulse, resulting in data sets ttaater a region in

reciprocal spacél'he layout of aitne-of-fight neutronspectromedr is shown irFig. 32.

Fig. 32 A schemat layout of a timeof-flight neutron spectrometer. The figure is from RéfL]
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