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Abstract	

	

Temperature	Driven	Topological	Switch	in	1T’-MoTe2	and	Strain	Induced	

Nematicity	in	NaFeAs	

Amy	Denise	Notis	Berger	

	

Quasiparticle	interference	(QPI)	is	a	powerful	technique	within	Scanning	

Tunneling	Microscopy	(STM)	that	is	used	to	probe	the	electronic	bandstructure	of	

materials.	This	thesis	presents	two	examples	using	QPI	to	measure	the	

bandstructure	in	materials	with	exotic	electronic	states	that	can	be	tuned	via	

outside	parameters	(temperature	and	strain).	In	Part	I	of	the	thesis,	we	discuss	the	

temperature	dependence	of	Fermi	Arcs	in	1T’-MoTe2,	and	then	in	Part	II,	the	strain	

dependent	nematic	state	in	NaFeAs.		

The	recent	discovery	of	Weyl	semimetals	has	introduced	a	new	family	of	

materials	with	topologically	protected	electronic	properties	and	potential	

applications	due	to	their	anomalous	transport	effects.	Even	more	useful	is	a	Weyl	

semimetal	that	can	be	turned	“on”	and	“off,”	switching	between	a	topological	and	

trivial	state.	One	possible	material	is	MoTe2,	which	undergoes	a	phase	transition	at	

240K.	This	thesis	consists	of	experiments	using	Scanning	Tunneling	Microscopy	

(STM)	and	Spectroscopy	(STS)	at	different	temperatures	to	visualize	changes	in	the	

electronic	bandstructure	of	MoTe2	across	the	topological	phase	transition.		We	show	

that	a	signature	of	topologically	protected	Fermi	Arcs	is	present	at	low	

temperatures	but	disappears	at	room	temperature,	in	the	trivial	phase.	We	include	



an	in-depth	discussion	of	how	to	account	for	thermal	effects	when	comparing	these	

two	types	of	measurements.		

In	Part	II,	we	discuss	strain	induced	nematicity	in	NaFeAs,	an	iron	pnictide.	

Nematic	fluctuations	and	spin	correlations	play	an	important	role	in	the	phase	

diagram	of	the	iron	pnictides,	a	family	of	unconventional	superconductors.	

Illuminating	the	mechanism	behind	this	symmetry	breaking	is	key	to	understanding	

the	superconducting	state.	Previous	work	has	shown	that	nematicity	in	the	iron	

pnictides	responds	strongly	to	applied	strain	[1,	2].	In	this	thesis,	I	present	results	

from	a	new	experimental	technique,	elasto-scanning	tunneling	microscopy	(E-STM),	

which	combines	in	situ	strain	and	atomic	resolution	STM/STS.	For	the	first	time,	we	

are	able	to	observe	the	effects	of	strain	on	nematicity	at	the	local	level.	We	perform	

E-STM	measurements	in	both	the	spin	density	wave	phase	and	the	tetragonal	phase	

of	NaFeAs	and	measure	a	distinct	response	in	each.	We	successfully	use	strain	to	

manipulate	domain	boundaries	in	the	spin	density	wave	state	and	we	find	the	

intensity	of	nematic	fluctuations	is	coupled	to	strain	in	NaFeAs	in	the	tetragonal	

phase.
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Chapter	1:	STM	Background	

Here	we	include	an	overview	of	the	basic	principles	of	scanning	tunneling	

microscopy	(STM)	and	spectroscopy	(STS)	to	provide	a	setting	for	the	rest	of	the	

work	presented	in	this	thesis.		

STM	was	first	developed	by	Gerd	Binnig	and	Heinrich	Rohrer	in	1982	[3]	

based	on	the	principles	of	quantum	tunneling.	Shortly	thereafter,	in	1986,	they	

received	a	Nobel	Prize	for	their	work.	In	STM,	a	sharp	metal	probe,	called	the	tip,	is	

brought	within	a	few	angstroms	of	a	sample.	An	electrical	bias	is	applied	between	

the	tip	and	sample,	and	a	tunneling	current	is	measured.	This	current	is	very	

sensitive	to	the	distance	between	the	tip	and	sample.	By	rastering	the	tip	over	the	

surface	of	the	sample,	it	is	possible	to	achieve	atomic	resolution	topographies,	as	

well	as	other	locally	resolved	information	about	the	electronic	structure	of	the	

material.		

The	discovery	of	this	technique	gave	rise	to	a	whole	new	field	of	local	

measurements	classified	as	scanning	probe	microscopy.	The	most	well	known	

example	is	atomic	force	microscopy	[4],	which	measures	local	atomic	forces	

between	the	probe	and	sample,	rather	measuring	than	the	current.	By	changing	the	

probe	used	or	the	signal	measured	it	is	possible	to	measure	many	types	of	local	

phenomena.		
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1.1	STM	Formalism	

STM	is	based	on	one	of	the	more	counterintuitive	phenomena	that	come	out	

of	quantum	theory,	quantum	tunneling.	A	particle,	with	kinetic	energy	E,	has	a	finite	

probability	of	existing	in	a	region	with	a	potential	barrier	of	energy	U	>	E.	We	can	

model	tunneling	in	STM	with	a	simple	one-dimensional	picture.	We	bring	two	

electrodes	(the	tip	and	the	sample)	close	to	each	other,	separated	by	a	vacuum	

barrier	of	width	d	(figure	1.1).	The	1D	Schrödinger	equation	for	this	system	is	

	 − ħ!
!!

!!
!"!! ! + ! ! ! ! = !" ! 	 (1.1)	

where	m	is	the	mass	of	the	electron.	Outside	the	barrier	region,	where	U	<	E,	the	

solution	for	the	wavefunction	is	

	 ! ! = ! 0 !±!"#	 (1.2)	

with	

	 ! = !! !!!
ħ 	 (1.3)	

In	the	classically	forbidden	region	(U>E),	the	wavefunction	is	given	by	

	 ! ! = ! 0 !±!"	 (1.4)	

where	κ,	the	decay	constant	is	defined	as	

	 ! = !! !!!
ħ 	 (1.5)	
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Figure	1.1:	Diagram	of	1D	tunneling	barrier	

	
The	tunneling	current	measured	by	the	microscope	is	proportional	to	the	

probability	of	finding	an	electron	transmitted	to	the	tip	end	of	the	classically	

forbidden	region,	given	by	 ! 0 !!!!!" .	It	is	important	to	note	that	this	current	is	

exponentially	dependent	on	the	separation	between	tip	and	sample,	making	STM	an	

extremely	sensitive	way	to	measure	sample	topography.	If	we	assume	the	work	

functions	of	the	tip	and	sample	ϕ≈5	eV	(typical	for	most	metals),	we	can	then	

substitute	the	work	function	for	the	barrier	height	in	the	decay	constant.	For	most	

samples,	the	tunneling	current	decays	approximately	by	a	factor	of	10	for	each	

angstrom	of	separation	between	the	tip	and	sample.		

	 In	a	more	precise	picture	of	the	tunneling	current,	we	must	account	for	the	

bias	applied	between	tip	and	sample,	Vb.	This	bias	causes	a	shift	in	the	effective	

Fermi	level	(EF)	of	the	sample	if	we	ground	the	tip.	The	bias	applied	is	typically	

much	less	than	ϕ,	the	work	function,	so	the	current	remains	exponentially	

dependent	on	d.	We	must	consider,	though,	that	electrons	can	only	tunnel	from	
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occupied	states	in	the	density	of	states	to	unoccupied	states,	as	illustrated	in	figure	

1.2.	Applying	a	voltage	bias	of	Vb	between	sample	(s)	and	tip	(t)	results	in	the	

following	current:		

! = 4!"
ħ !!" ! ! !! − !!! + ! − ! !! + ! !! !! − !!! + ! !! !! + ! !"

!

!!
	

	 (1.6)	

where	Mst	is	the	tunneling	matrix	element,	ρs,t	is	the	density	of	states	of	the	sample	

and	tip,	and	f(E)	is	the	Fermi-Dirac	distribution	

	 ! ! = !
!!! !!! !!!	 (1.7)	

	

Figure	 1.2:	 Schematic	 of	 tunneling	 from	 tip	 to	 sample.	 Occupied	 states	 are	

shaded	 in	 green.	 A	 bias,	 V	 is	 applied	 to	 the	 sample	 relative	 the	 tip,	 lowering	 the	

Fermi	 level	 of	 the	 tip	 by	 eV.	 Electrons	 tunnel	 from	 occupied	 states	 in	 the	 tip	 to	

empty	states	in	the	sample.	Figure	from	[5].	
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The	expression	for	the	current	can	be	simplified	by	making	several	

assumptions.	Firstly,	we	assume	that	the	tunneling	matrix	element	does	not	depend	

on	energy	in	the	window	(E+eV).	Secondly,	since	the	STM	tip	is	made	from	a	simple	

metal,	we	assume	that	ρt	is	constant.	Finally,	we	approximate	the	Fermi-Dirac	

distribution	as	a	step	function.	The	simplified	current	is	given	by	

	 ! = !!"
ħ !!" !!! !! ! !"!!!!!!

!! 	 (1.8)	

The	exponential	dependence	of	the	current	on	d	(the	tip-sample	separation)	is	

hidden	within	|Mst|,	the	tunneling	matrix	element.		

We	now	have	two	key	results	from	the	STM	tunneling	current:	

1. The	current	is	exponentially	dependent	on	the	tip-sample	separation.	

2. The	current	is	proportional	to	the	integrated	density	of	states	of	the	

sample.		

Thus,	the	STM	current	gives	us	both	structural	and	electronic	information	about	the	

sample.		

	

1.2	STM	Topography	

It	is	possible	to	measure	the	surface	topography	of	a	sample	by	utilizing	the	

exponential	dependence	of	the	tunneling	current,	! ∝ !!
!!
ħ !!" .	The	height	of	the	

STM	tip	above	the	sample	is	controlled	by	a	feedback	loop	(figure	1.3).	In	

topography	mode,	one	defines	a	setpoint	current	and	bias	while	rastering	the	tip	

across	the	surface	of	the	sample.	The	feedback	loop	adjusts	the	height	of	the	tip	to	

keep	the	current	constant,	and	the	map	of	the	tip	height	at	each	(x,y)	location	on	the	
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surface	produces	a	topography	of	the	sample.	Figure	1.4	shows	an	example	of	an	

atomic	resolution	STM	topography	of	MoTe2.		

	

Figure	 1.3:	 Schematic	 of	 STM	 feedback	 loop.	 The	 tip	 is	 mounted	 on	 a	 four	

quadrant	piezo	scan	tube	that	is	used	to	control	fine	scanning	motion	in	the	x	and	y	

directions.	Figure	from	[5].		
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Figure	1.4:	Atomic	resolution	STM	topography	of	MoTe2.	Setpoint	bias	of	80	mV	

and	setpoint	current	100	pA.	

	
The	tip	is	mounted	on	a	four-quadrant	scan	tube	with	piezoelectric	crystals	

for	moving	in	+x	and	+y	directions	(figure	1.3).	It	is	possible	to	perform	STM	

topography	measurements	at	room	temperature	and	in	air,	but	in	practice,	much	

higher	resolution	and	better	quality	measurements	are	attained	in	a	controlled	

environment	with	ultrahigh	vacuum	(UHV)	at	pressures	less	than	10-9	torr.	This	

prevents	molecules	from	adsorbing	to	the	surface	of	the	sample	and	allows	us	to	

study	air	sensitive	materials.	Additionally,	several	steps	are	taken	to	reduce	

vibrational	noise	in	these	measurements.	All	of	the	measurements	in	this	thesis	

were	performed	in	noise-isolated	rooms,	with	microscopes	mounted	on	optical	

tables	with	air	suspension.	The	microscopes	hang	from	low	frequency	springs	with	

magnetic	damping.		
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1.3	Scanning	Tunneling	Spectroscopy	

It	is	possible	to	measure	the	sample	density	of	states	by	taking	the	derivative	

of	the	tunneling	current	with	respect	to	bias	voltage.	Taking	the	derivative	of	

equation	1.8	gives	us	the	differential	conductance,	g	

	 ! ! = !"
!" ! ∝ !! !" 	 (1.9)	

Experimentally	this	is	accomplished	by	applying	a	small	AC	bias	modulation	on	top	

of	the	sample	bias	and	using	a	lock-in	amplifier	to	measure	dI/dV.	By	holding	the	tip	

at	a	fixed	height	above	the	sample	and	varying	the	sample	bias,	we	measure	ρs	as	a	

function	of	energy.	We	discuss	the	use	of	the	lock-in	amplifier	in	more	detail	in	

Section	4.3.		

When	a	dI/dV	measurement	is	performed	at	a	single	point	on	the	sample,	it	is	

called	a	point	spectrum.	An	even	more	interesting	measurement	is	a	dI/dV	map,	

which	utilizes	the	STM’s	rastering	function	to	take	a	dI/dV	spectrum	at	every	pixel	

of	a	grid	on	the	surface	of	the	sample.	This	produces	a	three	dimensional	dataset,	

with	two	spatial	dimensions	spanning	the	sample	surface	and	the	third	dimension	

representing	energy.	Figure	1.5	shows	an	example	of	a	spectroscopy	map	with	the	

spatially	resolved	density	of	states	at	a	single	energy.		
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Figure	 1.5:	dI/dV	map	 of	 NaFeAs.	 (V	=	−100 mV,	 I	 =	300 pA,	T	=	26 K)	 showing	

variations	 in	 the	 local	 density	 of	 states.	Domain	 boundaries	 are	 visible	where	 the	

unidirectional	features	rotate	by	90°.	Figure	is	adapted	from	[6].	

	
dI/dV	maps	are	a	useful	way	to	capture	spatial	variations	in	the	density	of	

states,	but	they	are	subject	to	experimental	limitations.	The	speed	at	which	each	

spectrum	is	taken	is	limited	by	the	frequency	of	the	lock-in	amplifier,	so	a	high-

resolution	spectroscopy	map	can	take	hours	or	days	to	complete.	While	taking	a	

measurement	over	such	a	long	time,	one	must	consider	thermal	drift,	noise,	and	

time	limitations	of	the	STM.	In	our	system,	for	low	temperature	measurements,	the	

liquid	helium	and	nitrogen	must	be	refilled	every	three	to	four	days.	The	process	of	

refilling	cryogens	produces	noise	that	interferes	with	measurements,	so	the	

resolution	and	size	of	our	spectroscopy	maps	are	fundamentally	limited	by	this	

factor.		
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1.4	Quasiparticle	Interference	and	Spin-Conserved	Scattering	Probability	

The	local	density	of	states	measured	in	a	spectroscopy	map	can	be	connected	

to	the	underlying	bandstructure	of	the	material	when	we	consider	scattering	from	

crystal	defects.	Point	defects	in	the	material	can	act	as	elastic	scattering	centers,	

giving	rise	to	standing	waves	in	the	local	density	of	states	around	each	defect.	The	

wavevectors	present	in	the	quasiparticle	interference	(QPI)	patterns	are	related	to	

the	allowed	momentum	transfers	in	the	underlying	electronic	bandstructure	of	the	

material.	These	wavevectors	can	be	seen	by	taking	a	Fourier	transform	of	a	

spectroscopy	map	at	a	given	energy.	Changes	in	the	Fourier	transform	of	a	

spectroscopy	map	as	a	function	of	energy	are	a	result	of	dispersion	in	the	underlying	

bandstructure.		

We	can	calculate	the	expected	QPI	from	the	bandstructure	of	a	material.	An	

elastic	scattering	event	from	a	defect	will	result	in	a	change	of	momentum	q	for	an	

incident	quasiparticle.	Quasiparticles	can	only	scatter	from	one	momentum	

eigenstate	to	another	at	the	same	energy.	Since	the	bandstructure	tells	us	all	of	the	

momentum	eigenstates	for	the	system	as	a	function	of	energy,	we	find	the	set	of	all	

allowed	scattering	vectors	by	taking	the	autocorrelation	of	the	bandstructure	at	a	

given	energy,	known	as	the	joint	density	of	states	(JDOS).		

!"#$ = !! ! !! ! + !
!
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For	bandstructures	with	a	spin	texture	and	non-magnetic	scattering	centers,	we	

need	to	account	for	conservation	of	angular	momentum.	In	this	case,	we	expect	the	

QPI	to	be	the	spin-conserved	scattering	probability	(SSP)	

!!" = 1
2 !! ! !! ! + !

!!!,!,!,!!
	

where	ρo(k)	stands	for	the	charge	density	and	ρi(k)	(i=1,2,3),	stand	for	the	spin	

densities	along	three	orthogonal	directions.		
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Part	I	

Temperature	Driven	Topological	Switch	in		

1T’-MoTe2		 	
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Chapter	2:	Weyl	Semimetals	

2.1	Introduction	

The	Weyl	fermion	is	a	massless	particle,	a	three	dimensional	analogue	of	the	

Dirac	fermion.	Weyl	fermions	were	first	introduced	by	Hermann	Weyl	in	1929	[7].	

For	many	years,	there	was	no	way	to	experimentally	study	these	particles.	Recently,	

several	Weyl	semimetals	have	been	discovered	in	crystals	breaking	time	reversal	or	

inversion	symmetry.	In	these	condensed	systems,	Weyl	fermions	exist	as	a	

quasiparticle	excitation.	These	physical	systems	allow	us	for	the	first	time	to	

experimentally	interact	with	Weyl	fermions.		

In	a	Weyl	semimetal,	Weyl	points	exist	in	the	bandstructure	as	a	touching	

point	between	a	hole	and	an	electron	pocket.	Weyl	points	are	created	and	

annihilated	in	pairs	with	opposite	chirality	and	are	topologically	protected	[8,	9].	

Each	pair	of	Weyl	points	is	topologically	required	to	be	connected	by	a	Fermi	arc	

surface	state	[10,	11].	These	Fermi	arcs	form	open	contours	on	the	Fermi	surface.	

The	paired,	chiral	nature	of	Weyl	fermions	gives	rise	to	an	effect	called	the	chiral	

anomaly,	which	manifests	as	a	number	of	anomalous	transport	effects	[9,	12-19].	

There	are	many	examples	of	experimental	measurements	of	phenomena	that	arise	

from	the	chiral	anomaly.	Negative	magnetoresistivity	has	been	observed	in	Bi1-xSbx	

[20],	Na3Bi	[21],	GdPtBi	[22],	and	TaAs	[23,	24].	Shubnikov	de	Haas	oscillations	have	

been	observed	in	TaAs	[23]	and	NbP	[25,	26].		The	chiral	anomaly	leads	to	giant	spin	

hall	effect,	which	has	been	shown	in	TaAs	[18].		

	



	14	

2.2	Types	of	Weyl	Semimetals	

Weyl	fermions	were	first	conceptualized	in	particle	physics,	where	there	is	a	

strictly	enforced	Lorentz	invariance.	In	condensed	matter	systems,	it	is	possible	to	

break	Lorentz	invariance.	This	allows	for	two	distinct	types	of	Weyl	fermions.	In	a	

type	I	Weyl	semimetal,	the	hole	and	electron	pockets	which	touch	to	form	the	Weyl	

points	do	not	overlap	in	energy.	Type	I	Weyl	semimetals	have	a	point-like	Fermi	

surface.	In	a	type	II	Weyl	semimetal,	the	hole	and	electron	pockets	that	form	the	

Weyl	points	overlap	in	energy	(figure	2.1).	In	this	case,	the	Fermi	surface	consists	of	

a	hole	and	electron	pocket	touching	at	a	single	point.	Type	II	Weyl	semimetals	are	

only	possible	as	a	quasiparticle	excitation	in	a	condensed	system	where	Lorentz	

inversion	is	broken	[27].		

	

Figure	2.1:	Two	types	of	Weyl	semimetals.	(a)	shows	a	type	I	Weyl	point,	with	a	

point-like	 Fermi	 surface,	 and	 (b)	 shows	 a	 type	 II	 Weyl	 point,	 with	 a	 hole	 and	

electron	pocket	on	the	Fermi	surface.	Figure	is	from	[27]		

	
There	has	been	much	evidence	of	type	I	Weyl	semimetals	in	the	TaAs	family	

[26,	28-41],	the	pyrochlore	irridates	[11],	and	several	other	materials,	such	as	Na3Bi	

[42],	Bi2Se3	[43],	TIBiSe2	[44],	SrSi2	[45],	Cd3As2	[46-48],	and	HgCr2Se4	[49,	50].	
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MoTe2,	WTe2,	and	their	alloy	Mo1-xWxTe2	are	predicted	to	be	type	II	Weyl	

semimetals	[51-53].	There	have	been	several	transport	measurements	showing	

negative	magnetoresistance	in	WTe2	[54,	55],	and	Weyl	points	in	MoTe2	have	been	

demonstrated	experimentally,	through	angle-resolved	photoemission	spectroscopy	

(ARPES),	and	STM	[56-58].		

	

2.3	Determining	Topological	Nature	of	Phenomena	

A	key	theme	in	the	field	of	topological	materials	is	how	we	can	determine	if	

an	observed	transport	effect	is	related	to	topological	properties.	Some	of	the	

transport	effects	we	see	may	be	caused	by	trivial	aspects	of	the	bandstructure	and	

merely	coincide	with	a	topological	phase.	In	order	to	answer	this	question,	it	is	

useful	to	have	a	“topological	switch”	–	a	way	of	controlling	the	topological	state	of	

the	material	without	drastically	changing	the	bandstructure.		

One	example	of	a	topological	switch	is	doping	in	topological	insulators.	

Figure	2.2(a)	shows	the	emergence	of	surface	states	in	HgTe	quantum	wells	as	a	

function	of	doping	by	voltage	gating.	As	Vg	-	Vthr	is	tuned	from	positive	to	negative,	

the	devices	move	from	a	regime	of	n-type	conductance	to	p-type	conductance	

passing	through	an	insulating	regime.	The	black	curve,	I,	shows	a	normal	quantum	

well	with	an	insulating	regime.	Samples	II,	III,	and	IV,	are	quantum	wells	that	are	

thicker	than	the	critical	thickness	of	6.3nm.	In	these	devices,	the	presence	of	

conducting	edge	states	in	the	bandgap	lead	to	a	finite	conductance	plateau	when	the	

Fermi	level	is	in	the	nominally	insulating	regime	[59].		
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Another	example	of	tuning	topology	through	doping	is	in	Bi1-xSbx	[20].	This	

material	undergoes	a	topological	phase	transition	from	band	insulator	to	topological	

insulator	at	x≈3%	Sb.	Figure	2.2(b)	shows	angle-dependent	magnetoresistance	

measurements	of	critically	doped	Bi1-xSbx,	displaying	negative	magnetoresistance	

around	θ=90°.			

	

Figure	2.2:	Tuning	topology	by	doping.	(a)	shows	the	emergence	of	surface	states	

in	HgTe	 quantum	wells	 as	 a	 function	 of	 doping	 by	 voltage	 gating.	 Figure	 adapted	

from	[59].	(b)	shows	negative	magnetoresistance	in	critically	doped	Bi1-xSbx.	Figure	

adapted	from	[20].	

	

2.4	MoTe2	–	A	New	Candidate	for	a	Topological	Switch	

MoTe2	is	a	transition	metal	dichalcogenide.	At	room	temperature,	it	is	

polymorphic	and	the	crystal	structure	is	either	hexagonal	(2H,	or	α	phase)	or	

monoclinic	(1T’,	or	β	phase).	When	the	monoclinic	phase	is	cooled,	it	undergoes	a	

structural	transition	at	240K	to	become	orthorhombic,	which	is	known	as	the	Td	

phase.	In	this	phase	transition,	the	layers	shift	slightly	over	each	other,	so	the	angle	
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between	them	changes	from	93°	(monoclinic)	to	90°	(orthorhombic).	This	slight	

change	breaks	inversion	symmetry	and	creates	Weyl	points	without	significantly	

changing	the	rest	of	the	bandstructure	[60,	61].	In	the	1T’	phase,	each	Mo	atom	is	at	

the	center	of	a	buckled	Te	octahedron,	as	shown	in	figure	2.3.	Table	1	outlines	the	

crystal	structure	of	the	three	phases.	Theoretical	predictions	indicate	that	the	

electronic	structure	of	this	phase	contains	type-II	Weyl	points,	although	the	exact	

number	of	Weyl	points	and	the	locations	of	their	associated	Fermi	arcs	are	highly	

sensitive	to	the	lattice	parameters	[52,	53].	In	this	material,	temperature	can	act	as	a	

topological	switch.	The	monoclinic	(T’	phase)	obeys	inversion	symmetry	and	is	

topologically	trivial,	while	the	orthorhombic	(Td	phase)	breaks	inversion	symmetry	

and	is	a	type	II	Weyl	semimetal.	By	warming	or	cooling	a	sample	through	the	

monoclinic-orthorhombic	phase	boundary,	it	is	possible	to	turn	off	and	on	the	

topological	aspects	of	the	bandstructure.	This	is	a	simple	way	of	experimentally	

isolating	phenomena	of	interest	and	determining	which	effects	are	caused	by	the	

presence	of	Weyl	points	in	the	bandstructure.		
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Figure	2.3:	Crystal	Structures	of	MoTe2.	The	Te	atoms	are	represented	in	yellow,	

and	 the	 Mo	 atoms	 are	 purple:	 (a,b)	 Monoclinic	 phase	 of	 MoTe2	 (c,d)	 Hexagonal	

phase	of	MoTe2.		

Table	1	Crystal	Structures	of	MoTe2	(From	reference	[61])	

Formula	Unit:	MoTe2	
	
2H	Phase:	
Space	Group:	P63/mmc,	#194	
Cell	Dimensions:	a	=	6.519	Å,	c	=	13.97	Å	
Cell	Contents:	3	formula	units	
Atomic	Positions:	z	=	0.621	

Mo	2(c)			+(0.333,	0.667,	0.25)	
Te		4(f)				+(0.333,0.667,	z)	
																		+(0.333,	0.667,		z	+	0.5)	

	
1T’	Phase:	
Space	Group:	P21/m,	#11	
Cell	Dimensions:	a	=	6.330	Å,	b	=	3.469	Å,	c	=	13.86	Å	
Cell	Contents:	2	formula	units	
Atomic	Positions:	

c

ba

ba

b

ac

dc
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Mo				2(e)				+(0.183,	0.25,	0.007)	
Mo				2(e)				+(0.318,	0.75,	0.507)	
Te					2(e)				+(0.589,	0.25,	0.104)	
Te					2(e)				+(0.097,	0.75,	0.149)	
Te					2(e)				+(0.557,	0.75,	0.352)	
Te					2(e)				+(0.056,	0.25,	0.396)	

	
Td	Phase:	
Space	Group:	Pnm21,	#31	
Cell	Dimensions:	a	=	6.33	Å,	b	=	3.469	Å,	c	=	13.83	Å	
Cell	Contents:	2	formula	units	
Atomic	Positions:	

Mo				2(a)			(0.900,	0.500,	0.000)	
Mo				2(a)			(0.541,	0.000,	0.985)	
Te					2(a)			(0.294,	0.500,	0.097)	
Te					2(a)			(0.800,	0.000,	0.140)	
Te					2(a)			(0.356,	0.000,	0.345)	
Te					2(a)			(0.852,	0.500,	0.389)	
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Chapter	3:	Quasiparticle	Interference	in	the	Weyl	State	of	MoTe2	

3.1	Introduction	

In	this	chapter,	we	present	the	first	part	of	a	two	part	study,	comparing	

quasiparticle	interference	from	Fermi	Arcs	in	MoTe2	at	low	temperature	(in	the	

Weyl	state)	and	at	room	temperature	(trivial	semimetal).	In	this	part,	we	present	

quasiparticle	interference	measurements	of	Td-MoTe2	crystals	at	6K,	well	below	the	

monoclinic-orthorhombic	phase	transition	temperature.	We	compare	these	

measurements	to	theoretical	calculations	of	the	electronic	bandstructure.			

	 Our	STM	and	ARPES	measurements	were	performed	on	crystals	grown	by	

the	flux	method	(details	in	Methods)	and	quenched	from	high	temperature	to	

preserve	the	metastable	1T’	phase	at	room	temperature.	All	samples	were	prepared	

in	an	argon	glovebox,	quickly	loaded	into	the	microscope,	and	cold-cleaved	in-situ.	

Figure	3.1(a,	b)	show	STM	topographic	measurements.	Figure	3.1(a)	shows	a	

zoomed-in	atomic	resolution	STM	topography	of	MoTe2.	We	are	able	to	achieve	

atomic	resolution	and	measure	a	lattice	spacing	of	a	=	3.19Å,	b	=		5.4Å,	in	good	

agreement	with	previous	measurements.	Figure	3.1(b)	is	an	STM	topography	over	a	

large	area,	showing	clean,	flat	surfaces	with	several	defects	present	at	both	the	

chalcogen	and	metal	sites.		

	 Figure	3.1(c)	shows	two-dimensional	cuts	of	the	bandstructure	measured	by	

ARPES	along	the	cuts	X-Γ-Y	over	a	wide	range	of	energies.	Our	measurements	are	

consistent	with	theoretical	calculations	and	previous	measurements	[56-58]	on	

similar	crystals,	indicating	that	the	samples	are	indeed	in	the	Td	phase.	We	also	

show	resistivity	measurements	of	our	crystal,	taken	using	a	standard	4-probe	
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technique	in	a	Physical	Property	Measurement	System	(figure	3.1(d)).	These	

measurements	show	the	expected	phase	transition	at	240K.		

	

Figure	 3.1:	 Td-MoTe2	 –	 Basic	 Measurements.	 (a,b)	 Atomic	 resolution	 STM	

Topographies	of	Td-MoTe2.	(a)	is	normalized	at	80	mV,	100	pA.	(b)	is	normalized	at	

-200	 mV,	 -150	 pA.	 (c)	 Two-dimensional	 cuts	 of	 the	 bandsructure	 along	 the	 high	

symmetry	directions	X-Γ-Y	over	a	wide	range	of	energy	as	measured	by	ARPES.	(d)	

Resistivity	measurement	of	1T’	MoTe2	bulk	crystal,	taken	using	a	standard	4-probe	

technique	in	a	Physical	Property	Measurement	System	(Quantum	Design,	9T-PPMS).		
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3.2	Spectroscopy	Maps	and	QPI	

We	are	able	to	use	scanning	tunneling	spectroscopy	(STS)	maps	to	show	

signatures	of	Fermi	Arc	surface	states	in	the	bandstructure	of	MoTe2.	In	STS	

measurements,	real-space	differential	conductance	images	can	be	connected	to	the	

underlying	electronic	bandstructure	through	quasiparticle	interference.	Point	

defects	in	materials	can	act	as	elastic	scattering	centers	for	quasiparticles,	giving	

rise	to	standing	waves	in	the	local	density	of	states	around	each	defect.	We	call	these	

patterns	quasiparticle	interference	(QPI).	The	wavevectors	present	in	the	QPI	

patterns	are	related	to	the	allowed	momentum	transfers,	determined	by	the	

underlying	bandstructure.	The	scattering	wavevectors	in	QPI	patterns	can	be	

visualized	by	taking	a	magnitude	Fourier	transform	of	a	spectroscopy	map	as	

discussed	in	more	detail	in	Section	1.4.		

Figure	3.2	shows	two	spectroscopy	maps	of	Td-MoTe2	obtained	at	-35	mV	

and	50	mV,	respectively.	Note	that	the	data	shown	here	has	been	drift	corrected	and	

Gaussian	smoothed	(σ=2	pixels),	as	described	in	Section	4.6.	While	the	scattering	

from	each	individual	defect	is	weak,	the	collective	effect	of	all	the	scattering	centers	

in	the	material	causes	clear	modulations	in	the	local	density	of	states	at	each	energy.		

This	is	similar	to	experiments	in	other	topological	insulator	materials	[62].	The	QPI	

can	be	seen	more	clearly	in	the	Fourier	transforms	(figure	3.2(b,	d)).	We	observe	

two	distinct	features	in	the	QPI	at	different	wavevectors.	Firstly,	we	see	horizontal	

“wings”	aligned	with	the	a-axis	of	the	crystal	(highlighted	with	the	red	box	in	figure	

3.2(b)).	Secondly,	we	observe	a	vertical	stripe-like	feature	(highlighted	with	the	

green	box	in	figure	3.2(d)).	This	feature	is	aligned	with	the	b-axis	of	the	crystal.	
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These	wavevectors	change	size	and	disperse	with	energy	as	described	in	detail	in	

the	following	sections.		

	

Figure	3.2:	Differential	 conductance	maps	showing	 two	main	 features	of	QPI	

from	 Fermi	 Arcs	 in	 low	 temperature	 Td-MoTe2.	 (a,c)	 show	 real	 space	

conductance	 maps,	 and	 (b,d)	 are	 the	 Fourier	 transforms,	 showing	 the	 QPI.	 (a,b)	

show	a	map	at	-35	mV,	with	normalization	V	=	-300mV,	I	=	-350pA,	T	=	6K.	This	map	

shows	a	horizontal	wing	feature	in	the	QPI	aligned	with	the	a	crystal	axis.	(c,d)	show	

a	map	of	a	different	area	at	50	mV,	normalized	at	V	=	200mV,	I	=	150pA,	T	=	6K.	This	

a b

Low High

Low High

dc
0

1

0
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map	shows	a	vertically	dispersing	feature	in	the	QPI,	aligned	with	the	b	crystal	axis	

(green	box).	Scale	bars	represent	10nm.		

	
	 We	chose	maps	of	different	sizes	to	emphasize	the	two	main	features	of	the	

QPI	(horizontal	wings	and	vertically	dispersing).	To	fully	explain	why	this	is	

necessary,	we	must	consider	several	experimental	factors.	A	spectroscopy	map	with	

a	resolution	of	256	pixels	requires	a	data	acquisition	time	of	1-1.5	days,	depending	

on	the	energy	range	of	the	map.	This	is	close	to	the	maximum	time	we	can	control	

drift	and	operate	without	cryogen	refills	at	low	temperature.	For	a	set	number	of	

pixels	in	a	map,	increasing	the	spatial	size	of	the	map	results	in	a	higher	Fourier	

space	resolution.	We	balance	this	consideration	with	the	fact	that	a	larger	map	in	

real	space	averages	over	more	disorder	in	the	sample.	The	presence	of	random	

disorder	creates	a	Gaussian	background	centered	at	the	origin	of	the	Fourier	

transform.	We	optimize	the	size	of	a	map	to	achieve	the	resolution	needed	to	

visualize	each	QPI	feature	while	minimizing	the	Gaussian	background.		

	

3.3	MoTe2	Bandstructure	and	Comparison	with	Low	Temperature	QPI	

	 Our	experimental	results	for	Td-MoTe2	QPI	can	be	compared	to	predictions	

based	on	theoretical	calculations	of	the	surface	electronic	structure.	We	use	DFT	

calculations	based	on	lattice	parameters	from	x-ray	diffraction	at	100K.	According	to	

this	calculation	[53],	there	are	four	Weyl	points	at	k=(0.1011,	0.0503,	0)	and	points	

related	by	the	reflections	Mx,y.	Each	pair	of	Weyl	points	located	at	the	same	value	of	

kx	is	necessarily	connected	by	Fermi	arc	surface	states.	In	addition	to	these	arcs,	
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trivial	surface	states	also	exist	in	the	same	region	in	momentum	space.	We	can	

calculate	the	surface	bandstructure	of	the	material	at	each	energy	by	either	

projecting	the	full	density-functional	theory	(DFT)	calculation	onto	the	surface	or	

from	a	tight-binding	model	that	is	constructed	from	DFT	calculations	(see	methods).		

	 Figure	3.3(b-d)	shows	the	computed	surface	bandstructure	at	three	different	

energies.	A	number	of	bulk	and	surface	bands	are	seen	in	these	calculations.	The	

surface	states	are	easily	picked	out	from	the	bulk	contributions	by	a	simple	process	

of	thresholding	the	surface	spectral	density,	as	illustrated	in	figure	3.3(b-d).	This	is	

illustrated	by	the	chosen	colormap.	The	surface	spectral	density	is	represented	

using	shades	of	blue,	with	only	the	most	intense	values	colored	red.	The	surface	

states	contrast	sharply	in	intensity	with	the	their	surrounding	bulk	bands	located	

near	the	same	wavevectors,	so	this	colormap	easily	identifies	the	surface	states	

based	on	intensity.	The	identification	of	the	surface	states	by	this	procedure	allows	

us	to	track	the	evolution	of	these	states	in	energy.	Figure	3.3(a)	shows	a	cartoon	of	

how	the	surface	states	disperse	with	energy.	The	surface	bands	are	fairly	localized	

in	energy.	They	appear	around	-80	mV	and	lose	intensity	and	hybridize	strongly	

with	the	bulk	bands	above	-10	mV.	When	the	arcs	first	emerge,	they	are	narrow	and	

long	in	the	kx	direction.	With	increasing	energy,	the	arcs	open	up	in	ky	and	slightly	

shorten	in	kx.		The	evolution	of	the	hole	and	electron	pockets	(highlighted	with	

brown	and	green	lines)	matches	with	that	found	in	ARPES	measurements,	shown	in	

figure	3.3(e-g).	Our	ARPES	results	are	consistent	with	previous	measurements	[56-

58].	The	Weyl	points	themselves	are	not	visualized	in	the	data	since	they	occur	

above	the	Fermi	level.		
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Figure	3.3:	(Previous	page)	Surface	bands	in	Td-MoTe2.	(a)	Dispersion	associated	

with	 the	 surface	 bands.	 When	 the	 surface	 bands	 emerge	 at	 -80	 mV,	 their	 Fermi	

surfaces	are	long	and	narrow,	and	as	the	energy	increases,	the	Fermi	surfaces	open	

up	 and	 become	 shorter.	 The	 surface	 band	 Fermi	 surfaces	 persist	 as	 easily	

distinguishable	 features	 until	 approximately	 -10	 mV.	 (b,c,d)	 Calculated	 constant	

energy	contours,	and	(e,f,g)	corresponding	intensity	maps	(2nd	derivative)	measured	

through	ARPES	at	 various	 energies.	The	 color	map	 chose	 for	 the	 calculated	Fermi	

surface	 uses	 red	 for	 the	 most	 intense	 values	 and	 blue	 for	 the	 rest	 of	 the	 band	

structure.	This	was	deliberately	chosen	to	highlight	the	fact	 that	the	surface	states	

are	 much	 more	 intense	 than	 the	 bulk	 bands.	 The	 intensity	 corresponds	 to	 the	

density	 of	 states	 at	 a	 given	 momentum	 value,	 so	 the	 surface	 states	 by	 their	 two	

dimensional	 nature	 are	 very	 sharp	 and	 concentrated	 in	 momentum	 space	 in	

comparison	to	the	projected	bulk	states.	The	shaded	grey	rectangle	shows	where	a	

mask	 was	 applied	 to	 exclude	 the	 more	 intense	 bulk	 bands	 in	 the	 center	 of	 the	

Brillouin	 zone	 from	 the	 thresholding.	 The	 red	 dashed	 lines	 in	 (e,f,g)	 denote	 the	

region	 over	 which	 ARPES	 measurements	 were	 performed.	 The	 ARPES	

measurements	of	 the	Fermi	 surface	 show	a	 surface	bandstructure	 consistent	with	

previous	measurements	 [56-58].	We	outline	 the	edges	of	 the	hole	pocket	 in	green	

and	 the	 edge	 of	 the	 electron	 pocket	 in	 brown	 to	 show	 how	 the	 evolution	 of	 the	

pockets	matches	 between	 the	ARPES	data	 and	 calculated	bandstructure.	 The	data	

shown	 in	e,f,g	has	been	mirrored	 in	kx	and	ky	 to	show	all	quarters	of	 the	Brillouin	

zone.	All	of	 the	bandstructure	plots	 shown	 in	 this	 figure	are	 cropped	 to	 the	 range	

kx=(-0.5π/a,0.5π/a)	and	ky=(-0.5π/b,0.5π/b).	
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	 The	number	of	Weyl	points	is	highly	sensitive	to	strain.	Calculations	using	a	

slightly	different	lattice	constant	(~1%)	produce	different	results	for	the	surface	

state	bandstructure	[52].	In	our	calculations	[53],	there	is	one	Weyl	point	in	each	

quadrant	of	the	BZ,	located	at	(+0.1011a*,	+0.0503b*,	0).	The	largest	surface	state	

connects	the	Weyl	points	across	the	ky	axis	and	is	a	topological	Fermi	arc.	In	the	

other	calculation	[52],	there	are	two	Weyl	points	in	each	quadrant	of	the	BZ	at	

(+0.1024a*,	+0.0128b*,	0)	and	(+0.1001a*,	0.0530b*,	0).	The	Fermi	arcs	are	much	

smaller	in	extent	and	connect	the	Weyl	points	located	within	each	quadrant.	A	large,	

singly	degenerate	surface	state	is	seen	in	this	calculation	as	well,	although	it	is	

topologically	trivial	in	this	calculation.	The	origin	of	this	large	surface	state	is	

currently	not	understood	theoretically	–	the	fact	that	it	is	singly	degenerate	is	

unusual,	since	its	Rashba	partner	seems	to	be	missing	in	the	surface	bands	[63].	

While	the	topological	properties	of	the	surface	bands	are	quite	different	in	the	two	

calculations,	the	actual	extent	and	dispersion	of	the	surface	bands	themselves	are	

very	similar.	We	will	comment	further	on	the	difference	below,	but	we	will	proceed	

by	comparing	STM	experiments	to	the	4-Weyl	point	calculation	[53].		

	 Using	our	theoretically	calculated	bandstructure,	we	proceed	to	calculate	the	

expected	scattering	wavevectors	in	a	QPI	experiment.	An	elastic	scattering	event	

from	a	defect	results	in	a	change	in	momentum	q	of	a	quasiparticle	incident	on	it.	

Real	space	interference	patterns	and	their	Fourier	transforms	will	show	intensity	

only	at	values	of	q	allowed	by	the	bandstructure	at	each	energy	[64-66].	Additional	

selection	rules	that	govern	the	relative	intensities	for	different	q	can	exist	due	to	

crystal	and	time-reversal	symmetry	conservation	laws	[62],	structure	of	the	
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scattering	potential	[66,	67],	or	matrix	elements.	In	our	experiments,	we	consider	

the	impurities	giving	rise	to	scattering	processes	to	be	largely	non-magnetic,	as	

observed	for	other	transition-metal	dichalcogenides	[66].	To	compute	the	expected	

QPI	at	each	energy,	we	calculate	the	spin	conserved	scattering	probability	(SSP)	

!! ! = 1
2 !! ! !! ! + !

!!!,!,!,!!
	

where	!!(!)	stands	for	charge	density,	and	!!(!)	(i	=	1,2,3)	stands	for	spin	densities	

along	three	orthogonal	orientations.		

	 While	the	experimental	QPI	occurs	at	allowed	values	of	q	from	theory,	only	a	

subset	of	the	theoretically	allowed	values	is	actually	observed	in	experiment.	It	is	

therefore	worth	tracing	which	parts	of	the	theoretical	bandstructure	give	rise	to	the	

specific	QPI	features	seen	in	the	experiment.		Figure	3.4	shows	an	example	of	how	

we	separate	the	different	components	of	the	QPI.	In	general,	the	surface	

bandstructure	has	a	part	that	comes	from	the	surface	states	(red	band	in	figure	3.4)	

and	a	remainder	that	comes	from	the	projections	of	various	bulk	bands.	A	scattering	

process	can	therefore	take	place	between	the	bulk	bands	alone,	from	a	bulk	to	a	

surface	band,	or	between	the	surface	bands	alone.	We	decompose	the	theoretical	

bandstructure	(figure	3.4)	into	surface	and	bulk	bands	to	calculate	the	three	

separate	QPI	components,	as	shown	in	figure	3.4.	By	comparing	each	of	these	

separately	with	the	experimental	QPI	in	figure	3.4	we	see	that	the	most	distinctive	

feature	of	the	experimental	QPI,	the	“wings”	denoted	by	the	circled	region,	is	seen	

prominently	in	the	surface-surface	scattering	as	well	as	(to	a	lesser	extent)	in	the	

surface-bulk	scattering.	On	the	other	hand,	the	bulk-bulk	scattering	does	not	show	
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any	particular	features	at	this	intensity,	and	indeed	several	of	the	features	seen	in	

the	bulk	scattering	do	not	exist	in	the	experiment.	On	the	basis	of	the	match	

between	theory	and	experiment,	we	can	identify	the	“wings”	as	being	associated	

with	surface	state	scattering.		
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Figure	3.4:	 (Previous	page)	Demonstration	of	 the	procedure	used	 to	 separate	

QPI	 from	bulk,	 surface,	and	 joint	 states.	(a)	shows	the	Fermi	surface	at	-70	mV.	

Because	 the	 Fermi	 arcs	 sharpy	 contrast	 with	 the	 bulk	 states,	 they	 are	 easily	

separated	 from	 the	 rest	 of	 the	 bandstructure	 through	 intensity	 thresholding.	 The	

grey	 rectangle	 shows	 where	 a	 mask	 is	 applied	 to	 exclude	 the	 more	 intense	 bulk	

bands	 in	 the	 center	 from	 the	 threshold.	 (b)	 shows	 all	 three	 QPI	 components	

overlaid,	with	bulk	shown	in	blue,	 joint	shown	in	green,	and	surface	shown	in	red.	

(c)	 shows	 the	 Fourier	 transform	 of	 a	 differential	 conductance	 map	 at	 -35	 mV,	

cropped	 to	 the	 first	BZ	 for	 comparison	 to	 the	 calculated	QPI.	The	horizontal	wing	

feature	matches	with	the	QPI	calculated	form	the	Fermi	arc	surface	states.	(d)	shows	

in	 blue	 the	 QPI	 coming	 from	 bulk	 states	 only,	 with	 the	 Fermi	 arcs	 removed.	 (e)	

shows	the	joint	QPI	which	comes	from	scattering	between	bulk	and	surface	states.	

(f)	shows	the	QPI	coming	only	from	the	Fermi	arc	surface	states.		

	
	 Next	we	consider	the	dispersion	of	the	QPI	features	with	energy.	Shown	in	

figure	3.5	are	the	expected	QPI	from	theory,	color-coded	as	before	to	distinguish	the	

various	contributions	to	scattering.	Inspection	of	this	energy	evolution	shows	two	

distinctive	features	associated	with	the	surface	scattering,	coming	from	inter-arc	

and	intra-arc	scattering,	respectively.	The	inter-arc	scattering	that	has	already	been	

discussed	above	leads	to	“wings”	along	the	kx	direction	that	disperse	along	the	y	

direction	with	increasing	energy,	as	a	consequence	of	similar	dispersion	in	the	

surface	bands	themselves.	The	second	prominent	feature	observed	in	the	surface	

state	scattering	is	intra-arc	scattering,	which	is	seen	for	small	momentum	transfers.		
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At	the	lowest	energies	where	the	arcs	are	observed	(-80	mV),	the	intra-arc	

scattering	is	difficult	to	distinguish	from	strong	bulk	scattering	that	is	present	at	the	

same	wavevectors	(figure	3.5m).	However,	as	the	energy	increases	(going	from	

figure	3.5a	to	3.5f),	the	intra-arc	scattering	disperses	outwards	along	ky,	while	at	the	

same	time	the	amount	of	bulk	scattering	at	these	wavevectors	diminishes.	Since	the	

inter-arc	and	intra-arc	scatterings	appear	at	very	different	wavevectors,	we	perform	

two	separate	imaging	experiments	with	different	real-space	size	scales	to	see	the	

two	scatterings	clearly.		

An	additional	complication	in	the	comparison	between	theory	and	

experiment	is	the	presence	of	Fermi	level	shifts	in	the	sample	as	a	function	of	spatial	

position	or	time.	Such	shifts,	which	have	been	documented	to	occur	because	of	

surface	doping [57,	68],	sample	aging	[69],	chemical	inhomogeneity	[70],	or	non-

stoichiometry	[21]	in	both	topological	insulators	[68-70]	and	semimetals	[21,	57],	

imply	that	an	energy	shift	has	to	be	applied	to	the	experimental	data	before	

comparison	with	theory.	We	discuss	the	energy	shifts	applied	in	more	detail	in	the	

next	section.	Shown	in	figure3.5a-f	and	figure	3.5g-l	are	two	sets	of	experimental	

data	that	are	acquired	to	make	comparison	with	the	inter-arc	and	intra-arc	

scattering	features	respectively.	Imaging	performed	on	a	smaller	area	(figure	3.5a-f)	

reveals	the	large	wavevector,	inter-arc	scattering	(“wings”)	more	clearly	while	a	

larger	area	in	real	space	focuses	on	the	smaller	wavevector	intra-arc	scattering	

(figure	3.5g-l).	We	see	from	these	data	sets	that	the	experimental	dispersion	of	the	

QPI	features	matches	reasonably	well	with	both	the	intra-arc	and	inter-arc	

scatterings.		
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Figure	 3.5:	 (Previous	page)	Comparison	 of	 QPI	 from	 differential	 conductance	

maps	 and	 calculated	 QPI.	 (a-f)	dI/dV	map	optimized	 for	 showing	 the	horizontal	

dispersion.	(g-l)	dI/dV	map	optimized	for	showing	the	vertical	dispersion.	(m-r)	QPI	

calculated	 from	 tight	 binding	 data	 using	 the	 procedure	 shown	 in	 figure	 3.4.	 Blue	

represents	 QPI	 from	 bulk	 states,	 green	 is	 QPI	 from	 scattering	 between	 bulk	 and	

surface	states,	and	red	is	QPI	from	surface	states.	All	QPI	images	are	cropped	to	the	

range	qx	=	(-0.5π/a,	0.5π/a)	and	qy	=	(-0.5π/b,	0.5π/b),	and	aligned	in	energy.			

	

3.4	Fermi	Level	Shifting	and	Alignment	of	Datasets	

The	spectroscopy	maps	we	used	above	to	demonstrate	the	two	QPI	features	

are	obtained	on	several	locations	across	multiple	samples	that	have	been	exposed	to	

vacuum	conditions	for	varying	amounts	of	time,	depending	on	the	time	of	data	

acquisition.	Between	the	various	experimental	runs	at	different	sample	locations,	

we	find	Fermi	level	shifts	on	surfaces	due	to	sample	inhomogeneity	and	aging.	Here	

we	describe	the	procedure	for	aligning	the	features	seen	at	different	energies	in	the	

data	sets	shown	in	figure	3.5	above.	Figure	3.6a-f	and	g-l	show	the	QPI	cropped	to	

the	first	Brillouin	zone	from	the	same	spectroscopy	map	shown	in	figure	3.5g-l.	

Different	color	maps	are	used	to	emphasize	the	vertical	dispersion	(figure	3.6a-f)	

and	the	horizontal	wing	feature	(figure	3.6g-l).	Using	the	color	map	that	emphasizes	

the	horizontal	wing	feature,	we	align	this	data	set	with	that	shown	in	figure	3.5a-f.	

We	find	that	the	two	datasets	are	offset	by	35	mV.	We	also	match	the	strong	

horizontal	wing	feature	with	the	Fermi	arc	surface	state	QPI	predicted	from	the	tight	

binding	model,	shown	in	figure	14s-x.	We	find	that	the	dataset	in	figure	3.6a-l	is	
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offset	from	the	tight	binding	calculations	by	70	mV,	and	the	dataset	in	figure	3.6m-r	

is	offset	from	the	tight	binding	calculations	by	35	mV.	Similar	shifts	are	seen	in	over	

a	dozen	maps	taken	on	different	areas	of	the	sample	over	a	period	of	approximately	

six	months.		
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Figure	 3.6:	 Energy	 alignment	 of	 the	 tight-binding	 calculations	 and	 two	 low	

temperature	data	sets.	The	Fourier	transform	of	the	differential	conductance	maps	

is	cropped	to	the	first	Brillouin	zone,	to	the	range	qx	=	(-0.5π/a,	0.5π/a)	and	qy	=	(-

0.5π/b,	0.5π/b),	for	comparison	to	data	of	different	scales.	(a-f)	and	(g-l)	show	the	

same	 data	 set	 with	 different	 color	 maps.	 The	 color	 map	 in	 (a-f)	 emphasizes	 the	
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vertically	dispersing	feature	 in	the	QPI,	but	the	same	data,	viewed	with	a	different	

color	map	 shows	 the	 horizontal	wing	 feature	which	 is	 aligned	 in	 energy	with	 the	

other	main	data	set	(m-r)	and	the	tight	binding	QPI	predictions	(s-x).	This	technique	

is	used	to	determine	the	shifts	in	the	Fermi	level	between	data	sets.	
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Chapter	4:	Room	Temperature	MoTe2	Measurements	

4.1	Motivation	

While	our	low	temperature	STS	measurements	are	in	good	agreement	with	

our	surface	state	calculations,	we	have	explained	earlier	that	the	calculations	

themselves	are	extremely	sensitive	to	the	lattice	parameters	used.	Theoretically,	the	

large	surface	state	from	which	we	see	QPI	can	be	rendered	topological	or	not	by	

changing	the	small	ky	parts	of	the	bandstructure.	These	changes	are	very	hard	to	

detect	in	QPI	or	other	spectroscopic	experiments	due	to	limited	experimental	

resolution.	Thus,	detecting	the	surface	states	at	low	temperature	alone	is	not	

rigorous	enough	to	claim	agreement	with	the	theoretical	Fermi	arcs.	In	our	

experiments,	we	are	able	to	use	the	temperature-driven	phase	transition	to	gain	

crucial	additional	insight	into	the	topological	character	of	Td-MoTe2.		

The	orthorhombic-monoclinic	structural	transition	involves	a	small	(~3	

degrees)	distortion	of	the	c-axis	stacking	while	otherwise	leaving	the	structure	

intact.	As	a	consequence,	the	bulk	bandstructure	is	only	very	slightly	changed	

between	the	two	phases.	This	can	be	seen	in	figure	4.1,	which	shows	the	surface	

projected	bandstructures	at	-60	mV	calculated	by	tight	binding	for	both	phases.	We	

can	see	that	the	overall	bandstructure	is	very	similar	for	both	phases.	However,	an	

important	consequence	of	the	phase	transition	is	that	inversion	symmetry	is	

recovered	in	the	monoclinic	phase,	implying	that	the	high	temperature	phase	does	

not	have	Weyl	points	with	topologically	protected	Fermi	arc	surface	states.	

Topologically	trivial	states	can	still	exist	in	the	material,	and	a	close	examination	of	
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figure	4.1b	interestingly	shows	that	such	a	trivial	surface	state	does	exist	at	high	

temperature.	The	surface	states	at	low	and	high	temperature	are	highlighted	on	the	

ky<0	side	of	figure	4.1a,b	in	brown.	By	taking	STS	measurements	in	both	phases,	we	

are	able	to	see	if	the	topological	protection	makes	any	difference	in	the	QPI	signal	

from	the	surface	states.		

	

Figure	 4.1:	 Comparison	 of	 the	 high	 and	 low	 temperature	 phases.	 (a,b)	 The	

Fermi	 surfaces,	 calculated	 by	 tight	 binding,	 of	 the	 orthorhombic,	 Td	 phase	 at	 low	

temperature	(a),	and	the	monoclinic	1T’	phase	at	high	 temperature.	Surface	states	

are	present	 in	both	phases,	 highlighted	on	 the	 left	half	 of	 the	Brilliouin	 zone	with	

brown	contours.	The	plots	 shown	are	 cropped	 to	 the	 first	BZ,	 to	 the	 range	kx	=	 (-

0.5π/a,	0.5π/a)	and	ky	=	(-0.5π/b,	0.5π/b).		

	

4.2	Room	Temperature	Measurements	

	 In	order	to	visualize	the	difference	between	the	low	and	high	temperature	

surface	state	structure,	we	proceed	to	perform	STM/STS	imaging	at	room	

temperature*.	Such	experiments	are	in	general	technically	challenging,	and	to	avoid	

																																																								
*	Thank	you	to	Alex	Kerelsky	for	taking	the	room	temperature	MoTe2	
measurements.			
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problems	of	sample	contamination	the	experiments	are	performed	on	a	freshly	

cleaved	crystal	with	the	microscope	maintained	at	room	temperature.	We	are	

successfully	able	to	obtain	atomic	resolution	imaging	and	spectroscopy	(figure	4.2).	

Figure	4.2a,b	show	atomic	resolution	STM	topographies.	The	lattice	constants	match	

those	measured	for	this	phase	[53].	Figure	4.2c	shows	the	Fourier	transform	of	a	

differential	conductance	map	at	0	mV.	Figure	4.2d-i	show	the	real	space	data	from	

various	energies	of	a	differential	conductance	map,	and	the	insets	show	the	Fourier	

transform	at	each	energy.	No	strong	features	are	shown	which	could	be	attributed	

to	QPI	from	trivial	states	in	the	non-topological	phase.	All	data	shown	here	has	been	

drift	corrected	and	Gaussian	smoothed	(σ=2	pixels),	as	described	in	section	4.6.	To	

verify	the	capability	of	our	instrument	at	room	temperature,	we	also	perform	

successful	imaging	experiments	on	the	well-known	Shockley	surface	state	of	gold	

(111)	(see	section	4.3).	Even	with	high	quality	measurements,	with	atomic	

resolution,	low	noise	and	low	drift,	we	do	not	see	any	signal	of	QPI	from	the	surface	

states.		
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Figure	4.2:	Room	Temperature	MoTe2	Topographies	and	Spectroscopy	Maps.	

(a,b)	Atomic	resolution	topographies	of	MoTe2	at	room	temperature	(V	=	20	mV,	I	=	

3	nA).	(c)	Fourier	transform	of	the	room	temperatures	differential	conductance	map	

at	0	meV	(real	space	shown	in	panel	h).	The	peak	in	the	center	comes	from	disorder	

in	 the	 sample	 and	 is	 always	 present	 to	 some	 extent.	 The	 two	 peaks	 in	 the	 upper	

right	and	lower	left	are	the	periodic	signal	from	atomic	rows.	No	distinct	features	of	

QPI	are	seen	in	this	data.	The	Fourier	transforms	of	the	map	at	other	energies	show	

no	qualitative	difference,	 so	 they	 are	not	 shown	here.	 (d-i)	Real	 space	differential	
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conductance	map	of	MoTe2	at	room	temperature	(V	=	200	mV,	I	=	100	pA),	shown	at	

different	energies.	The	insets	show	the	Fourier	transform	at	each	energy.	

	

4.3	Accounting	for	Thermal	Effects	

In	order	to	make	a	fair	comparison	between	the	QPI	signal	of	the	Td	and	T’	

phases,	we	must	account	for	thermal	factors	that	may	affect	measurements	taken	at	

two	very	different	temperatures.	We	address	two	main	issues.	The	first	is	the	

question	of	whether	lattice	vibrations	at	room	temperature	may	destroy	surface	

states,	and	the	second	is	that	thermal	broadening	may	destroy	any	signature	we	

might	see	from	the	surface	states.		

We	confirm	that	surface	states	survive	in	the	presence	of	lattice	vibrations	at	

room	temperature	by	taking	a	differential	conductance	map	of	the	(111)	surface	of	

gold	at	room	temperature	(figure	4.3)*.	This	shows	the	QPI	from	the	well	known	

parabolic	surface	state	of	gold,	even	in	the	presence	of	lattice	vibrations	and	energy	

broadening	at	room	temperature.	The	scattering	vector	2kf	is	indicated	with	a	red	

arrow	in	figure	4.3f-j.		

																																																								
*	Thank	you	to	Drew	Edelberg	for	taking	the	room	temperature	gold	measurements.		
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Figure	4.3:	Differential	conductance	map	of	gold	(111)	at	302K.	(V	=	-800	mV,	I	

=	-100	pA).	(a)	shows	the	average	spectrum	over	the	entire	surface	covered	in	real	

space,	showing	the	clear	presence	of	a	surface	state	around	-450	mV.	(b)	shows	the	
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real	space	differential	conductance	at	-300	mV.	The	scale	bar	 is	10	nm.	(c-k)	show	

the	Fourier	transform	of	the	conductance	at	various	energies	(no	further	processing	

is	applied).	The	scattering	vector	2kf	 is	 indicated	with	red	arrows	 in	 f-j.	The	circle	

that	emerges	and	grows	with	increasing	energy	reflects	the	expected	dispersion	of	

the	well	known	gold	(111)	surface	state.	The	surface	state	is	not	destroyed	by	lattice	

vibrations	at	room	temperature.	

	
	 We	next	address	energy	broadening	in	room	temperature	measurements.	We	

cannot	undo	the	effects	of	thermal	broadening	in	our	room	temperature	

measurements,	but	we	can	estimate	the	effects	of	thermal	broadening	on	our	low	

temperature	spectra	and	maps	in	two	separate	ways:	Fermi	function	broadening,	

and	lock-in	amplifier	broadening.		

Fermi	Function	Broadening	of	Low-Temperature	Spectra:	

	 In	the	weak	tunneling	regime	of	typical	STM	experiments,	the	current	I	at	

position	r	and	voltage	V	is	given	by	

! !,!,! = ! !! !,!,! = 0 ! ! + !" − ! ! !"
!

!!
	

	where	C	is	a	constant	including	the	tip	density	of	states	and	tunnel	matrix	element,	

!! ! 	is	the	density	of	states	of	the	sample,	and	! ! 	is	the	Fermi-Dirac	distribution	

at	a	given	temperature.	This	implies	that	the	differential	conductance	is	given	by:		

!"
!" !,!,! = ! !! !,!,! = 0 !"

!" ! + !" !"
!

!!

= !"
!" (!,!,! = 0) !"!" ! + !" !"

!

!!
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i.e.,	given	the	! = 0	differential	conductance	!"!" (!,!,! = 0),	we	can	calculate	the	

differential	conductance	at	non-zero	temperature	!"!" !,!,! 	by	simply	convolving	

with	the	derivative	of	the	Fermi-Dirac	distribution	at	that	temperature.	We	perform	

this	procedure	at	every	location	in	a	map	obtained	at	low	temperature	to	generate	

maps	that	would	correspond	to	a	room	temperature	energy	broadening.	We	then	

take	the	Fourier	transform	of	these	broadened	maps	to	simulate	the	effect	of	room	

temperature	energy	broadening	on	the	QPI	patterns.	The	results	of	this	procedure	

are	shown	in	figure	4.4.	Panels	4.4a-e	show	the	QPI	patterns	before	room	

temperature	broadening,	while	panels	4.4	f-j	show	the	broadened	QPI	data.	While	

some	of	the	detail	is	missing	from	the	thermally	broadened	data,	the	most	

distinctive	feature	of	the	QPI,	the	wings,	are	still	clearly	visible.	
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Figure	4.4:	Fermi	 function	broadening	applied	 to	 low	 temperature	data.	QPI,	

symmetrized	 and	 cropped	 to	 the	 first	 Brillouin	 zone,	 to	 the	 range	 qx	 =	 (-0.5π/a,	

0.5π/a)	and	qy	=	(-0.5π/b,	0.5π/b).	The	data	are	taken	at	low	temperature,	in	the	Td	
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phase,	and	normalized	at	V	=	300	mV,	I	=	200	pA.	(a-e)	show	the	original	data,	and	

(f-j)	 show	the	data	multiplied	by	 the	derivative	of	 the	Fermi-dirac	distribution	 for	

300K	 to	 simulate	 room	 temperature	 energy	 broadening.	 While	 fewer	 details	 are	

apparent	 in	 the	QPI	with	energy	broadening,	 the	distinctive	wing	 features	are	still	

strongly	apparent.	

	
Energy	broadening	via	a	lock-in	amplifier:			

In	a	practical	STM	experiment,	the	differential	conductance	is	obtained	using	

a	lock-in	amplifier.	The	lock-in	supplies	a	sinusoidal	voltage	!!" = ∆!"#$(!")	which	

is	added	to	the	dc	bias	!!" 	at	which	the	differential	conductance	is	to	be	obtained.	

The	total	time	dependent	voltage	applied	to	the	junction	is	

! ! = !!" + ∆!"#$(!")	

This	results	in	a	sinusoidal	current	response	in	the	tunnel	junction	given	by		

! ! = !!" + ∆!"#$(!")	

The	ac	amplitude	of	the	current	response	∆!	is	read	by	the	lock-in	amplifier.	In	

linear	response,	the	ratio	∆!/∆!	is	simply	the	differential	conductance	at	voltage	

!!" .	As	shown	earlier,	above,		

! !,!,! = 0 = ! !! !,!,! = 0 !"
!"

!
	

In	linear	response,	this	gives	the	usual	relationship	to	the	local	density	of	states:	

∆!
∆! ≈

!"
!" !,!!" ,! = 0 = !!! !,!!" ,! = 0 	

In	practice,	an	ac	voltage	∆!	that	is	smaller	than	the	temperature	is	chosen	to	avoid	

energy	broadening	of	the	spectrum.	However,	we	can	choose	to	intentionally	
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broaden	our	spectrum	by	applying	a	large	ac	voltage.	In	this	case,	we	cannot	use	

linear	response,	and	instead	we	have	to	calculate	the	ac	current	response	directly:	

! !,! ! ,! = 0 = !!" + ∆!"#$ !" =  ! !! !,!,! = 0 !"
!" !

!

= ! !! !,!,! = 0 !"
! !!"!∆!"#$(!")

!
	

giving	

∆!"#$ !" =  ! !! !,!,! = 0 !"
! !!"!∆!"#$(!")

!!!"
	

To	extract	the	value	of	∆!∆!,	the	lock	in	amplifier	integrates	the	current	over	one	time	

period	of	the	sinusoidal	modulation:	

! ! sin !" !" = 
!

!
!!" + ∆! sin !"

!

!
sin !" !" = !∆!	

Therefore:		

∆!
∆! =  !

!∆! !! !,!,! = 0 !"
! !!"!∆! !"# !"

!
sin !" !"

!

!
	

We	compare	the	effect	of	broadening	the	spectrum	using	a	large	ac	voltage	to	the	

case	of	Fermi	distribution	broadening	using	a	simple	case,	a	dirac-delta	density	of	

states	centered	at	E=0.	Shown	in	figure	4.5	is	the	comparison	for	a	lock-in	

broadening	of	30	mV	RMS	(figure	4.5a)	and	room	temperature	Fermi-Dirac	function	

broadening	(figure	4.5b).	The	full	width	at	half	maximum	for	the	two	cases	is	

comparable	(~90	mV	for	thermal	broadening,	and	~	73	mV	for	lock-in-amplifier	

broadening).	The	horizontal	QPI	features	persist	over	a	large	enough	energy	range	

that	this	broadening	still	preserves	the	features.	
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Figure	 4.5:	 Comparison	 of	 lock-in-amplifier	 broadening	 and	 thermal	

broadening.	(a)	represents	broadening	from	a	large	bias	modulation	in	the	lock-in	

amplifier,	and	(b)	shows	thermal	broadening	at	300K.	The	curves	 in	red	show	the	

derivative	 of	 the	 Fermi-Dirac	 distribution	 at	 4K,	 and	 the	 curves	 in	 blue	 show	 the	

differential	 conductance	 measured	 for	 a	 30	 mV	 bias	 modulation	 (a)	 and	 a	

temperature	of	300K	(b).	

	

	 We	apply	this	broadening	method	to	simulate	room	temperature	

measurements	in	the	Td-MoTe2	phase.	While	we	typically	use	an	AC	voltage	that	is	
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comparable	to	the	real	sample	temperature,	we	intentionally	simulated	the	effect	of	

high	temperature	by	performing	a	low	temperature	measurement	with	a	large	AC	

voltage	(RMS	value	of	30	meV),	similar	to	room	temperature.	QPI	results	of	this	

experiment	are	shown	in	figure	4.6.	As	can	be	seen,	we	can	still	clearly	see	the	

“wing”	features	in	the	QPI	along	with	additional	features	that	are	introduced	after	

the	broadening	of	the	spectrum.	
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Figure	 4.6:	 QPI	 from	 differential	 conductance	 map	 with	 lock-in	 amplifier	

broadening.	(V	=	180	mV,	I	=	220	pA)	Data	has	been	symmetrized	and	cropped	to	

the	 first	 Brillouin	 zone,	 to	 the	 range	 qx	 =	 (-0.5π/a,	 0.5π/a)	 and	 qy	 =	 (-0.5π/b,	

0.5π/b).	The	data	are	taken	at	 low	temperature,	 in	the	Td	phase,	with	a	 large	bias	
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oscillation	 to	 simulate	 thermal	 broadening	 that	 is	 expected	 in	 room	 temperature	

measurements.	The	strong	wing	features	and	vertical	dispersion	are	still	seen	in	the	

low	temperature	QPI	despite	the	imposed	energy	broadening.		

	

4.4	Calculating	QPI	from	Tight	Binding	Model	in	Both	Phases	

We	calculate	the	expected	QPI	based	on	our	surface	projected	tight	binding	

bandstructure	at	high	temperature.	Since	we	see	experimental	features	primarily	

corresponding	to	the	surface	state	scattering	at	low	temperature,	we	concentrate	on	

comparing	the	scattering	expected	from	the	surface	states	when	they	are	non-

overlapping	with	the	bulk	bands	at	the	same	energy.	Shown	in	figure	4.7	are	the	

expected	QPI	from	the	surface	states	from	both	phases	at	various	energies,	all	

shown	using	the	same	intensity	color	scale.	We	note	that	in	this	calculation,	since	we	

will	be	comparing	our	calculations	with	data	taken	at	room	temperature,	we	apply	

artificial	thermal	broadening	of	300K	to	the	tight	binding	bandstructure	before	

calculating	the	QPI	using	the	Fermi	Function	broadening	method	described	in	

section	4.3.	This	allows	us	to	fairly	compare	the	expected	QPI	from	both	phases	to	

room	temperature	measurements.		



	54	

	

Figure	4.7:	Comparison	of	 calculated	QPI	 from	Td	and	1T’	MoTe2.	(a-e)	Fermi	

surface	 for	 various	 energies	 of	 tight	 binding	 band	 structure	 calculated	 for	 the	

monoclinic	phase,	at	room	temperature.	 (f-j)	QPI	calculated	 from	the	 tight	binding	

band	structure	for	the	monoclinic	phase.	(k-o)	QPI	calculated	from	the	tight	binding	

band	structure	for	the	orthorhombic	phase.	(p-t)	Fermi	surface	for	various	energies	

of	 tight	 binding	 band	 structure	 calculated	 for	 the	 orthorhombic	 phase,	 at	 low	

temperature.	Each	plot	shown	in	this	figure	is	cropped	to	the	first	Brillouin	Zone,	to	

the	range	kx	or	qx	=	(-0.5π/a,	0.5π/a)	and	ky	or	qy	=	(-0.5π/b,	0.5π/b)	for	the	Fermi	
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surfaces	 and	QPI	 respectively.	While	 both	 phases	 show	QPI	with	 similar	 features,	

the	QPI	in	the	room	temperature	phase	is	much	less	intense.	

	

We	see	that	the	Weyl	semimetal	phase	shows	a	strong	signature	of	“wings”	

that	we	have	previously	described,	and	that	these	“wings”	are	clearly	present	even	

after	thermal	broadening	of	300K.	On	the	other	hand,	the	monoclinic	bandstucture	

shows	very	weak	structure	at	the	wavevectors	of	the	wings,	This	happens	in	our	

calculations	because	the	length	of	the	surface	state	that	is	non-overlapping	with	the	

bulk	states	is	much	shorter	in	the	trivial	phase	when	compared	to	the	semimetal	

phases,	and	consequently	its	intensity	in	the	QPI	pattern	is	much	weaker.		

	

4.5	Discussion	

	 Our	observation	of	the	absence	of	the	high	temperature	QPI	at	the	

wavevectors	corresponding	to	the	“wings”	is	reasonably	consistent	with	our	

theoretical	calculations,	which	show	a	heavy	suppression	of	this	feature	in	the	trivial	

phase	(figure	21f-j).	The	complete	absence	of	the	feature	at	high	temperature	rather	

than	a	suppression	of	the	intensity	could	additionally	arise	from	a	loss	of	topological	

protection	of	the	surface	state.	Thus,	at	low	temperature,	the	large	surface	state	is	

topologically	protected	against	the	effects	of	disorder	–	at	least	at	small	momentum	

scattering.	No	such	topological	protection	–	beyond	weak	antilocalization	–	should	

exist	at	high	temperature.	This	would	be	compatible	with	a	scenario	where	the	

surface	states	at	high	temperature	are	not	observed	due	to	disorder	(as	has	been	
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observed	in	other	metallic	surface	states	[71]),	while	they	survive	at	low	

temperature	due	to	the	topological	protection.		

	 Further	experiments	on	samples	with	varying	levels	of	disorder	can	help	to	

shed	light	on	whether	surface	state	localization	is	significant	at	high	temperature.	

We	also	note	that	this	scenario	where	topological	protection	is	responsible	for	

explaining	the	low-temperature	QPI	is	more	compatible	with	the	4	Weyl	point	

calculation	rather	than	the	8	Weyl	point	calculation	(where	the	large	surface	state	is	

trivial	at	both	low	and	high	temperature).	Regardless	of	the	details	of	the	high	

temperature	surface	state,	this	type	of	temperature-driven	phase	transition	where	

the	electronic	structure	is	largely	preserved	but	the	topological	character	is	changed	

presents	a	unique	opportunity	to	isolate	the	effect	of	topological	Fermi	arcs	on	the	

properties	of	Weyl	semimetals.	By	alloying	or	applying	physical	knobs	such	as	strain	

or	pressure,	one	could	imagine	pushing	the	phase	boundary	down	to	low	

temperature,	where	topological	phenomena	can	be	turned	on	and	off	by	small	

changes	in	temperature.	This	offers	the	potential	of	isolating	topological	phenomena	

from	non-topological,	a	major	challenge	in	current	spectroscopic	and	transport	

experiments.		

4.6	Processing	Data	For	Drift	and	Noise	Reduction	

	 All	of	the	QPI	results	shown	here	have	been	subject	to	the	same	series	of	

processing	steps	to	reduce	drift	and	noise.	Since	spectroscopy	maps	take	a	long	time	

to	complete	(1-2	days),	they	often	exhibit	more	thermal	drift	than	a	topography	

which	can	be	completed	in	a	few	minutes.	We	correct	for	this	drift	by	taking	a	

reference	topography	in	the	same	area	as	the	spectroscopy	map	and	also	taking	a	
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topography	simultaneously	to	the	actual	spectroscopy	map	measurement.	Any	drift	

that	is	present	in	the	spectroscopy	map	is	also	present	in	the	simultaneous	

topography.	We	create	an	affine	transformation	that	matches	defects	and	any	other	

features	from	the	map	topography	to	the	reference	topography	and	then	apply	that	

transformation	to	the	spectroscopy	map	at	each	energy.	Figure	4.8	shows	this	

process	for	one	example	map	topography	and	reference	topography.		

	

Figure	 4.8:	 Drift	 correction	 using	 affine	 transformation	 to	 match	 map	

topography	 to	 reference	 topography.	(a)	shows	a	reference	topography.	(b)	is	a	

topography	taken	simultaneously	to	a	spectroscopy	map	in	the	same	area	as	(a).	(c)	

shows	the	same	topography	as	(b)	after	drift	correction.	Scale	bars	are	10	nm.		

	

We	also	take	advantage	of	the	crystal	symmetry	in	order	to	reduce	noise	in	

our	QPI	measurements.	Figure	4.9	shows	the	steps	taken	to	symmetrize	the	data	for	

a	typical	QPI	measurement.	It	also	shows	in	more	detail	how	and	when	we	use	non-

linear	colormaps	to	emphasize	important	features	of	the	data.	We	first	take	the	

Fourier	transform	of	the	conductance	map	at	each	energy	and	visualize	it	with	a	

linear	colormap	(figure	4.9	a-f).	The	“wings”	that	come	from	the	surface	state	

Low

Higha b c
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scattering	are	clearly	visible	in	this	raw	Fourier	transform.	To	increase	the	signal	to	

noise	ratio	in	the	image,	we	mirror	symmetrize	the	data	along	the	kx	and	ky	axes.	The	

symmetrized	data	with	two	different	colormaps	is	shown	in	figure	4.9g-l	and	m-r.	

The	colormap	from	figure	4.9m-r	is	the	one	chosen	to	emphasize	the	horizontal	

“wing”	feature	and	used	in	earlier	sections	of	this	text.	It	is	important	to	note	that	no	

additional	new	QPI	features	are	generated	as	a	consequence	of	symmetrization	

procedures	in	the	Fourier	transform.		
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Figure	 4.9:	 Step	 by	 step	 symmetrization	 for	 QPI	 from	 a	 differential	

conductance	map.	 (V=-300	mV,	I	=	-350	pA,	T	6K)	(a-f)	are	Fourier	transforms	of	

the	 real	 space	 differential	 conductance	 at	 various	 energies.	 These	 Fourier	

transforms	are	shown	using	a	 linear	colormap.	Wings	 from	the	QPI	are	visible	but	

are	slightly	obscured	by	background	noise.	(g-l)	show	the	same	Fourier	transforms	

after	they	have	been	symmetrized.	(m-r)	show	the	same	symmetrized	data,	but	with	

a	 non-linear	 colormap	 that	 eliminates	 the	 background	 noise	 and	 makes	 the	 QPI	

more	visible	for	illustration	purposes.	

	

4.7	Methods	

Samples	were	grown	by	flux-method.	MoTe2	powder	was	well	mixed	with	

sodium	chloride	(NaCl,	molar	ratio	is	about	1:7)	and	put	in	an	alumina	tube.	This	

alumina	tube	was	then	sealed	in	a	vacuumed	quartz	tube	of	pressure	0.18	Pa.	Then,	

the	glass	tube	was	put	in	a	Muffle	furnace	and	heated	at	1100	°C	for	12	hours,	

followed	by	cooling	to	900	°C	at	a	rate	of	0.5	°C/h.	The	quartz	tube	was	then	water	

quenched	to	room	temperature	to	achieve	the	1T’	phase	MoTe2	crystals.	Electrical	

resistivity	measurement	was	carried	out	using	a	standard	4-probe	technique	in	a	

Physical	Property	Measurement	System	(Quantum	Design,	9T-PPMS).		

Our	DFT	calculations	are	generally	based	on	the	Vienna	ab	initio	simulation	

package [72],	and	use	the	core-electron	projector	augmented	wave	basis	sets [73]	

with	the	generalized-gradient	method [74].	Spin-orbital	coupling	is	included	self-

consistently.	The	cutoff	energy	for	wave-function	expansion	is	300	eV.	Experimental	

lattice	parameters	are	used	throughout	our	calculations.	To	reduce	the	computation	
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load	in	certain	cases	(e.g.	in	the	comparison	of	the	low-temperature	and	the	high-

temperature	structures	of	MoTe2),	we	construct	tight-binding	models	by	using	the	

maximally	localized	Wannier	function	approach	[75]	and	by	keeping	only	the	

degrees	of	freedom	corresponding	to	the	Mo	4d	orbitals	and	the	Te	5p	orbitals.		

	 To	obtain	the	spectral	and	spin	densities	on	the	surface	of	MoTe2	from	DFT	

calculations,	we	use	a	slab	model	of	4	surface	unit	cells	(with	2	atomic	layers	per	

unit	cell)	in	thickness,	and	with	a	(001)	surface	orientation.	We	use	in-plane	k-point	

grids	of	size	14x8	for	the	charge	self-consistent	calculations,	and	of	size	1000x400	

for	the	Fermi	surface	calculations.	To	obtain	the	surface	spectral	and	spin	densities	

from	tight-binding	models,	we	use	the	algorithm	by	Lopez	Sancho	et	al.	[76]	to	

calculate	the	surface	Green	functions	with	400x400	in-plane	k-point	grids.		

The	calculated	spectral	density	is	defined	by	ρ! !,! = !"(! !,! ),	and	the	

spin	densities	are	defined	by	ρ! !,! = !"(!!! !,! ),	with	! !,!  the	matrix	

spectral	function	and	!! 	the	Pauli	matrices	for	spin.	The	matrix	spectral	function	

! !,!  can	be	constructed	from	the	Bloch	eigenstates	 !!(!) 	(n	is	the	band	index),	

obtained	from	the	DFT	calculations,	for	a	specific	energy	E,	by	taking	its	standard	

definition	

	 ! !,! = − !
! !"

!
!!!! ! !!"! !! ! !!!(!)	 (2)	

Here	!! ! 	is	the	energy	of	the	n-th	Bloch	band,	the	eigenstate	!! ! 	is	a	column	

vector,	and	!	is	a	small	number	typically	of	value	2	meV.	Alternatively,	! !,! 	can	

be	obtained	from	the	retarded	surface	Green	functions	G!(!,!),	as	in	the	case	of	

tight-binding	calculations,	with	an	equivalent	definition:	
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	 ! !,! = !
!" G! !,! − G! !,! ! 	 (3)	

All	ρ!	and	ρ!,!,!	can	be	projected	to	specific	layers	by	keeping	! !,! 	only	for	the	

appropriate	atoms.	

All	angle	resolved	photoemission	measurements	were	performed	at	the	

ANTARES	beamline	located	at	the	SOLEIL	synchrotron,	Gif	sur	Yvette,	France.	The	

beam	spot	size	was	120	µm.	The	angular	and	energy	resolution	of	the	beamline	at	a	

photon	energy	of	18.8	eV	are	0.2°	and	10	meV,	respectively.	Linear	polarized	light	

was	used.		All	ARPES	data	shown	here	were	obtained	at	90	K.	  
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Part	II	

Strain	Induced	Nematicity	in	NaFeAs	
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Chapter	5:	Iron	Based	Superconductors	

5.1	Introduction	

In	1986,	Bednorz	and	Müller’s	discovery	of	superconductor	LaBaCuO	with	Tc	

of	30K	[77]	opened	the	doors	to	a	new	type	of	superconductor	that	did	not	fit	into	

the	conventional	theory	of	superconductivity	by	Bardeen,	Cooper,	and	Schrieffer	

(BCS)	[78].	This	discovery	gave	rise	to	a	period	of	rapid	material	exploration	in	

which	many	materials	in	the	family	of	superconductors	known	as	the	“cuprates”	

were	discovered.	The	cuprates	differ	from	conventional	superconductors	in	several	

significant	respects.	The	parent	state	(undoped)	is	antiferromagnetic,	and	the	

pairing	mechanism	is	related	to	spin	fluctuations	[79],	in	contrast	to	conventional	

superconductors	with	a	metallic	parent	state	and	phonon	mediated	electron	pairing.	

Additionally,	the	character	of	the	superconducting	gap	(the	Cooper	pair	binding	

energy)	in	the	density	of	states	is	different	between	the	two	types	of	

superconductors.	The	gap	in	the	cuprates	displays	!!!!!! 	symmetry,	meaning	it	

changes	magnitude	and	sign	depending	on	the	angle,	while	the	gap	in	conventional	

superconductors	displays	s-wave	symmetry	and	is	not	angle	dependent.		

In	2008,	the	discovery	of	superconducting	LaFeAsO1-xFx,	with	Tc=26K	began	

yet	another	burst	of	material	discovery,	this	time	of	iron	based	superconductors.	

This	included	the	discovery	of	SmO1-xFxFeAs	with	Tc=55K	[80]	and	Gd1-xThxFeAsO	

with	Tc=56K	[81].	More	recent	experiments	[82-86]	with	FeSe	films	on	a	SrTiO3	

substrate	have	achieved	a	Tc	of	up	to	77K,	and	even	above	100K	in	one	case	[86],	

promising	results	in	the	search	for	ever	higher	Tc	superconductors.	The	iron	based	
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superconductors	consist	of	two	groups,	the	iron	chalcogenides	and	the	iron	

pnictides,	respectively	characterized	by	an	iron-chalcogenide	or	an	iron-pnictide	

plane	in	their	crystal	structure.		

While	new	superconductors	continue	to	be	discovered	with	ever	increasing	

Tc,	there	remains	a	major	gap	in	the	understanding	of	the	interactions	that	drive	

unconventional	superconductivity.	A	crucial	piece	of	the	puzzle	is	the	nature	of	the	

magnetically	ordered	states	that	appear	in	the	phase	diagrams	of	both	the	iron	

pnictides/chalcogenides	and	the	cuprates	in	close	proximity	to	the	superconducting	

dome	[87],	see	figure	5.1.	In	the	cuprates,	there	is	antiferromagnetic	ordering,	and	in	

the	iron	pnictides/chalcogenides	there	is	a	spin	density	wave	(SDW)	with	

antiferromagnetic	ordering	along	one	in-plane	Fe-Fe	axis	and	ferromagnetic	

ordering	along	the	orthogonal	Fe-Fe	bond.	It	is	thought	that	the	interactions	

responsible	for	the	magnetic	ordering	could	be	related	to	the	pairing	mechanism	for	

the	superconducting	state,	a	compelling	reason	to	investigate	the	nature	of	this	

ordering.		
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Figure	 5.1:	Cuprate	 and	 Pnictide	 phase	 diagrams.	Magnetically	 ordered	 states	

appear	 in	 close	 proximity	 to	 the	 superconducting	 dome	 in	 the	 phase	 diagrams	 of	

both	the	cuprates	(a)	and	the	pnictides	(b).	Figure	was	reproduced	from	[87].		

	

5.2	Families	of	Iron	Based	Superconductors	

	 The	iron	based	superconductors	share	a	common	aspect	of	their	crystal	

structure.	They	all	contain	an	iron-pnictogen	(FeAs)	or	an	iron-chalcogen	(FeSe)	

trilayer.	The	iron	atoms	are	arranged	in	a	single	layer	in	a	square	lattice,	and	the	

arsenic	or	selenium	ions	are	arranged	above	and	below	this	layer,	centered	in	each	

square	of	iron	ions.	These	trilayers	can	be	separated	by	alkali	cations,	alkali-earth	

cations,	LnO	layers,	or	perovskite-related	oxydic	slabs.	Several	representative	

crystal	structures	are	shown	in	figure	5.2.	Materials	are	classified	into	families	based	

on	the	number	or	atoms	in	the	unit	cell.	For	example,	FeSe	is	referred	to	as	a	11	

material,	because	it	has	1	Fe	atom	and	1	Se	atom	per	formula	unit.		
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Figure	5.2:	Crystal	Structure	of	several	representative	families	of	the	iron	

based	superconductors.	Figure	adapted	from	[88].		

	

5.3	Ordered	Phases	in	the	Iron	Based	Superconductors	

At	high	temperatures,	the	parent	compounds	of	the	iron	based	

superconductors	have	a	tetragonal	crystal	structure.	They	are	paramagnetic	and	

display	S4	symmetry	(the	crystal	is	symmetric	under	a	combination	of	4-fold	

rotation	and	a	reflection	perpendicular	to	the	c	axis).	On	cooling,	the	crystal	

undergoes	a	phase	transition	from	tetragonal	to	orthorhombic,	in	which	the	lattice	

elongates	along	the	a	axis	and	compresses	along	the	b	axis.	This	is	called	the	nematic	

transition,	and	the	temperature	at	which	it	occurs	is	referred	to	as	Ts.	In	the	nematic	

phase,	the	symmetry	between	the	a	and	b	axes	is	broken,	but	time	reversal	

symmetry	is	not	broken.	In	general,	when	a	material	undergoes	a	tetragonal	to	

orthorhombic	phase	transition,	twin	domains	are	formed.	This	has	also	been	shown	

in	the	iron	pnictides	[89].		

Upon	cooling	even	further	from	the	nematic	transition,	the	crystal	undergoes	

a	magnetic	transition	at	Tmag,	where	a	spin	density	wave	is	established.	In	the	spin	

density	wave	phase,	the	magnetic	moments	are	arranged	with	antiferromagnetic	
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ordering	along	the	a	axis	(long	axis)	and	with	ferromagnetic	ordering	along	the	b	

axis	(short	axis).	A	schematic	of	the	different	phases	is	shown	in	figure	5.3.	As	the	

parent	material	is	doped	by	either	electrons	or	holes,	these	ordered	phases	are	

suppressed,	and	the	material	becomes	superconducting.	Many	of	the	iron	pnictides	

exhibit	some	coexistence	between	magnetic	ordering	and	superconductivity.		

	

Figure	 5.3:	 Iron	 pnictide	 phase	 diagram.	 (a)	 Phase	 diagram	 of	 NaFeAs	 (b-d)	

Diagram	 of	 FeAs	 plane	 in	 different	 phases.	 (b)	 shows	 the	 high	 temperature	

tetragonal	paramagnetic	phase,	 above	TS,	 (c)	 shows	 the	nematic	phase,	where	 the	

crystal	is	orthorhombic	and	paramagnetic,	between	Ts	and	Tmag,	and	(d)	shows	the	

spin	density	wave	phase	below	Tmag.	Figure	adapted	from	[90].		
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The	concept	of	nematic	order	comes	from	the	field	of	classical	fluids.	In	this	

original	formulation,	a	fluid	that	contains	rod-like	molecules	can	have	anisotropic	

interactions	between	molecules,	breaking	rotational	symmetry.	In	electronic	

nematic	phases,	we	are	dealing	with	the	quantum	equivalent	of	a	liquid	crystal	

phase.	When	considering	point-like	electrons,	a	nematic	phase	refers	to	an	electron	

fluid	that	spontaneously	breaks	an	underlying	symmetry	of	the	Hamiltonian	which	

interchanges	two	axes	of	the	system.	In	our	case,	this	symmetry	breaking	is	the	

breaking	of	equivalence	between	the	a	and	b	axes.	By	this	definition,	any	material	

that	undergoes	a	transition	from	tetragonal	to	orthorhombic	has	undergone	a	

nematic	transition.	This	encompasses	many	transitions	that	are	driven	by	structural	

forces,	not	relating	to	the	low	energy	electronic	degrees	of	freedom.	When	the	

effects	of	the	symmetry	breaking	are	more	pronounced	in	the	electronic	structure	

than	they	are	in	the	crystal	structure,	this	can	indicate	some	more	significant	

underlying	interaction	giving	rise	to	interesting	physics	[91].		

Figure	5.4	(adapted	from	[92])	shows	a	more	physical	picture	for	the	

electronic	nematic	state	in	the	iron	pnictides.	One	can	imagine	that	in	the	tetragonal	

state,	above	Ts	the	spins	on	each	iron	site	fluctuate	around	the	Néel	configuration.	In	

the	nematic	state,	between	Ts	and	Tmag,	the	spins	still	fluctuate,	but	those	

fluctuations	are	coupled	together	to	form	a	stripe	ordering	(ferromagnetically	

aligned	along	the	short	axis,	and	antiferromagnetically	aligned	along	the	long	axis).	

Below	Tmag,	a	true	spin	density	wave	is	established	and	spins	point	in	a	fixed	

direction.		
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Figure	5.4:	 Illustration	of	magnetic	 fluctuations	 in	the	different	 iron	pnictide	

phases	in	real	space	(upper	panels)	and	in	spin	space	(lower	panels).	Above	Ts	

spins	 fluctuate	about	 the	Néel	configuration.	Between	Ts	and	Tmag,	 the	 fluctuations	

are	coupled.	Below	Tmag	a	true	spin	density	wave	is	established	and	spins	point	in	a	

fixed	direction	in	spin	space.	Figure	adapted	from	[92].	

	
There	are	many	experiments	showing	electronic	nematic	behavior	in	the	iron	

pnictides.	Many	of	these	studies	attempt	to	answer	the	question	of	whether	the	

electronic	correlations	in	the	nematic	phase	are	driven	by	spin	or	orbital	degrees	of	

freedom.		Inelastic	neutron	scattering	measurements	[92]	in	the	1111	family	and	

the	122	family	show	the	temperature	dependence	of	the	spin-spin	correlation	

length.	The	spin-spin	correlation	length	sharply	increases	at	the	nematic	transition	

temperature,	and	the	low	energy	magnetic	intensity	simultaneously	increases.	This	

Tetragonal Spin Density Wave 
Orthorhombic

Nematic
Orthorhombic
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supports	the	theory	that	spontaneous	symmetry	breaking	in	the	nematic	state	is	

driven	by	magnetic	fluctuations.		

ARPES	measurements	show	a	splitting	of	the	dxz	and	dyz	orbitals	in	Ba(Fe1-x-

Cox)2As2	crystals	[93].	This	splitting	appears	at	Ts,	but	in	detwinned	crystals,	this	

splitting	persists	even	above	Ts.	These	results	can	be	seen	in	figure	5.5	below.	The	

splitting	of	dxz	and	dyz	orbitals	even	above	the	structural	transition	temperature	is	

indicative	of	large	in-plane	nematic	susceptibility.	Other	ARPES	measurements	

show	a	similar	lifting	of	degeneracy	between	the	dxz	and	dyz	bands	in	FeSe	[94,	95]	

and	in	NaFeAs	[96].		
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Figure	 5.5:	Band	 splitting	 in	 BaFe2As2	 as	 a	 function	 of	 temperature.	 ARPES	

(second	derivative)	cut	along	Γ-X	and	Γ-Y,	showing	a	shift	of	the	dyz	band	up	and	dxz	

band	down	with	decreasing	temperature.	Adapted	from	[93].	
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	 Optical	measurements	have	shown	an	anisotropic	optical	response	above	Ts	

in	detwinned	crystals	in	the	122	family	[97-100].	Resistivity	measurements	show	

anisotropy	and	divergent	nematic	susceptibility	at	the	structural	transition	

temperature,	strong	evidence	for	an	underlying	electronic	basis	for	the	nematic	

transition	[1,	2].	STM	measurements	show	anisotropic	QPI	in	these	materials	in	the	

SDW	state	[101,	102],	and	even	above	the	structural	transition	temperature	[90],	as	

I	will	discuss	in	more	detail	below.	NMR	measurements	in	FeSe	[103]	show	a	

resonance	line	split	at	Ts,	far	above	Tc,	indicating	that	the	structural	transition	has	a	

strong	electronic	component.	These	measurements	collectively	provide	strong	

evidence	for	an	electronic	basis	of	the	nematic	state	in	the	122	[1,	2,	92,	93,	97-102],	

11	[94,	95,	103],	111	[6,	96,	104],	and	1111	[92]	families	of	the	iron	based	

superconductors.		

5.4	Electronic	Nematicity	and	Strain	

There	are	two	important	results	that	suggest	that	the	electronic	nematicity	is	

coupled	to	strain	and	that	nematic	fluctuations	exist	above	the	structural	transition	

temperature.	Transport	measurements	of	Ba(Fe1-xCox)2As2	[1,	2]	show	a	linear	

relationship	between	applied	strain	and	nematicity	above	the	structural	transition	

temperature.		The	nematic	susceptibility	to	strain	diverges	as	the	temperature	

approaches	the	structural	transition	temperature	(figure	5.6).	This	behavior	

suggests	that	the	structural	transition	from	tetragonal	to	orthorhombic	comes	from	

the	lattice	passively	following	an	already	established	electronic	nematic	order.	The	

intensity	of	the	nematic	fluctuations	is	maximized	for	the	optimally	doped	

compound.	Additionally,	when	samples	with	low	doping	(x	=	0.016	and	x	=	0.025),	
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are	detwinned	through	applied	stress,	Chu	et	al.	[1,	2]	observe	a	partial	

superconducting	transition.	No	such	transition	is	observed	for	samples	of	this	

composition	that	have	not	been	detwinned.		

 

Figure	 5.6:	 Divergent	 nematic	 susceptibility	 of	 Ba(Fe1-xCox)2As2	 close	 to	 the	

structural	 transition	 temperature.	 (A)	 shows	 the	 relative	 change	 of	 resistivity	

(η=Δρ/ρ0)	 as	 a	 function	 of	 strain.	 (B)	 shows	 the	 temperature	 dependence	 of	 the	

nematic	 response,	 dη/dε.	 The	 structural	 transition	 temperature	 is	 indicated	 by	 a	

vertical	line	at	Ts=138K.	Adapted	from	[2].	

	
Rosenthal	et	al. [6]	use	variable	temperature	scanning	tunneling	

spectroscopy	(STS)	to	observe	nematic	fluctuations	in	NaFeAs	at	temperatures	up	to	

75	K,	far	above	the	structural	transition	temperature	of	52	K	(figure	5.7).	This	is	

attributed	to	inbuilt	strain	from	sample	preparation.	The	increase	of	intensity	of	the	

stripe-like	features	as	the	temperature	approaches	the	structural	transition	

temperature	from	above	is	consistent	with	Chu’s	[1,	2]	findings	of	divergent	nematic	

susceptibility	upon	approaching	TS.	
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Figure	5.7:	Temperature	Dependence	of	QPI	from	NaFeAs	showing	electronic	

anisotropy	 above	 the	 structural	 transition	 temperature.	 (a,c,e,g,I,k)	 show	real	

space	 differential	 conductance	maps	 of	 NaFeAs	 at	 10meV.	 Unidirectional	 features	

are	visible	with	decreasing	intensity	through	80K,	far	above	the	structural	transition	

temperature	of	52K.	(b,d,f,h,j,l)	show	the	corresponding	Fourier	 transform	images.	

Anisotropy	can	be	seen	in	the	QPI	signal,	corresponding	to	the	real	space	anisotropy.	

Figure	is	from	[6].		 	



	76	

Chapter	6:	Elasto-Scanning	Tunneling	Microscopy	

6.1	Strain	Devices	Review	

	 A	number	of	strain	measurements	have	been	performed	with	other	

materials.	Here	I	provide	a	review	of	the	devices	that	have	been	used	in	other	

experiments.		

	 The	most	rudimentary	devices	are	those	used	for	detwinning	crystals.	In	

2010,	there	were	papers	from	both	Chu	[1]	and	Tanatar	[100]	which	compared	

results	from	twinned	and	detwined	iron	based	superconductors	from	the	122	

family.	Both	of	their	devices	applied	uniaxial	compressive	strain	to	crystals	at	room	

temperature,	in	the	tetragonal	state	so	that	twin	domain	formation	is	suppressed	on	

cooling	past	the	tetragonal-orthorhombic	structural	transition	temperature.	The	

devices	are	shown	in	figure	6.4.		

	

Figure	6.1:	Devices	used	for	detwinning	crystals.	(a)	is	a	horseshoe	device	used	

by	Tanatar,	et	al	[100].	The	sample	is	compressed	at	a	45°	rotation	from	the	crystal	

axes	between	two	silver	wires	soldered	to	the	inside	of	the	horseshoe.	Compressive	

strain	can	be	adjusted	by	loosening	or	tightening	the	screw.	(b)	shows	the	cantilever	

device	 used	 by	 Chu,	 et	 al	 [1].	 The	 sample	 is	 held	 between	 the	 cantilever	 and	 the	

a b
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substrate,	 and	 uniaxial	 pressure	 is	 adjusted	 by	 a	 screw	 in	 the	 center	 of	 the	

cantilever.		

	
While	the	detwinning	devices	allow	for	measurements	of	detwinned	crystals	

in	the	orthorhombic	state,	they	do	not	allow	for	variable	strain,	in	situ.	In	2010,	Chu	

et	al,	published	a	follow	up	paper	in	which	they	performed	resistivity	measurements	

as	a	function	of	strain.	They	mounted	a	sample	on	a	piezoelectric	stack	and	applied	a	

voltage	to	the	piezo	to	apply	strain	to	the	sample	(figure	6.2).	They	also	mounted	a	

strain	gauge	on	top	of	the	sample	and	on	the	opposite	side	of	the	piezo	to	eliminate	

the	effects	of	hysteresis	coming	from	the	ferroelectric	nature	of	the	piezoelectric	

materials.		

	

Figure	 6.2:	Variable	 uniaxial	 strain	 device	 for	 transport	 measurements.	 (a)	

Top	and	side	view	of	device	used	to	apply	variable	uniaxial	strain	during	resistivity	

measurements.	 (b)	 Relative	 change	 in	 resistivity	 of	 of	 BaFe2As2	 as	 a	 function	 of	

voltage	applied	to	the	piezo	(top)	and	strain	applied	to	the	piezo	(bottom).	Note	that	
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the	 hysteretic	 effect	 of	 the	 piezo.	 (c,d)	 temperature	 dependence	 of	 strain	

transmission	 through	 the	 sample	 for	 different	 voltages	 applied	 to	 the	piezo	 stack,	

150V	in	(c)	and	50V	in	(d).	Figure	from	[2].	

	
	 The	device	used	in	Chu’s	experiments	was	able	to	provide	variable	strain,	but	

the	maximum	strain	applied	was	0.03%.	A	more	complicated	device	[105]	was	

designed	in	2016	to	apply	up	to	0.6%	strain.	This	device	also	uses	piezoelectric	

stacks.	Three	stacks	are	configured	as	shown	in	figure	33.		Extending	the	outer	two	

piezos	applies	tension	to	the	sample	and	extending	the	inner	piezo	compresses	the	

sample.		In	Chu’s	device,	the	entire	sample	was	glued	down	and	strain	was	

transmitted	by	straining	the	base	on	which	the	sample	was	attached.	In	this	device,	

the	sample	is	secured	by	its	ends	(figure	6.3),	and	the	sample	is	strained	by	pulling	

on	the	ends	of	the	crystal.	While	this	device	is	capable	of	exerting	much	higher	

magnitudes	of	strain,	it	is	considerably	more	complicated	to	build.	The	amount	of	

strain	required	may	be	different	for	different	materials,	so	this	is	an	important	

consideration.		
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Figure	6.3:	Improved	device	 for	higher	 values	of	 variable	uniaxial	 strain.	 (a)	

Device	configuration.	Extending	the	outer	two	piezoelectric	actuators	stretches	the	

sample	and	extending	the	middle	piezoelectric	actuator	applies	compressive	strain.	

(b)	Sample	configuration.	The	sample	is	secured	to	the	apparatus	by	the	two	ends	of	

the	crystal.	Contacts	are	shown	for	resistivity	measurements.	Figure	from	[105].	

	

6.2	A	Strain	Device	for	STM	

	 The	key	results	for	NaFeAs	in	this	thesis	were	obtained	using	Elasto-

Scanning	Tunneling	microscopy	(E-STM),	a	new	technique	that	combines	

simultaneous	variable	uniaxial	strain	with	atomic	resolution	scanning	tunneling	

microscopy	and	spectroscopy.	STM	presents	a	unique	set	of	challenges	that	required	

the	development	of	a	new	device,	rather	than	using	one	of	the	devices	reviewed	in	
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the	previous	section.	Firstly,	the	device	needs	to	fit	within	the	available	sample	

space	of	only	a	few	millimeters,	typical	for	high	resolution	STM’s.	The	design	also	

needs	to	allow	for	the	tracking	of	the	same	nanoscopic	area	of	the	sample	with	

varying	strain.	The	typical	issues	associated	with	multilayer	piezoelectric	actuators,	

such	as	drift,	creep,	and	noise,	were	also	of	key	importance	in	a	sensitive,	atomic	

resolution	experiment	such	as	STM.		

In	the	final	design	(figure	6.4),	the	sample	is	mounted	on	a	multilayer	piezo	

actuator	that	expands/contracts	by	up	to	+0.2%	with	an	applied	voltage	Vstrain	of	

+250V.	This	is	similar	to	the	device	shown	in	the	previous	section	by	Chu,	et	al	[2].	

The	device	is	slightly	modified	from	Chu’s	design	to	save	space.	In	Chu’s	design,	the	

sample	is	mounted	on	the	side	of	the	piezoelectric	actuator	and	held	at	a	bias	

completely	separate	from	the	piezoelectric	bias.	In	our	device,	the	sample	contact	is	

shared	with	one	of	the	piezo	contacts.	The	electrodes	on	the	actuator	also	stretch	

while	applying	a	voltage	difference,	making	this	configuration	possible.		

The	crystal	sample	is	maintained	at	the	sample	bias	voltage	Vbias,	while	the	

other	end	of	the	piezo	actuator	is	maintained	at	voltage	Vbias+Vstrain	via	a	low-noise	

floating	voltage	supply.	The	low-noise	floating	voltage	supply	allows	the	sample	bias	

to	be	changed	at	high	frequency	for	dI/dV	spectroscopy	measurements	while	

maintaining	the	sample	at	constant	strain.	STM	and	STS	imaging	is	performed	in	the	

usual	way	on	a	crystal	cleaved	in-situ.	We	term	the	new	technique	Elasto-Scanning	

Tunneling	Microscopy,	or	E-STM.	This	technique	is	broadly	applicable	to	many	types	

of	bulk	crystals	and	thin	film	samples.		
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Figure	6.4:	A	 strain	device	 for	 STM.	 (a)	Side	view	of	the	strain	device.	The	ruby	

slab	 is	 visible	 separating	 the	 piezo	 from	 the	 sample	 stand.	 (b)	 Schematic	 of	 the	

design.	(c)	Picture	of	the	piezo	mounted	on	a	sample	stand	which	is	attached	to	the	

multi-contact	sample	holder.	The	piezo	is	a	cube	with	side	length	2mm.	Figure	from	

[90].	
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	 The	strain	device	is	built	on	a	custom,	multi-contact	STM	sample	holder.	We	

use	a	Noliac	NAC2011	piezoelectric	actuator,	and	glue	the	sample	to	one	electrode	

using	silver	epoxy	(Epotek	H20E).	Silver	epoxy	is	also	used	to	connect	the	electrode	

to	the	body	of	the	sample	holder,	which	serves	as	a	large	contact,	held	at	the	sample	

bias,	Vbias.	An	electrically	isolated	wire	is	soldered	to	the	other	electrode	of	the	

actuator.	This	wire	is	connected	to	one	of	the	contacts	of	the	sample	holder	and	held	

at	a	bias	of	Vbias+Vstrain.	The	side	of	the	piezo	is	isolated	from	the	body	of	the	sample	

holder	using	a	slab	of	insulating	ruby.	In	previous	designs	we	used	insulating	epoxy	

to	glue	the	piezo	to	the	sample	holder,	but	high	voltage	shorts	developed	through	

the	insulating	epoxy.		

This	arrangement	is	more	or	less	straightforward	for	STM	topographies,	but	

for	spectroscopy	measurements,	we	need	a	way	to	vary	the	sample	bias	(Vbias)	while	

stabilizing	the	strain	applied	to	the	sample	by	keeping	the	bias	applied	across	the	

sample	constant.	We	sum	together	Vstrain	and	Vbias	using	an	EMCOQ	Series	

proportional	high	voltage	power	supply.	This	power	supply	uses	a	floating	ground	

and	outputs	a	bias	proportional	to	an	input	bias.	We	use	the	sample	bias	as	the	

floating	ground	for	the	power	supply,	and	the	output	is	Vpiezo	referenced	to	Vbias,	

equivalent	to	Vpiezo+Vbias	referenced	to	the	overall	system	ground.	This	guarantees	

that	the	voltage	applied	across	the	piezo	does	not	change	when	the	sample	bias	

changes,	and	the	applied	strain	remains	the	same	throughout	each	spectroscopy	

measurement.		To	ensure	a	clean	signal	free	of	noise,	we	apply	a	low	pass	filter	to	

the	output	of	the	EMCO	power	supply	with	a	cutoff	frequency	of	1.5	Hz	(we	used	a	

10	MΩ	resistor	and	a	10	nF	capacitor).		
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	 Using	E-STM,	we	have	demonstrated	two	key	results	for	undoped	NaFeAs.	

Firstly,	we	show	the	motion	of	domain	boundaries	in	response	to	strain	in	the	

orthorhombic,	spin	density	wave	state.	Secondly,	we	show	the	strain	dependence	of	

nematic	intensity	in	the	tetragonal	phase	of	this	material,	at	temperatures	above	Ts.	

These	results	are	discussed	in	greater	detail	in	the	next	chapter.	They	demonstrate	

the	effectiveness	of	this	technique,	which	is	broadly	applicable	to	many	materials	of	

interest.	
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Chapter	7:	Nematic	Response	to	Strain	in	NaFeAs	

7.1	Introduction	to	NaFeAs	

NaFeAs	is	part	of	the	111	family	of	iron	pnictides.	In	NaFeAs	the	structural	

transition	from	tetragonal	to	orthorhombic	takes	place	at	Ts	=	52K	and	the	spin	

density	wave	appears	below	TSDW	=	41K	[106].	In	between	the	structural	and	

magnetic	transition	temperatures,	there	exists	a	nematic	electronic	state	[6,	96,	

104].	NaFeAs,	with	its	well-separated	temperatures	for	the	structural	and	magnetic	

transition	temperature	in	the	parent	compound,	is	ideal	for	separately	observing	the	

effects	of	the	two	transitions.		

The	crystal	structure	of	NaFeAs	is	shown	in	figure	7.1.	Weak	van	der	waals	

bonding	between	the	layers	allow	samples	to	be	easily	cleaved	in	situ	with	no	

surface	reconstruction.	The	cleavage	plane	is	shown	in	figure	7.1.	The	green	spheres	

represent	Na	atoms,	which	form	a	square	lattice	with	lattice	parameter	aT=3.94Å	

[106].	Above	the	structural	transition	temperature,	this	material	is	tetragonal,	with	

space	group	P/4	nmm.	The	Fe	atoms	form	a	square	lattice	rotated	45°	relative	to	the	

Na	square	lattice,	with	a	lattice	parameter	of	 !! !! = 2.79Å.	When	the	crystal	is	

cooled	below	Ts,	the	Fe-Fe	bonds	are	lengthened	in	one	direction	and	shortened	in	

the	orthogonal	direction.	In	the	orthorhombic	phase,	the	unit	cell	is	rotated	45°	from	

the	tetragonal	lattice.	The	lattice	parameters	are	aO=5.589Å,	bO=5.569Å,	and	

c=6.991Å,	and	the	space	group	is	Cmma		[106].	The	side	length	of	the	rotated	unit	

cell	in	the	tetragonal	state	is	twice	the	Fe-Fe	bond	distance,	or	2(2.79Å)=5.58Å.	With	

this	picture,	the	tetragonal	to	orthorhombic	phase	transition	corresponds	to	an	
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expansion	of	0.16%	in	the	aO	direction,	and	a	contraction	of	0.197%	in	the	bO	

direction.	This	distortion	is	comparable	to	the	amount	of	strain	we	are	able	to	apply	

using	the	strain	device	described	in	section	6.2.	A	full	description	of	the	crystal	

structure	for	both	phases	is	shown	in	table	2.		

	

Figure	7.1:	Crystal	 structure	 of	NaFeAs.	 (a)	shows	a	3D	side	view.	The	material	

has	weak	van	der	Waals	bonding	between	neighboring	Na	layers,	the	cleavage	plane	

is	 shown	 in	 gray.	 (b)	 shows	 the	 c-axis	projection	of	 a	 cleavage	plane.	 Figure	 from	

[90].	

Table	2	Crystal	Structures	of	NaFeAs	(From	[106])	

Formula	Unit:	NaFeAs	
	
Orthorhombic	Phase:	(5K)	from	[107]	
Space	Group:	Cmma,	#67	
Cell	Dimensions:	a	=	5.58906(8)	Å,	b	=	5.56946(8)	Å,	c	=	6.9919(1)	Å	
Cell	Contents:	4	formula	units	
Atomic	Positions:		

Na					4g					(0,	0.25,	0.6467)	
Fe						4a					(0.25,	0,	0)	
As						4g					(0,0.25,0.2023)	



	86	

Tetragonal	Phase:	(295K)	from	[108]	
Space	Group:	P4/nmm,	#129	
Cell	Dimensions:	a	=	b	=	3.9494(2)	Å,	c	=	7.0396(8)	Å	
Cell	Contents:	2	formula	units	
Atomic	Positions:		

Na					2c					(0.25,	0.25,	0.64602)	
Fe						2a					(0.75,	0.25,	0)	
As						2c					(0.25,0.25,0.20278)	

	

	 When	electron	doped	with	Co	or	Ni	in	the	place	of	Fe,	NaFeAs	becomes	

superconducting.	Increased	doping	suppresses	the	nematic	and	magnetic	transition	

while	increasing	Tc.	The	phase	diagram	for	Co	doped	NaFe1-xCoxAs	is	shown	in	figure	

7.2.		
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Figure	7.2:	Phase	diagram	of	NaFe1-xCoxAs.	Cobalt	doping	suppresses	the	nematic	

and	magnetic	 transition	 temperatures	 phases	 and	 gives	 rise	 to	 a	 superconducting	

dome.	Optimal	doping	occurs	and	x=0.25-0.30%.	Figure	from	[109].	

	

Below	the	structural	transition	temperature,	STM	studies	[90]	have	shown	

domain	boundaries	where	the	features	rotated	by	90°.	This	type	of	twin	domain	

structure	is	to	be	expected	with	a	phase	transition	from	tetragonal	to	orthorhombic,	

as	in	many	known	martensitic	transformations.	As	the	sample	is	warmed	through	

the	structural	transition	temperature,	the	domain	boundaries	move	closer	towards	

each	other	and	annihilate,	but	the	anisotropic	features	remain	(figure	7.3).	This	is	
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due	to	a	combination	of	strain	from	sample	preparation,	and	enhanced	nematic	

susceptibility,	as	discussed	in	more	detail	below.		
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Figure	7.3:	(Previous	page)	Temperature	dependence	of	domain	boundaries	in	

NaFeAs.	 (a-f)	 Differential	 conductance	 maps	 of	 NaFeAs	 at	 various	 temperatures	

over	the	same	area	of	the	sample.	White	bar	in	(a)	represents	20	nm.	Measurement	

performed	at	V	=	10mV	and	I	=	100pA.	Below	the	structural	transition	temperature,	

phase	boundaries	are	clearly	visible	with	a	90°	rotation	in	QPI	features	in	adjacent	

domains.	 The	 insets	 to	 panel	 (a)	 show	 the	 Fourier	 transform	 from	 each	 domain,	

displaying	this	rotation	in	the	QPI.	White	arrows	indicate	domain	boundaries.	As	the	

sample	warms	past	Ts	(52K)	into	the	tetragonal	phase,	the	domain	boundaries	move	

towards	 each	 other	 and	 annihilate.	 Even	 in	 the	 tetragonal	 phase,	 scattering	 from	

defects	creates	an	anisotropic	QPI	signal,	as	can	be	seen	more	clearly	in	the	Fourier	

transform	(f	inset).	This	is	due	to	strain	in	the	sample	from	gluing	it	to	the	sample	

holder.	Figure	adapted	from	[90].	

	

	 STM	measurements	[6]	of	NaFeAs	have	shown	quasiparticle	interference	

from	defects	close	to	the	Fermi	level	that	breaks	4-fold	rotational	symmetry.	In	

Rosenthal’s	measurements,	spectroscopy	maps	showed	strong	anisotropic	

scattering	patterns	around	Fe-site	defects	in	NaFeAs.	The	features	are	stripe-like	

and	extend	around	50Å,	breaking	C4	symmetry	over	large	scales	compared	to	the	

defect	separation.	Rosenthal	found	that	these	features	persist	above	the	structural	

transition	temperature,	evidence	for	electronic	nematic	fluctuations	even	in	the	

tetragonal	phase.	The	symmetry	breaking	in	the	tetragonal	state	is	attributed	to	a	

combination	of	growing	nematic	susceptibility	close	to	the	structural	transition	

temperature	and	external	strain	applied	to	the	sample	by	gluing	it	to	the	sample	



	91	

holder.	With	these	results	in	mind,	we	proceeded	to	conduct	E-STM	measurements	

to	directly	measure	the	relationship	between	strain	and	nematicity	in	NaFeAs.		

	 One	drawback	of	this	material	is	that	NaFeAs	is	air	sensitive.	The	samples	for	

our	experiments	were	prepared	in	an	Argon	glovebox	and	transferred	to	the	STM	

chamber	in	a	sealed	Tupperware-type	container	with	Drierite.	The	samples	were	

briefly	exposed	to	air	when	moving	from	the	container	into	the	load-lock	chamber	of	

the	STM,	but	we	always	cleaved	our	samples	freshly	in	situ	and	did	not	observe	any	

damage	from	the	transfer	process.		

	

7.2	E-STM	in	the	Spin	Density	Wave	State	

	 In	the	spin	density	wave	state,	the	anisotropic	QPI	patterns	can	be	used	to	

identify	antiphase	domains.	Previous	STM	studies	[6,	102,	110]	of	NaFeAs	and	other	

iron	based	superconductors	have	found	similar	dimer-like	QPI	patterns	that	rotate	

by	90°	at	twin	domain	boundaries.		These	results	have	implied	that	the	long	axis	of	

these	dimers	is	aligned	with	the	long	axis	(a	direction)	in	the	orthorhombic	lattice.	

Our	E-STM	results	confirm	this	geometry.		

	 Figure	7.4	shows	our	E-STM	measurements	at	T	=	6K,	well	below	the	

magnetic	transition	temperature	of	41K.	In	these	measurements,	we	glue	the	sample	

to	a	piezoelectric	actuator	and	apply	variable	uniaxial	strain	to	the	sample	by	

varying	an	electric	bias	applied	across	the	piezo	(figure	7.4a).	This	device	is	

described	in	more	detail	in	section	6.2.	The	images	shown	in	figure	7.4c-g	are	STM	

images	of	a	123	nm	square	region	of	the	sample.	There	are	two	domains	visible	in	

the	image,	the	boundary	is	outlined	in	a	dashed	gray	line.	In	the	outer	domain,	the	
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quasiparticle	patterns	are	aligned	almost	vertically,	meaning	that	the	a-axis	(the	

long	axis	of	the	orthorhombic	crystal)	is	also	oriented	in	that	direction.	The	inner	

domain	is	a	finger-like	shape	that	goes	through	the	middle	of	the	image.	Figure	7.4c	

shows	an	image	where	the	strongest	compressive	strain	is	applied,	with	

VStrain=+250V.	As	we	increase	the	piezo	bias,	the	tensile	strain	increases,	and	the	

outer	domain	grows.	This	is	in	agreement	with	the	fact	that	in	the	outer	domain,	the	

long	axis	is	aligned	with	the	direction	of	the	strain.		

	 We	performed	this	experiment	at	many	strain	values,	sweeping	VStrain	from	

+250V	to	-250V	and	then	back	again	to	generate	the	hysteresis	curve	shown	in	

figure	38b.	We	plot	the	ratio	of	the	inner	domain	to	outer	domain	areas	as	a	function	

of	VStrain	and	observe	hysteresis	(figure	7.4b).	This	situation,	where	domain	

boundaries	move	in	response	to	an	applied	strain	field	is	very	similar	to	domain	

boundary	motion	in	response	to	a	magnetic	field	in	a	ferromagnet.	The	hysteresis	

curve	shows	some	jagged	jumps,	especially	in	the	lower	part.	This	is	reminiscent	of	

the	Barkhausen	effect	in	ferromagnets,	where	domain	wall	motion	is	affected	by	

pinning	defects.		
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Figure	 7.4:	 E-STM	measurements	 of	 NaFeAs	 in	 the	 spin	 density	 wave	 phase	

(T=6K).	(a)	shows	a	schematic	of	E-STM	device.	(b)	shows	a	hysteresis	plot	of	the	

ratio	of	the	inner	domain	and	outer	domain	areas	as	a	function	of	applied	strain.	(c-

g)	STM	images	of	the	same	exact	123	nm	square	region	of	NaFeAs	at	different	strain	
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voltages.	As	the	strain	changes	from	compressive	to	tensile,	the	outer	domain	grows	

and	 the	 inner	 domain	 shrinks.	 The	 strain	 is	 oriented	 vertically	 in	 the	 images.	

Domain	 boundaries	 are	 indicated	 by	 the	 dashed	 line.	 All	 images	 were	 obtained	

under	the	same	conditions,	V	=	50mV,	I	=	25pA.	(h)	shows	a	schematic	of	a	domain	

boundary,	illustrating	the	crystal	and	magnetic	ordering,	and	the	strain	field	which	

is	aligned	in	our	experiment	with	QSDW	of	the	large,	outer	domain.		

	

7.3	E-STM	Above	the	Structural	Transition	Temperature	

	 We	continue	to	describe	our	experimental	results	taken	at	T=54K,	above	TS,	

in	the	tetragonal	phase.	In	this	phase,	we	do	not	observe	any	domain	boundaries,	

but	we	still	observe	anisotropic	quasiparticle	scattering.	At	these	temperatures,	we	

would	expect	the	samples	to	be	C4	symmetric,	but	without	externally	applied	strain,	

we	see	anisotropic	stripe	features.	Although	these	features	are	not	as	pronounced	as	

in	the	SDW	phase,	this	anisotropy	is	clearly	seen	in	the	Fourier.		Using	E-STM	we	can	

directly	observe	the	response	of	the	anisotropy	to	applied	strain.		

Figure	7.5	shows	E-STM	measurements	at	the	two	extreme	values	of	possible	

strain,	-200V	and	+200V.	Both	spectroscopy	maps	are	obtained	over	the	exact	same	

region	of	the	sample,	using	the	same	tunneling	conditions.	The	image	with	VStrain	=	

+200V	(figure	7.5b)	shows	QPI	patterns	that	form	streaks	in	the	vertical	direction.	

This	anisotropy	is	clear	to	see	in	the	Fourier	transform,	shown	in	figure	7.5d.	Figure	

7.5a	shows	the	measurement	obtained	with	VStrain	=	-200V.	Here,	very	little	

anisotropy	is	visible	in	the	image	(figure	7.5a).	The	Fourier	transform	(figure	7.5c)	
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reveals	that	some	anisotropy	is	present,	but	it	is	much	less	intense,	and	is	rotated	

90°	from	the	VStrain	=	+200V	map.		

To	interpret	these	results,	it	is	important	to	consider	that	every	sample	has	

some	inherent	strain	that	comes	from	gluing	the	sample	to	the	sample	holder.	This	

inherent	strain	establishes	a	preferred	direction	for	nematic	fluctuations	in	the	

tetragonal	state.	This	is	what	causes	anisotropy	in	the	QPI	even	when	no	external	

strain	is	applied	and	the	bias	applied	to	the	piezo	is	0V.	The	zero-strain	state	for	the	

sample	is	not	at	VStrain=	0	V,	rather	at	some	other	value	where	the	externally	applied	

strain	counteracts	the	inherent	strain	from	sample	preparation.	Applying	a	strain	of	

+200V	enhances	the	anisotropy	which	is	already	present	in	the	sample.	Applying	a	

strain	in	the	opposite	direction,	with	VStrain	=	-200V	counteracts	the	inherent	strain	

and	switches	the	preferred	direction	of	nematic	fluctuations.		

These	results	show	that	the	nematic	intensity	changes	in	response	to	the	

magnitude	of	the	strain	applied	in	the	tetragonal	phase.	This	confirms	Rosenthal’s	

hypothesis	[6],	that	the	anisotropy	observed	in	the	sample	above	the	structural	

transition	temperature	was	due	to	inbuilt	strain	from	sample	preparation.	These	

results	are	also	in	good	agreement	with	Chu’s	findings	[2]	that	the	nematic	

susceptibility	diverges	at	the	structural	transition	temperature.	E-STM	allows	us	to	

visualize	the	effects	of	this	diverging	nematic	susceptibility	on	a	local	level.		
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Figure	7.5:	E-STM	measurements	of	NaFeAs	at	T=54K,	in	the	tetragonal	phase.	

(a,b)	show	differential	conductance	maps	at	E=20mV	taken	under	the	conditions	V	=	

20mV	 and	 I	 =	 100pA.	 The	 two	maps	 are	 taken	 over	 the	 same	 exact	 region	 of	 the	

sample	 at	 two	different	 values	 of	 applied	 strain,	 -200V	 for	 (a)	 and	+200V	 for	 (b).	

(c,d)	show	the	absolute	value	Fourier	transform,	cropped	to	the	first	Brillouin	zone,	

of	 (a,b)	 respectively.	 (d)	 shows	 a	 strong	 anisotropic	 signal.	 (c)	 shows	 much	 less	

intense	anisotropy	that	is	rotated	90°	from	(d).		
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7.4	Summary	

	 We	have	presented	two	key	results	from	E-STM	in	NaFeAs.	Firstly,	in	the	

SDW	phase,	we	demonstrate	the	movement	of	domain	boundaries	in	response	to	

strain.	Secondly,	we	show	that	above	the	structural	transition	temperature,	the	

nematic	intensity	and	direction	can	be	tuned	with	strain.	These	results	can	be	

compared	to	the	different	responses	to	magnetic	fields.	The	motion	of	domain	

boundaries	in	response	to	a	strain	field	is	reminiscent	of	the	motion	of	magnetic	

domain	boundaries	in	response	to	a	magnetic	field	in	a	ferromagnet.	The	change	in	

nematic	intensity	in	response	to	a	strain	field	is	similar	to	the	paramagnetic	

response	to	a	magnetic	field.	These	results	give	new	insight	into	the	mechanisms	

behind	the	nematic	state	in	NaFeAs.	They	also	demonstrate	the	success	of	a	brand	

new	technique,	E-STM,	which	is	broadly	applicable	to	other	materials.		
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Appendix:	Data	Files	Used	in	Figures	

Below	is	a	table	summarizing	the	data	files	used	to	generate	the	figures	

shown	in	this	paper.	This	is	intended	to	be	a	useful	reference	for	anyone	who	wants	

to	work	with	this	data	in	the	future.		
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