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The iron-based superconductors (FeSCs) is one of the only two high temperature
superconductors. Soon after its discovery, mounting experiments performed on several families of
FeSCs demonstrate the existence of an electronic driven broken rotational symmetry phase, the
nematic phase. As an integral part of the phase diagram, understanding the nature of the nematic
phase is a key step to unveil the origin of high temperature superconductivity. The underlying
charge or spin degree of freedom responsible for the nematic transition might be the same degree
of freedom that gives rise the superconductivity and magnetic order. In this thesis, we use the
elastoresistance technique to probe the nematic fluctuations in iron chalcogenide superconductors

FeTe1xSex, which is one of the prototypes of FeSCs with the simplest crystal structure.



Specifically, two unique features of FeTeixSex distinguish it from the well-studied iron pnictides.
First, the bicollinear antiferromagnetic order in FeTe is different from the collinear
antiferromagnetic order in iron pnictides. Second, the nematic phase in FeSe forms without
magnetic ordering, which is not the case in iron pnictides. Consequently, a systematic study of the
FeTe1xSex family will provide important insights into the universal role played by the nematic
fluctuations.

In my thesis, | first describe the synthesis and annealing procedures of FeTe1xSex crystals.
Then 1 introduce the theoretical background and experimental techniques of elastoresistance
measurement for Bog symmetry channel of Tetragonal symmetry point group. Finally, | describe
the measurement of strong nematic fluctuation in FeTe1.xSex. Our results show that the nematic
fluctuations increase as the Se doping concentration increase for FeTe1.xSex (X =0 - 0.5). The sign
of elastoresistivity coefficient 2mg flips between the FeTeosSeo.» and FeTeo 7Seo.s from negative
to positive. The bare nematic critical temperature T* extracted from the Curie-Weiss fitting of
2mge are negative for all components measured in our experiments. With the Se doping
concentration increase, the bare nematic critical temperature T* approaches to zero, which implies

the existence of nematic quantum criticality at the optimally doping.
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Chapter 1. INTRODUCTION

1.1 BACKGROUND

In 2008, the discovery of superconductivity in LaO1.xFxFeAs at 26K by Hideo Hosono’s
group simulated the global research of high-temperature iron-based superconductors[1]. Soon after,
a rapid increase of T has been achieved by replacing La with other rare-earth elements in LaO;.
xFxFeAs crystals[2-6]. The highest critical temperature reaches 55K, which was reported in SmO;.
xFxFeAs by Ren et al.[5].

So far, four major classes of iron-based superconductors (FeSCs) have been identified
according to the crystal structures of their stoichiometric parent compounds: 11-type Fe (Te, Se,
S), 111-type AFeAs (A = alkali metal), 122-type AeFe2As; (Ae = Ba, Sr, or Ca), 1111-type
LnOFeAs (Ln = rare earth). As Fig. 1.1 shown, crystal structures of four classes of parent
compounds of FeSCs share a similar layered structure. The planar layers of iron atoms were joined
by tetrahedrally coordinated pnictogen (As, P) or chalcogen (Se, S, Te) atoms, and the layers form
a stacked structure. Between the stacked layers, alkali, alkaline-earth, rare-earth or oxygen/fluorine
atoms donate electrons and serve as spacer layers. It is widely believed that the high temperature
superconductivity originates within the common iron layers, like the copper-oxygen building block
in the cuprate high-temperature superconductors.

The electronic structure of FeSCs has been studied intensively[7-9]. Most of the iron-based
superconductors share a similar structure of the Fermi surfaces, except the heavily doped case of
KxFe2ySez and related compounds, in which the hole pockets near the Brillouin zone center are
absent[10, 11]. Fig. 1.2 shows the Fermi surfaces of FeSe as a representative of FeSCs. The Fermi
surfaces are consisted of two electron cylinders centered at the Brillouin zone corner, compensated

by three hole-like Fermi surfaces around the Brillouin zone center.
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Figure 1.1. The schematic view of four classes crystal structures of FeSCs parent compounds: 11-
type, 111-type, 122-type, 1111-type. A, Ae and Ln denote the alkali, alkali-earth, and lanthanide
atoms. Iron tetragonal lattice coordinated with pnictide/chalcogenide atoms form the
superconducting layers[12].

The phase diagrams of FeSCs are qualitatively similar to several other unconventional
superconductors. In particular, the stoichiometric parent compounds of 1111 and 122 iron
pnictides host broken symmetry phases. It is paramagnetic at room temperature, but when
temperature decreases the paramagnetic state turns into the antiferromagnetic phase at Neel
temperature Ty . Significantly, the antiferromagnetic transition is always accompanied with or
preceded by a tetragonal-to-orthorhombic structural transition at Ts. The Ty, Tg decrease and
superconductivity appears by chemical doping[13, 14] or by applying pressure[15]. The highest

superconducting temperature always appears around the suppression of antiferromagnetic phase.



" N r

Figure 1.2. The Fermi surface structure of FeSe from the non-spin polarized calculation with the
LDA[16]. The hole-like Fermi surface sheets are centered on the T point, the electron-like Fermi

surface sheets are at the M point.

The structural transition, of pnictide superconductors breaks the point group rotational
symmetry of crystal spontaneously without breaking translational or time-reversal symmetry.
Because the order parameter of this transition is similar to the order parameter of the nematic phase
of the liquid crystal[17], this transition is named as the ‘electronic nematic phase’. Meanwhile, the
theoretical work suggested that the tetragonal-to-orthorhombic transition may be derived by
electronic rather than lattice degrees of freedom, which was confirmed by several experiments[18,
19]. One experimental evidence is that the anisotropy in electronic properties, such as resistivity
is much larger than the anisotropy of the lattice parameters. If the nematic transition is of the
electronic origin, it is likely emerging from the same quasiparticles that give rise to
superconductivity and magnetic order[20]. So far, one open question is whether the nematic phase
is derived from charge/orbital fluctuations[21, 22] or spin fluctuations[23-25]. The charge/orbital
fluctuations also favors a sign-preserving s-wave superconducting pairing whereas spin fluctuation

favors a sign-changing s-wave or d-wave state[20]. Previous inelastic neutron scattering
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experiments suggested the spin fluctuations associated with suppressed antiferromagnetism play

an important role in superconducting pairing[26, 27].

f ............. ¢ .............. f ;v ............. ‘, .............. )'

FeTe SrFesAs,

Figure 1.3. The schematic diagram illustrating the in-plane antiferromagnetic order of FeTe and

SrFe2As. The shaded area indicates the magnetic unit cell[28].

Here, we study nematic susceptibility of iron chalcogenide superconductors FeTei.xSex by
measuring its elastoresistance coefficient. The elastoresistance coefficient of the samples can be
calculated from the resistivity anisotropy induced by in-plane anisotropic strain. The
elastoresistance measurement method is also a powerful tool to probe the origin of various broken

symmetry phases.

1.2 FETE1xSEx

In my thesis, 1 mainly focus on the chalcogenide superconductors FeTeixSex (X =0, 0.1,
0.2, 0.3, 0.4, 0.5) to understand the underlying mechanism of electronic nematic phase. It is an
ideal candidate with the simplest crystal structure among the FeSCs without the toxic Arsenic

element.
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Figure 1.4. The phase diagram of FeTe1.xSex. The dotted lines in the phase diagram are extracted
from previous literature[29, 30], the markers and solid lines are extracted from resistivity
measurements.

The parent compound FeTe at room temperature has a Cu.Sh-type structure (space group
of P4/nmm). As Fig. 1.4 shown, FeTe is not a superconductor and exhibits a spin-density wave
(SDW) ground state at low temperature. As the temperature cools down, FeTe exhibits a
tetragonal-to-monoclinic lattice distortion in the [100]t plane at around 70K, which is
accompanied by a Neel paramagnetic-to-antiferromagnetic transition. With Se doping
concentration increases, Se doping suppresses long-ranged antiferromagnetic order and induces
superconductivity. The T. goes up to 14K at x = 0.4[31]. For 0 < x < 0.1, there is no bulk
superconductivity for FeTeixSex even though the structural and magnetic transition are
simultaneously suppressed by Se doping. The bulk superconductivity appears started from x = 0.4
till pure FeSe below the critical temperature. Optimal doping occurs in the range of 0.4 < x <
0.5[32, 33], where the structural and magnetic transition are fully suppressed. The phase diagram

of FeTe1xSex is similar with other FeSCs, however, the antiferromagnetic order of FeTe is
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different from the collinear antiferromagnetic order of iron pnictide superconductors. The
bicollinear AFM order in FeTe is characterized by a wave vector Q,, = (m, 0), while the collinear
AFM order in iron pnictides is characterized by an in-plane propagation wave vector Q,, = (T, ).
The Fig. 1.3 shows the schematic view of the in-plane antiferromagnetic order of FeTe and
SrFesAs;.

In this thesis, | describe crystal synthesis procedures for the crystals I used in the project
and present the methods we used to anneal the crystal samples in Chapter 2. In Chapter 3, I present
the theoretical background and experiment techniques of elastoresistance measurement. Finally, |
describe the experiments results. Through the elastoresistance measurement of FeTeixSex (X =0,
0.1,0.2, 0.3, 0.4, 0.5), we measured the elastoresistivity coefficient 2mg for all components. The
elastoresistivity coefficient 2mgg, Which is proportional to the strength of nematic fluctuations,
increases as the Selenium doping concentration increases and reaches a maximum for FeTeg sSegs.
The sign of 2mg, flips between FeTeosSeo2 and FeTeo7Seo.s from negative to positive. The bare
nematic critical temperatures T* are negative for all components and approach zero with the Se
doping increase, which implies the nematic quantum criticality at optimally doping, which is likely

related to the nematic transition in FeSe.
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Chapter 2. MATERIAL SYNTHESIS

In this chapter, | first present the procedures for synthesizing single crystals of iron
chalcogenide superconductors-FeTei1xSex (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5). Then | present the
procedures and results of Se annealing that removes the interlayer excess iron atoms of FeTeixSex

crystals.

2.1 GROWTH METHODS

Single crystals of FeTe1xSex (x =0, 0.1, 0.2, 0.3, 0.4, 0.5) were grown by the modified
Bridgman method. The elements, Iron Powder (99.999%, Aldrich), Selenium Shot (99.999%, 2-
5mm, Alfa Aesar), Tellurium Shot (99.999%, 2-5mm, Alfa Aesar) were stoichiometrically loaded
into the evacuated quartz ampoules. We obtained high quality single crystals from two slightly
different growth methods. In the first method the crystals were grown in vertically placed sealed
quartz ampoules in the box furnace (MTI, KSL-1200X-J-UL). The temperature was ramped from
room temperature to 680°C for 6 hours, then increased up to 920°C in 12 hours. After melting, the
temperature was held for 3 hours and cooled down to 400°C with a rate of 2 °C/h. At last, the
samples cool down to room temperature quickly. In the second method, the crystals were grown
in a one zone tube furnace (Thermo Scientific, TF55030A). The sealed quartz ampules horizontally
lie in the tube furnace. One side was placed in the center of the furnace near the thermometer while
the other side is far away off the center. This temperature gradient along the ampule is beneficial
for the formation of large crystalline grains. The outgrowth crystal can be large as 1cm X 1cm.
The total weight of elements in one ampule is less than 2 grams, in order to reduce the risk of Se

vapor rupturing the quartz ampule.
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Figure 2.1. The FeTeo.7Seo.3 bulk crystal grown by the modified Bridgman method. The crystal
has a plate-like morphology with a cleavage plane along [100];. The as-grown crystal can be as
large as 1cmxlcm.

The obtained crystals have a plate-like morphology with a cleavage plane perpendicular to
[001] ;. As Fig. 2.1 shown, the FeTeo.7Seo s (nominal Se content) crystal grown from the modified
Bridgman method with the plate perpendicular to [001] is shiny as reflected.

There is a width of formation of FeTe in the Fe-Te binary phase diagram. As grown crystals
normally came out with excess iron atoms positioned in interstitial layers, especially in underdoped
compositions. Excess iron concentration can be as high as 7-25% depending on growth
conditions[34]. Excess iron positioned in the interstitial layer contributes excess electrons to the
in-plane Fe which enhances the tendency towards the double-stripe antiferromagnetic state,
therefore suppresses the superconducting temperature of samples. Furthermore, they form
magnetic ions that are strongly coupled to the in-plane Fe, which further suppresses other magnetic
instabilities[35]. Fig. 2.2 show the temperature-dependence of resistance for FeTeo.7Seo.3. Because
of the excess iron, there is an upturn of resistance above the superconducting critical temperature
T, and the superconducting transition is broad. It’s necessary to find an effective way to reduce the

excess iron concentration in order to study its intrinsic properties.
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2.2 ANNEAL METHODS

Here we used several ways to anneal FeTe1.xSex crystals. First, we tried the vacuum anneal
method. Crystal was cut into shiny thin chips along cleavage plate with less than 1mm thickness
in order to get sufficient reaction. Then chips were sealed in quartz ampule under vacuum and put
in the furnace under 400°C for 10 days. We also annealed crystal chips under Se atmosphere. Thin
crystal chips were sealed with Se powder together under vacuum in the crucible double-packed in
the evacuated quartz ampule. As Fig. 2.2 shown, the Se powder was loaded in the bottom crucible,
the crystal chips were placed in the middle crucible. When the temperature goes up to 400 °C, the
crystal chips were annealed under Se atmosphere for 48 hours for sufficient reaction. The
annealing process would dramatically damage the crystal surface. Heavy cleaving and cutting
afterwards were needed in order to obtain nice single crystals with shiny surfaces for transport
measurements.

Fig. 2.3 shows the temperature-dependence of resistance for the as-grown and post-anneal
crystal of FeTeosSeos. After annealing in Se vapor, the resistance upturn above the critical
temperature disappeared and the superconducting transition becomes sharper. The critical

temperature of the annealed sample is about 1K higher than that of the as-grown sample.
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Figure 2.2. The picture of evacuated quartz ampule used in Se annealing method. The Se powder
is loaded in the bottom crucible and the crystal chips are placed in the middle crucible. After the
temperature reached 400°C, Se vapor becomes saturated in the quartz ampule, and the crystal chips

were sufficiently annealed under Se atmosphere.
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Figure 2.3. The temperature-dependent normalized resistance (R(T)/R(T = 300K)) of as grown
and annealed FeTeosSeo.4. For the as-grown sample, there is an upturn in resistance just above the
superconducting critical temperature, which comes from the effect of disorder due to interstitial
excess iron. The resistance upturn disappeared after annealing the sample 48hrs under Se

atmosphere.
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Chapter 3. ELASTORESISTANCE MEASUREMENT

3.1 THEORETICAL BACKGROUND

In this chapter, | present the definition of the elastoresistivity tensor and the relationship
between the elastoresistivity coefficient 2mg, and the Bog nematic susceptibility. I also introduce
the modified Montgomery method for elastoresistance measurement and the Curie-Weiss fitting

for data analysis.

3.1.1  Elastoresistivity Tensor

The elastoresistance measurement refers to the measurement of relative change of
resistivity of a crystal induced by strain. Here, the resistivity change can be defined as the strained-
induced resistivity subtracted by the zero-strain resistivity [36]:

Apap = Pap(€) — pap(e = 0) 3-1
Then the normalized resistivity can be expressed as:
(Bp/P)ap = Dpag/\[Paa * Ppg 3-2
Without magnetic fields in this measurement, the Onsager reciprocal relation holds for the electric
conductivity. The resistivity and strain become symmetric tensors can be reduced to 6 independent
components[36, 37]:
(Ap/p)agp

3-3
= ((Ap/P)xxs BP/P)yy, (BP/P) 22 (BP/ D)y (B P) 23 (BP/ P) xy)

€ys = (exx, €yy) €221 €yz) €23 exy) 3-4
The elastoresistance tensor m, ,, s relates two second rank tensors, the strain €5 and the

strain induced resistivity change (Ap/p)qp. Therefore it is a forth rank tensor[36]:
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d(Ap/p)agp

3-5
66),5

Magys (H) =
€=0

Using the Voigt notation, the elastoresistivity can be expressed as a pseudo-second rank tensor:

My Myy; Mpz Myy Mps Mg

Mmi; My Myz Mgy Myg m16\
m3y Mgy Mgz M3y M3z Mgzg

| 3-6

mi, =
itk Myq1 Myy Myz My, Mys m46/

M5y Mgy Mgz Mgy Mgy Msg

Me1 Mgz Mgz Meg Mes Mg
Here,1 = xx,2 =yy,3 = zz,4 = yz,5 = zx, 6 = xy. Consider the D4, symmetry group of the
crystal structure of FeTe1xSex above the structure transition, the elastoresistance matrix can be

further simplified by the primary fourfold rotational symmetry, two secondary twofold rotations

and two tertiary twofold rotations [36]:

my; Mz myz3 0 0 0
Mmy1 Mpy  Mys 0 0 0 \
_|m3 mgz  mg3 0 0 0 |
Mk=1'0 0 0 my 0 0 | 37
0 0 0 0 Mmss 0 /
0 0 0 0 0 mge

In the following section, we introduce the formalism of the elastoresistivity coefficient 2mg as

the Bzg nematic susceptibility in the Dsn Symmetry group.

3.1.2  Nematic Order Parameter and Nematic Susceptibility

We define the nematic order parameter, ®. & is not directly obtained in this experiment
but we can assume that it can be expressed as a function of the resistivity anisotropy. The resistivity
anisotropy W is defined as:

W= Pxx — Pyy
- + 3-8
Pxx T Pyy
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For small value of W, take a Taylor expansion of nematic order parameter ®. The leading term is
linear. Therefore, the small value of resistivity anisotropy in our measurements can be related the
nematic order parameter via a proportionality constant ¢, & = cW.

The elastoresistivity coefficient 2mg, is the derivative of resistivity anisotropy with
respect to symmetry breaking strain (the precise definition of elastoresistivity coefficient 2mgg IS

described in section 3.1.3):

d¥

2 =
Mes d(€xx — 6-yy)

3-9

The strain with the same symmetry also couples linearly to &, and hence can be considered as a
symmetry breaking field conjugate to the electron nematic order parameter. Therefore, we can
define the nematic susceptibility X, as the quantity that relates the induced order parameter and
symmetry breaking strain. For FeTe1xSex sample measured in this project, the sample was oriented
with [110], therefore, the nematic order parameter and symmetry breaking strain are in Bag

symmetry channel. The nematic susceptibility is expressed as[36]:

ddg
Xy(Bzg) = y 29

= Cm66 3'10
Exy e=0

Therefore, the elastoresistivity coefficient 2my is related to the nematic susceptibility in
B2y symmetry channel via the same proportionality constant c. The constant c depends on the
microscopic details of the electronic structure. And the experimental observations of iron pnictides
suggest that c is a constant over a wide range of temperature and independent to a certain degree
of disorder[38]. Measurement of resistivity cannot distinguish the microscopic degree of freedom,

whether it is from the inequivalent occupation in d,, and d,,, orbitals suggested by the orbital

ordering scenario[39, 40] or from inequivalent antiferromagnetic fluctuations along the x and y
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direction suggested by the Ising-spin nematic order scenario[41]. Nevertheless, it is a sensitive

measure of the electronic nematic order.

3.1.3  Modified Montgomery Method

We use the modified Montgomery method to measure p,., p,, Of a single crystalline
sample. This method first measure the resistances R, R,, of a square like sample, and then convert
R, and R, 10 pyy, pyy[42, 43]. As Fig. 3.1 shown, R,, R,, are measured by applying current and

measuring voltage via the contacts at the corners of the sample.

V+ I+ V+ R, V-
_—
Ry
X
V- L I+ I-

Figure 3.1. The schematic view of samples. The sample was shaped as a square with four contacts

at the corners for obtaining the R, and R,,. The position of V- and I+ exchange their positions at

one certain temperature by switchbox in order to obtain the values of R, and R,, in one loop.

The side length L), and L), of the isotropic equivalent sample are shown as:

2
L, 1|1 R, (1 R,
X l=m2+ [[2m==) +4 3-11
% ZHnRx-I_\/(nnR *

R, R, are the measured resistances along x and y direction respectively at each temperature. The

resistivities p,, and p,,, of the sample under strain can be calculated using the equivalent length

L} and L), according to these equations:
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3-12

Ly, Ly, L, are the length and thickness of the samples, R, and R,, are resistance of the sample
under strain. Neglecting the small changes in L, and L,, of the strained sample, the resistivity
change of the crystal can be expressed by elastoresistance tensor and strain as:
(Ap/P)xx = My1€xy + Myz€yy + My3€,,
3-13
= €xx (M1 — VpMyz—VsMy3)
(AP/P)yy = €yy(My2 — VM1 —VsMy3) 3-14
Here, v, is the Poisson’s ratio of the piezoelectric stack, which is a constant defined as —e,,, /€.
The vy = —€,, /€,y 1S the effective Poisson’s ratio of sample glued on the piezo stack. Because
the sample was cut 45 degrees with a, b axes in [100] plane, the elastoresistivity tensor m,; and
m,, transform to:
Mmyry = Myq — 2(My; — My, — 2Mge) Sin? 6 cos? 0 3-15
Myryr = Myy — 2(Myy — My — 2Mgg) sin? O cos? 6 3-16
Hence, the normalized resistivity change of sample along x-direction can be given by:
(Bp/P)xx = €xx(Myry — UpMylpr — VsMyryr)

1
= Exx {mn -3 (myy — My — 2mee) 3-17

1
— Uy [m12 + 2 (mqyy —myp — sts)] - Vsm1’3’}

Similarly, the normalized resistivity change along y-direction is:
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(AP/P)yy = EyJ'(ml’Z’ —UpMyy — vsm1’3’)

= €yy {m12 + % (M1 —myp — 2mge) 3-18
1
— [mu -3 (myy —myy — Zmes)] - Usm1'3'}
Combine two equations above:
(Bprx = Bpyy) /P = €xx " 2meg(1+ 1) = 2Meq * (Exx — €yy) 3-19

The normalization factor, p = m is calculated for each sweep using p,, and p,,, values
taken at zero anisotropic strain. The dynamic rang of the piezo stack is always not enough to tune
through the zero anisotropic strain point, the zero anisotropic strain can be obtained by
extrapolating py., p,y to the value at which they are equal. We also apply voltage bias during
cooling down to tune the zero anisotropic strain approaching to zero strain values, thus compensate
some residual isotropic Ayg Strain.

Then we obtain the elastoresistivity coefficient following:

2Mge = ((Apxx - Apyy)/p)/(fxx - e-yy) 3-20

3.14 Numerical Fits

The experimental measured elastoresistivity coefficient 2mg as a function of temperature
can be fitted to a Curie-Weiss model, which is derived from the phenomenological Ginzburg-
Landau theory[36]:

Where T*gives the bare mean-field nematic critical temperature at which nematic order would
occur if there is no coupling to the crystal lattice[37, 38]. The A/a is the Curie constant[18, 37].

The fitting process was performed by changing the temperature range (lower the high temperature
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cutoff and higher the low temperature cutoff between 2K to 300K) until the standard deviation of

2ml + A/[a(T — T*)] is minimized, then 2m2, and T* be determined.

3.2 EXPERIMENTAL TECHNIQUES
3.2.1 Piezoelectric Stack

We use the piezoelectric stack (P-885.31 Multilayer Piezo Actuator, Piezo Technology
Company) to apply strain on samples. As shown in Fig. 3.1, when applying a positive voltage, the
piezoelectric stack expands along the polling direction and shrinks in the transverse direction. In
our measurement, -20V to 50V voltage bias was applied to the piezo stacks when the temperature
is above 150K, -50V to 50V voltage was applied when temperature is below 150K. The amount
of strain generated per applied volt changes with temperature, which is an intrinsic property of
PZT material. In addition, even at the same temperature, the strain generated per applied voltage

depends on whether the piezo stacks are cooled under zero or applied voltage.

5 = +
() O
+ - - +
- -« -« -
Exx
6xx

¥ o LS
<
Figure 3.2. The schematic diagram of the piezo stack used in measurement. Under a positive

applied voltage, the piezo stacks elongate along the polling direction (y-direction) and shrink along

the transverse direction (x-direction).
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3.2.2  Strain Gauge

The strain applied by the piezo stack was measured by a strain gauge attached evenly on
the back side of the piezo stack. As Fig. 3.2, it is composed of two sensors vertically stacked that
allowed us to obtain the strain along longitudinal (polling) and transverse directions
simultaneously. The strain gauge is glued on the back side of the piezo stack because of the
limitation from the sample size and the attached electric contacts on the sample. The percent of
strain transmitted to the sample was previously assessed by gluing another strain gauge on the top
surface of the crystal for BaFe2As;[44]. For voltage |Vp| < 50V, the strain can be fully transmitted
in large temperature range.

We obtain the strain from the electronic signals of strain gauge according:

AR/R,

= -22
€ Gauge Factor 3

The R, = 3504 is the origin resistance of strain gauge. AR is the change of resistance at a different
temperature obtained by the measured voltage of strain gauge under 1mA constant current. The
1mA constant current through strain gauges is provided by the Stanford Research System Voltage
Controlled Current Source. The voltage of strain gauge is measured by an SR830 DSP lock-in
amplifier with offset expansion function to increase the sensitivity. The Gauge Factor referred as
the resistance change per applied voltage of strain gauge is a constant value (~2.21) pre-
characterized by its company. The temperature-dependent change of gauge factor can be ignored

in our measurement.
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Figure 3.3. The strain gauge attached on the back side of the piezo stack. The vertically stacked
two tensors allow us to obtain strain applied by piezo stack along the longitudinal and transverse

direction simultaneously. The sensor should be evenly and fully glued with the piezo stack.
3.2.3  Sample Preparation

The single crystal of the sample is grown by the modified Bridgman method as described
in Chapter 2. Crystals were cleaved in thin plates with the shiny surface (in order to maximize the
strain transmission). The typical thickness of our samples are between 20um to 50um. In addition,
the thickness of the sample has to be homogeneous without isolated holes in order to perform an
accurate measurement based on the modified Montgomery method[45]. The cleaved crystal chip
was cut 45° along with in-plane a-b axes as a square.

Once the sample was shaped, standard four-point golden contacts were made on the sample
by sputtering following the normal procedure. The gold contacts are as small as possible, then
connected with the 25um gold wire using silver epoxy. As Fig. 3.1 show the schematic figure of
the sample with four contacts. Through changing the current direction on samples by the switchbox

in one temperature loop. The p,, and p,,, can be obtained simultaneously at one temperature

setpoint.
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3.24 Elastoresistance Measurement

The elastoresistance measurement is performed in Quantum Design Physics Properties
Measurement System (PPMS). A Keithley Voltage Supplier was used to apply voltage to the
piezoelectric stacks. A Stanford Research System Voltage Controlled Current Source to provide a
constant ImA current to sample measurement. The voltage of the sample and the strain gauge is
measured by the SR830 DSP lock-in amplifiers. We increased the measurement sensitivity by
using the offset-expand function of the lock-in amplifier, which is especially important when the
change of resistance is small. The picture piezoelectric device with a FeTe1.xSex crystal mounted
for the B,, symmetry channel is shown in Fig. 3. 4.

Normally, we cool down the sample from 300K to 2K at a cooling rate 3K/mins under zero
voltage. Starting from 2K, we sweep three voltage loops from -50V to 50V at a rate of 5V/s and
switch the current direction by a switchbox at a fixed temperature. As the temperature steps up to
150K, voltage sweep range is changed to -20V to 50V, in order to reduce the risk of piezo stack

breaking.
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Figure 3.4.The picture of a piezoelectric device for elastoresistance measurement in PPMS. The
sample was glued on the front side of the piezo stacks and electrically connected to the voltage
leads of the sample puck. The strain gauge was attached on the back side of the piezo stacks to

measure the applied strain.
3.3 RESULTS AND DATA ANALYSIS

In this chapter, first, | present the temperature dependent resistivity of all compositions of
FeTei1xSex from which we determined the transition temperatures and delineated the phase
diagram. I also present the temperature dependent gauge factor, which increases as the temperature
decrease. The gauge factor GF,, is larger than GF,,, because of the large Aiqresponse. Finally, |
present the elastoresistivity coefficient 2mgq 0f FeTe1.xSex and the Curie-Weiss fitting. Our results
show that the nematic fluctuations increase as the Se doping concentration increase for FeTe1.xSex
(x = 0 - 0.5). The sign of elastoresistivity coefficient 2mg flips between the FeTeosSeo. and
FeTeo.7Seo.3 from negative to positive. The bare nematic critical temperature T* extracted from the

Curie-Weiss fitting is negative for all compositions measured. As the Se doping concentration
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increases, the bare nematic critical temperature T™* approaches zero, suggestive of the existence of

a nematic quantum critical point at optimal doping.

3.3.1  Freestanding Resistivity

The freestanding anisotropic resistance R,,, R,,, measured by the modified Montgomery
method was converted to resistivity py,, py,. Fig. 3.6 shows the temperature dependent resistivity

of FeTeosSeos. The anisotropic resistance of the sample is shown as inset. The superconducting

transition is sharp, indicating that the excess iron in optimally doped crystal is minimal.

ol
0 J 0 50 100 150 200 250 300 350 B |

Temperature(K)

0 50 160 150 200 250 360
Temperature(K)

Figure 3.5. The temperature dependent resistivity for freestanding FeTeosSeos before and after
using the Montgomery modified method to covert anisotropic in-plane resistance in equivalent
isotropic resistivity.

Fig. 3.6 summarizes the temperature dependence resistivity of FeTe1.xSex. For FeTe and
FeTeooSeo1, there is no superconducting transition. The resistivity anomaly associated with

paramagnetic-to-antiferromagnetic transition appears at 71K, 36K respectively. For FeTeixSex (X

= 0.2 - 0.5), the excess iron atoms decrease as the Se doping increases, as evidenced by the
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vanishing of the resistance upturn. The superconducting T is defined as the temperature with the

largest slope. The extracted superconducting T is listed in the legends of Fig. 3.7.
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Figure 3.6 The freestanding temperature dependent resistivity p,, of FeTe1xSex (x =0, 0.1, 0.2,
0.3, 0.4, 0.5). The resistivity anomaly associated with the magnetic transition in FeTe and
FeTeoosSeo1 occurs at 71K and 36K respectively. The superconducting T¢ is defined as the

temperature with the largest slope. The extracted superconducting T¢ is listed in the legends.

3.3.2 Gauge Factor of Sample

In a typical elastoresistance measurement, three voltage loops were swept at one
temperature setpoint. Fig. 3.7 shows the resistance of strain gauge subtracted by its offset as a
function of applied voltage. The hysteresis is coming from the piezoelectric response of the PZT

material, which is not an intrinsic property of the sample.
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Figure 3.7. The diagram of the resistance subtracted by its offset of a strain gauge along x direction
as a function of the applied voltage at 2K, 130K, and 160K.

Fig. 3.8 shows the representative data of the normalized resistivity change of FeTeosSeos
as a function of strain at several temperatures. The solid black lines are their linear fits. The sample
has a large resistivity change per applied strain at low temperatures. Since the gauge factor of
sample presents the magnitude of the resistivity change per applied strain, it can be directly
extracted from the slope of the linear fits:

Apyy/p
GFsamplexx =—= 3-23

E.’X,'.’X,'
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Figure 3.8. The representative data shows the normalized induced resistivity change along x-
direction Ap,,./p as a function of strain €, at different temperatures for FeTeosSeos. The black
lines are their linear fits. The sample has a large resistivity change per applied strain at low
temperature.

The GF,, and GF,,, of the sample can be obtained simultaneously by the switching the
current direction. Fig. 3.9 shows the temperature dependent GF,, and GE,, of FeTeosSeos. The
absolute values of both GF,, and GF,, increase as the sample cools down. The much larger

absolute value of GE,, comes from the inevitable Aq strain applied to the sample. The negative

sign of GE,,, means the resistivity along y direction of sample decrease when the ¢, increases.
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Figure 3.9. The temperature dependent gauge factor GF,, and GE,,, of FeTeosSeos. The absolute
value of both GF,, and GF,,, increases as the sample cools down. The much larger absolute value

of GF,, comes from the inevitable Aigq strain applied to the sample.
3.3.3  Controlled Cool Down

As discussed above, the elastoresistivity coefficient 2myg is defined as:

_ (Apxx - Apyy)

- P(Exx - Eyy)

2Meg 3-24

The normalized factor p is calculated for each sweep using p,, and p,, values taken at zero
anisotropic strain[18]. However, for measurement of FeTe1.xSex in Bzg symmetry channel, the
dynamic range of the piezo stack is not enough to tune through the zero anisotropic strain point,
this is because there is a large built-in strain coming from the mismatch of thermal contraction
between FeTeixSex and the glue and the piezo stacks. In this situation, the zero-strain state can

often be obtained by extrapolating p,., py, to the value at which they are equal. However, the
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Pxx» Pyy Of FeTe1xSex are far away with each other, extrapolating point may locate in a very large

strain range where the resistivity change is not linear with the applied strain.

Here, the controlled cool down method was used to find the zero anisotropic strain. We
cool down piezo stacks under the applied voltage to tune the resistivity of glued sample such that
its value is close to the resistivity of the freestanding sample. Even we cool down sample under

the maximum voltage, the p,, and p,,, are still far to intersect.

3.3.4  Elastoresistivity Coefficient 2meg

The elastoresistivity coefficient 2mgg, Which measures the nematic susceptibility in Bog
symmetry channel, was extracted by the slope of (Apxx — Apyy) /p as a function of anisotropic
strain e, — €,,.. Fig. 3.10 shows the representative data of the (Apxx - Apyy) /p as a function of
anisotropic strain €, — €,,,, at several temperatures for FeTeosSeos. The black lines are their linear

fits. The slope increases as the temperature decreases, which is consistent with the increase of
nematic fluctuation of FeTeosSeos at low temperatures. The red squares in Fig. 3. 11 shows the
elastoresistivity coefficient 2mg, Of FeTeosSeos as a function of temperature from the
superconducting critical temperature to 200K. It exhibits a divergent trend at low temperature

range.
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Figure 3.10. The representative (Ap,, — Apy,)/p as a function of strain anisotropy €,, — €, at
several temperatures of FeTeosSeos. The black lines are their linear fits, from which the
elastoresistivity coefficient 2mg is extracted.

The elastoresistivity coefficient 2mg, is then fitted to the Curie-Weiss temperature
dependence, 2mg = 2md¢ + A/[a(T — T*)] (Eq. 3-24). The fit range is determined by the
method introduced in the last Chapter. The solid black line in Fig. 3.11 is the Curie-Weiss fit of
the elastoresistivity coefficient 2m,. The 2my, fit quite well in the temperature range 18-93K
with 0.9951 R-square. The bare mean-field nematic critical temperature T is -8.37K and the Curie
constant 1/a is 2395.51. The deviation of 2mg from Curie-Weiss behavior at high temperatures

may be related to the loss of quasiparticle coherence.
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Figure 3.11. Temperature-dependence of elastoresistivity coefficient 2mg, for FeTegsSeos. The
black line is the Curie-Weiss fit. The data fits well in the temperature range 18-93K with a small
deviation, characterized by 0.9951 R-square. The bare mean-field nematic critical temperature T*
is -8.37K. The Curie constant 1/a is 2395.51.

The elastoresistivity coefficient 2mgg for all compositions are shown in Fig. 3.12. The data
are well fitted by the Curie-Weiss model at a temperature range above T,. Red squares in upper
panels shows the experimentally measured value. The 2my is negative for FeTeixSex (x = 0.2,
0.3) and positive for FeTe1xSex (x = 0.4, 0.5). The absolute value of 2m, and hence the strength
of nematic fluctuations increases with the Selenium doping. The solid black lines are Curie-Weiss
fits. The Curie-Weiss fitting works well in a fitting temperature range. The fit range become
narrow as the Se concentration increases. The blue triangles in lower panels show the

|2mge — 2m¢|~1, which is proportional to Temperature for a Curie-Weiss law. The black lines

are linear fits of |2mgg — 2m2¢| 1. The yellow circles show [2mgs — 2m2|~*(T — T*), which is
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expected to be a constant. The horizontal lines are the average of |2mgg — 2m2¢|~1(T — T*) at

each temperature.
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Figure 3.12. Temperature dependent of the Bzg symmetry channel elastoresistance 2mgg of
various FeTe1xSex (x = 0.2, 0.3, 0.4, 0.5). (a) FeTeo2Seos, (b) FeTeo3Seo7, (C) FeTeo.sSeos, (d)
FeTeosSeos. The red squares in first-row diagrams stand the experimental measured nematic
susceptibility 2mg for (a) and (b), —2mge for (c) and (d). The blue diamonds in second-row
diagrams stand the |2mg, — 2m2¢|~1. The black lines are the Curie-Weiss fits of 2m, and linear
fits of the|2m¢, — 2m2,| ~Lrespectively. The yellow circles stand the [2mgs — 2m2|~2(T — T*)
and gray horizontal lines stand the average values of |2mgg — 2m2|~1(T — T*) in their fit range.

The divergence of 2mgg not only reveals the tendency towards the nematic phase
transition, but also indicates the increase of nematic fluctuations. Fig. 3.13 shows absolute values
of 2mge for all FeTeixSex. For clarity, the successive data are offset by 10. For FeTe and
FeTeo.9Seo.1, 2mgg increases slightly near the magnetic/structural transition, which may be due to
the mixing of Big symmetry channel. For FeTe1.xSex (x =0.2, 0.3, 0.4, 0.5), the nematic fluctuation

increase as the Se doping increase. 2mg, reaches a maximum for FeTeosSeqs, in which there is no

sign of structural and magnetic order.
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Figure 3.13. Temperature-dependence of elastoresistivity coefficient |2mgq| for FeTeixSex. The
black solid lines are Curie-Weiss fits. Successive data sets are offset vertically by 10 for clarity.
The Curie-Weiss fitting parameters and the sample dimensions for all compositions are
listed in table 3.1. The bare nematic critical temperature T™* is negative for all compositions and
increases with the Se concentration. The bare nematic critical temperature of FeTeosSeos

approaches zero. The fit range also becomes narrow as the Se concentration increases. The absolute

value of 2m2, increases as the Se content increases.
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Sample Ranzi;(K) 2me | Mag (K) | T*(K) Sample Dimension(pum)
FeTe / / / / 59.29x949.75x834.98
FeTeo.oSeo.1 / / / / 31.75%685.06%681.66
FeTeo.sSeo2 11-140 3.221 -397.45 -44.63 22.47x470.25x530.16
FeTeorSeos 14-113 6.982 -830.37 -26.22 12.90x1176.25%x1176.25
FeTeo.sSeo.4 15-98 -14.01 | 1633.83 | -11.98 30.54x1058.3%x1090.19
FeTeosSeos 18-93 -22.45 | 239591 -8.37 59.29%x660x570

Table 3-1. The Curie-Weiss fitting parameters and sample dimension for all components.
3.3.5  Phase Diagram

The obtained T*is plotted in the temperature-composition phase diagram of FeTe1xSex, as
shown in Fig. 3.14. The color map represents the absolute values of elastoresistivity coefficient
2mge. The strength of nematic fluctuations, measured by 2myg, is clearly enhanced near the
optimal doping. The bare nematic critical temperature T* is negative for all compositions. Based
on the tendency of the T*in our measurements, it can be extrapolated to the finite temperature
nematic transition in FeSe at around 80K[46]. The bare nematic critical temperature T* is
approaches to zero for optimally doped FeTeosSeos. Our experimental data and analysis reveal an
electronic nematic quantum phase transition occurs at optimally doping compositions. The
existence of nematic fluctuations across such a wide temperature and doping range suggests that

it is a fundamental ingredient of the normal state of the iron chalcogenide superconductors.
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Figure 3.14. The phase diagram of FeTe1xSex(x =0, 0.1, 0.2, 0.3, 0.4, 0.5). Squares, triangles, and

stars indicate the magnetic transition temperature Ty, the superconducting transition temperature

T,, and the bare nematic critical temperature T* respectively. The T* is extracted from the Curie-
Weiss fits of 2mgg in their fitting range. The bare nematic critical temperature T* is negative for

all compositions and approaches zero near optimally doping.
3.3.6 Summary

The nematic phase plays an important role in the normal state of iron-based
superconductors. In this thesis, | have characterized the electronic nematic fluctuations in iron
chalcogenide superconductors FeTe1xSex (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5). My primary approach is
the elastoresistance technique, which measures the in-plane resistivity anisotropy of a sample

under in-situ tunable strain. The elastoresistivity coefficient 2mgg, is proportional to the nematic
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susceptibility in B2g symmetry channel of D4, Ssymmetry group. For underdoped FeTeixSex (x =0,
0.1), there is a paramagnetic to antiferromagnetic transition accompanied by a tetragonal-to-
monoclinic structural transition. We found no evidence for divergent nematic susceptibility in Bog
symmetry channel in these underdoped samples. For FeTeixSex (x = 0.2, 0.3, 0.4, 0.5), the nematic
susceptibility diverges at low temperatures. The temperature dependence of 2my is well fitted to
a Curie-Weiss model. The Curie-Weiss constant increases as the Se doping concentration increases
and reaches a maximum at the optimal doping x = 0.5. The bare nematic critical temperature T* is
negative for all compositions and also approaches zero at the optimal doping x = 0.5. All the data
is consistent with the existence a nematic quantum critical point and enhanced nematic fluctuations
near optimal doping, which could be extrapolated from the finite-temperature nematic transition
in FeSe.

The origin of the sign flipping of 2mg (the nematic coefficient 2mg, are negative for x =
0.2, 0.3, positive for x = 0.4, 0.5) is unknown. It may be related to the change of electronic structure
as a function of doping, which requires further investigation. In principle, the elastoresistivity
measurement is capable of measuring other symmetry channel, such as Aig and Big. These
measurements probe fluctuations associated with other degrees of freedom or other symmetry
breaking phases. Future experiments of this kind will help establish a comprehensive
understanding of the nematic phase and the superconductivity of iron chalcogenide

superconductors.
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