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Unconventional superconductors exhibit strong electronic correlations, quantum
criticality, and numerous broken-symmetry collectively ordered phases involving a complex
combination of charge, spin, and lattice degrees of freedom that manifest in an intertwined
phenomenology where different phases and their fluctuations both compete and cooperate with
each other. Understanding the role of the competing phases and quantum critical phenomena in
the formation of superconductivity is a central question in condensed matter physics.

In this thesis, | investigate the effect of uniaxial stress inducing strains in different
symmetry channels on an unconventional Fe-based superconductor Ba(Fe1xCox)2As,. | will first
show that anisotropic strain enhancing nematic order is extremely efficient in suppressing the
high-temperature superconductivity, which provides evidence for the role of nematic fluctuations
in the superconducting pairing. | will then show that non-symmetry breaking strain and chemical
composition are remarkably equivalent tuning parameters for superconductivity, which strongly
favors the scenario in which the formation of superconductivity is driven by a quantum critical
point. Finally, I will present Hall effect measurements revealing a new large and strongly
temperature dependent elastoresistivity coefficient which reflects an extreme sensitivity of the

conduction electrons to a strain-induced enhancement of spin fluctuations.
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Figure 1.3. Generic phase diagram of unconventional superconductors as a function of
temperature and some non-thermal tuning parameter. A symmetry breaking phase (purple) is
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Figure 1.4. Interaction potentials leading to superconducting pairing®. a) Phonon-mediated
pairing. An electron moving through the ionic lattice background creates an interaction potential
(blue line) which includes an attractive region (green). b) Magnetic fluctuation mediated pairing.
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Figure 1.5. Crystal structure of Fe-based superconductors. a) FeSe b) BaFe2AS;..........cccccueenee. 29

Figure 1.6. Electronic structure of Fe-based superconductors. a) Energy levels within the crystal
environment of Fe-based superconductors. The degeneracy of the d orbitals is split by the crystal
field. The electrons fill these levels in a high spin configuration due to the intraatomic Hund’s
coupling. b) Generic Fermi surface of Fe-based superconductors in the 2-Fe Brillouin zone with
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Figure 1.7. Symmetry breaking phase transitions in Fe-based superconductors. a) In the fully
symmetric normal state, the crystal has Dan point group symmetry. The FeAs plane is a square
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Figure 1.8. Order parameters and fluctuations for the magnetic (purple) and nematic (green)
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Figure 2.4. Determination of applied strain. a) Sample resistivity and b) strain gauge resistance
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Temperature dependence of the resistivity of the x = 0.042 composition. Blue vertical lines
indicate the location of the phase transitions described in a. b, ¢) Resistivity versus temperature
through the superconducting transition for fixed amounts of applied positive (c) and negative (d)
uniaxial stress. Corresponding value of eqisp is indicated by the color bar. e, f) Same data as c, d
with resistivity plotted on a logarithmic scale. ...........cccoooeiiiiiiic i 60

Figure 3.2 Strain-tuned superconductor to metal transition in Ba(Feo.958C00.042)2AS.. @) Real and
b) imaginary components of the susceptometer coil signal as a function of applied strain at
different temperatures. Data at different temperatures are offset for clarity. Black squares
demarcate the thermodynamic signature of the superconductor-metal transition. c) Resistivity on
a logarithmic scale as a function of variable strain at different temperatures offset for clarity.
Green circles demarcate the onset of finite resistivity. d) Resistivity (blue, left) and structural
orthorhombicity (red, right) at T = 8K as a function of variable strain. e) Strain-temperature
phase diagram for Ba(Feo.958C00.042)2AS2. Color bar gives the power law dependence of the I-V
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Figure 3.3. X-ray diffraction measurements under uniaxial stress in the x = 0.042 composition at
T = 8K. a) Scattering intensity near the (2 2 12)«t Bragg peak versus applied strain. b) 26 scan of
the (2 2 12)wt peak under compressive (black), zero (blue), and tensile (red) strain. c) c-lattice
constant and d), a, b -lattice constants as a function of applied strain. Red region indicates values
of strain where structural detwinning is occurring and the lattice constants are unchanged. Blue
region indicates the additional strain necessary to induce a finite resistivity. ..........cc.ccocevevnennene 62

Figure 3.4. Nonlinear I-V characteristics and critical currents as a function of strain for the x =
0.042 composition. a) Characteristic set of I-V curves showing nonlinear behavior near the p =0
phase boundary. b) Temperature and power dependence of the power p defined as V ~ I°. c)
Same as a) with voltage on a log scale demonstrating suppression of the critical current with
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Figure 3.5. Effect of strain on nematic and magnetic order. a) Resistivity of the x = 0.042
composition as a function of temperature under different applied strains. Squares demarcate the
location of the magnetic transition temperature identified through the temperature derivative
shown in b) Orange star marks the zero-strain nematic transition temperature. ¢) Extracted Ty as
a function of applied strain. d) Resistivity anisotropy # which is a proxy for the nematic order
parameter as a function of temperature and the anisotropic strain eszqg. €) Schematic of the effect
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Figure 3.6. Superconducting transition under uniaxial stress along [110]+: for optimal and
overdoped compositions. a) Resistivity on a logarithmic scale as a function of temperature with
the value of applied strain given by the color bar. Curves for different compositions and the
curves under tensile and compressive strain for the x = 0.071 and x = 0.088 are offset for clarity.
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strain components. ¢) Normalized change in Tcas a function of the anisotropic strain es>g. Dotted
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lines are second order polynomial fits. d) Quadratic coefficient o (left) and elastoresistivity
coefficient -2mes just above Tc (right) as a function of composition. Dotted lines are guides to the
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Figure 3.7. Elastoresistivity of the optimal and overdoped compositions at T = 27K. a)
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compounds. The vertical axis is the maximum achievable change in T by lattice deformation
normalized by strain and the zero-strain Tc. b) Schematic doping-strain-temperature phase
diagram for Ba(Fe1-xCox)2As2. The electronic nematic phase is shown in magenta and ends in a
putative QCP beneath the superconducting dome (blue region). Antiferromagnetism is shown in
orange and is enhanced by anisotropic strain (orange arrows) and also possibly ends in a QCP.
At a fixed doping, symmetry breaking strain enhancing the nematic phase efficiently suppresses
Tc, generating another superconducting dome tuned by strain instead of doping. These strain-
tuned domes result in a metallic ground state (green region) and generate a line of
superconductor to metal quantum phase transitions (green line)...........cccoovevvvieieeve v, 67

Figure 4.1. A) Crystal structure of Ba(Fe1-xCox)2As2 B) Irreducible strain components induced by
uniaxial stress along the [100] crystallographic direction C) Hypothesis demonstrated through a

temperature (T), composition (x), and strains orthogonal to nematic order (¢) phase diagram. The
superconducting dome follows the location of a quantum critical point (QCP) tuned by strain.. 72

Figure 4.2. Superconducting transition with o // [100] for five representative dopings of Ba(Fe1-
xC0x)2As2. Value of applied strain is given by the color bar. ... 74

Figure 4.3. T¢ versus exx for a dense grid of compositions across the superconducting dome of
Ba(Fe1xCox)2As. T¢ is defined by the 50% normal state resistivity criterion, and the upper and
lower error bars are defined by the 75% and 25% criterion respectively. Black dotted lines are
second order polynomial fits. Red dotted lines in the panels for x = 0.059 and 0.063 mark the
region of nonlinearity discussed in the text that is excluded from the fits. ...........cccooeiiiiiiens 75

Figure 4.4. Evolution of the strain sensitivity of T¢ to exx A) Dimensionless linear response of T
to the symmetry preserving Aig strain (Baig) as a function of composition x. Horizontal error bars
are given by the composition uncertainty as described in Chapter 2, and vertical error bars given
by the 95% confidence interval of the polynomial fits in Figure 4.3 are smaller than the marker
size. B) Dimensionful linear response of Tc to the symmetry preserving Aig strain (Tc°Baig) as a
function of composition x (upper, left axis). Error bars are the same as in (A). Zero-strain
superconducting dome as a function of composition x (lower, right axis). ........ccccccceevveviiiiieenen. 76

Figure 4.5. Xx-ea1g scaling and quantum critical origin of superconductivity in Ba(Fe1.xCox)2As2
(A) Tcplotted as a function of the parameter determining proximity to the quantum critical point,
Ag =X — X — aeag, with x.° = 0.067 and a = 1.45. These data are superimposed on the zero-
strain phase diagram showing the phase boundaries of nematicity (green), antiferromagnetism
(yellow), and superconductivity (blue). (B) Superconducting dome as a function of x and T for
different amounts of applied strain exx. Dotted lines are an extrapolation of the dome to zero

15



temperatures, with the gray arrows marking the movement of the dome boundaries as a function
of applied strain. Black arrows mark the quantity Xc(€aig) = Xc® — @€ALG..vevrvrrerreerercreirreeeneee. 77

Figure 5.1 Zero-strain temperature dependence of the Hall coefficient Ry, normalized by the
room temperature value, in Ba(Fe1-xCox)2As.. For compositions with magnetic and nematic
phase transitions, only the data above the phase transitions are sShown............cccocooviiinnnnne 83

Figure 5.2. Introduction to elasto-Hall effect in the x = 0.027 composition. a) Schematic effect of
volume preserving symmetry breaking Bzg strain on a simple metal with a spherical Fermi
surface. Blue is the freestanding Fermi surface while red is the Fermi surface after strain has
been applied. b) Freestanding resistivity (black, left axis) and Hall coefficient (red, right axis) as
a function of temperature. The gray dashed line marks the nematic transition temperature, and
the black arrow indicates the temperature where the data in panels (c) and (d) were taken. c) Hall
resistivity as a function of magnetic field for different amounts of applied strain. (d) Hall
coefficient as a function of applied strain. Red circles are extracted from the slope of the data in
(c). Blue line is data using the fixed field method described in the text. Black star is the
freestanding value of the Hall coefficient at T = 115K........cccccviiiiiiiiiiin e 84

Figure 5.3. Fixed field measurement of Ry at T = 115K for x = 0.027. (a) Hall resistivity pxy as a
function of applied strain for positive and negative field (b) R+ as a function of applied strain
calculated by anti-symmetrizing the data in (a) (c) Ry as a function of applied strain for different
values of applied magnetic field (d) Quadratic coefficient QR as a function of magnetic field
magnitude. Error bars are given by the 95% confidence interval of the polynomial fit to the data
in (c). Blue dashed line shows that QR is independent of the applied field value..................... 85

Figure 5.4 Temperature dependence of elastoresistivity and elasto-Hall in the x = 0.027
composition. Hall coefficient above (a) and below (b) the nematic transition as a function of
applied strain. Resistivity above (c) and below (d) the nematic transition as a function of applied
strain. Antisymmetric (e) and symmetric (f) components of the resistivity as a function of strain
above the nematic transition. In all panels the temperature is given by the color bar. ................. 86

Figure 5.5. Elasto-Hall and elastoresistivity coefficients temperature dependence for the x =
0.027 composition. (a) QR versus temperature. The gray, red, and green regions indicate the
normal state, nematic phase, and antiferromagnetic phase respectively. (b) Q!¢ and (c) y*5%¢
versus temperature. Gray dotted line marks the nematic transition temperature.................c......... 87

Figure 5.6. Elasto-Hall effect and elastoresistivity in the x = 0.036 composition. Hall coefficient
(a) and resistivity (b) as a function of applied strain. Symmetric (c) and antisymmetric (d)
components of the resistivity as a function of strain above the nematic transition. In all panels the
temperature is given by the color bar. (e) »*2¢, (f) QPA'# and (g) QR versus temperature. The
gray dotted line in (e+f) marks the nematic transition temperature. The gray, red, and green
regions in (g) indicate the normal state, nematic phase, and antiferromagnetic phase respectively.
Solid red lines are guUIdes 10 the BYE........ceiiie e 88

Figure 5.7. Elasto-Hall effect and elastoresistivity in the x = 0.068 composition. Hall coefficient
(a) and resistivity (b) as a function of applied strain. Symmetric (c) and antisymmetric (d)
components of the resistivity as a function of strain above the nematic transition. In all panels the
temperature is given by the color bar. (e) x*2%¢, (f) QPA'# and (g) QR versus temperature. The
gray region indicates the SUPercoONAUCEING SALE. ........cevivereerieiie e e 89

16



Figure 5.8. Elasto-Hall effect for uniaxial stress along [100] in the x = 0.068 composition. (a)
Hall coefficient as a function of applied strain at T = 30K. Red circles are measured using fixed
strain and variable field. Blue line is measured using fixed field and variable strain. (b)
Temperature dependence of the elasto-Hall response (c) Linear and (d) quadratic coefficients
extracted from second order polynomial fits to the data in (b). (€) Comparison of elasto-Hall
response for stress along [100] and stress along [110] at T = 30K. (f) Comparison of the
temperature dependence of the quadratic elasto-Hall coefficient for stress along [100] and stress
AIONG [LL0]. ettt bbb bbbttt bbb ere s 90

Figure 5.9. Elasto-Hall effect in an overdoped composition x = 0.123. Hall coefficient (a) and
resistivity (b) as a function of applied strain. Symmetric (c) and antisymmetric (d) components of
the resistivity as a function of strain above the nematic transition. In all panels the temperature is
given by the color bar. (e) »*5%¢, (f) QPA'¢ and (g) QR versus temperature. The gray region
indicates the SUPErCONAUCEING STALE. ..........eciiieeiieie et sre e 91

Figure 5.10. Elasto-Hall effect and spin fluctuations. Compilation of the doping and temperature
dependence for the three elasto-transport coefficients (a) Q%" , (b) Q!¢ and (c) x*B2¢. (d)
Effect of temperature and strain on the spin fluctuation strength (blue). Spin fluctuations can be
enhanced either by lowering the temperature (upper graph) or applying Bog strain at a fixed
temperature (UPPEF GFAPN)......coui ettt sttt et e et e s s e staeseesreesbeenbeaneesreenreanee e 92

17



List of Tables

Table 2.1 Summary of growths of Ba(Fe1-xCox)2As2

18



1. Introduction

The past century has witnessed the ascendancy of the field of quantum materials®=3,
wherein quantum mechanical behavior of the constituent particles leads to fascinating collective
phenomena. In spite of the fact that at the fundamental level the behaviors of these materials are
all governed by the same many-body Schrddinger equation, the presence of a large number of
particles (~10%) leads to a situation where “more is different”*; the solid state environment with
interacting degrees of freedom is capable of giving rise to a vast and complex array of phases
such as magnetism, density waves, non-trivial topological states, spin liquids, Mott insulators,
superconductivity, and more. Studying these compounds allows us to understand the interplay
and consequences of broken symmetry, strong correlations, quantum entanglement, and classical
and quantum fluctuations. Our understanding of these phases has not only allowed rapid
technological progress by giving us the ability to harness and exploit their quantum properties,
but also provides a rich test bed for uncovering new phases of matter, testing and developing our

theoretical descriptions, and driving the development of novel experimental techniques.

One of the most intriguing aspects of these materials is the fact that often more than one
of these collective phases is present and intertwined with each other. Unconventional
superconductors®’ are perhaps the best example of this, with charge, spin, and lattice degrees of
freedom strongly coupled. In addition to (often high-temperature) superconductivity, the phase
diagrams of most unconventional superconductors host broken-symmetry states driven by
correlations of the spin and charge degrees of freedom. Rather than acting as impediments or
passive observers to the superconductivity, it has become clear that these proximate phases are
intimately connected and in fact necessary for high-temperature superconductivity?®.
Furthermore, even the disordered normal state cannot be understood in terms of standard
paradigms such as the weakly interacting Fermi liquid, but instead is deeply influenced by the
strongly fluctuating remnants of the anisotropic ordered states. This includes both classical
thermal fluctuations as well as quantum fluctuations emanating from quantum critical points that
are ubiquitous in these materials. This leads to a still poorly-understood normal state exhibiting
anomalous “strange metal” behavior®™! where the standard quasiparticle description of solids

seems to break down. It is out of this enigmatic normal state that unconventional high-
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temperature superconductivity emerges. We are presented with a system exhibiting “ineluctable
complexity”?; to fully understand the superconducting state, we must elucidate the complex
interactions and relationships between the proximate ordered phases and their fluctuations,
quantum criticality, coupling to the conduction electrons, and ultimately the superconducting

pairing mechanism.

The Fe-based superconductors are one class of unconventional superconductors that have
proven to be a rich environment in which to probe these issues. In addition to high-temperature
superconductivity, these compounds host both antiferromagnetism as well as an electronically
driven rotational symmetry breaking nematic phase. In contrast to the cuprate family of
unconventional superconductors, these proximate ordered phases are relatively well understood
in terms of their basic identity and symmetry, which may make them a more ideal system for
understanding the central issues discussed above. As an experimentalist, a powerful way to learn
about materials and the physics within them is via external tuning parameters which allow one to
couple to the ordered phases and their fluctuations. In this thesis, I will follow this conceptual
framework using externally applied lattice deformations in the form of stresses and strains as
tuning parameters in order to further understand the relationships between magnetic and

electronic nematic order, quantum criticality, and superconductivity.

In this introduction, | begin with a brief history to put the Fe-based and other
unconventional superconductors in a broader context. Then | outline the relevant background and
existing literature on the Fe-based superconductors, focusing on Ba(Fe1-xCox)2As2. A number of
literature review articles have informed this section*-16 as well as general reference materials on
superconductivity'”8, | will also outline some general considerations regarding stresses and
strains as experimental tuning parameters. Finally, | will motivate and outline the measurements

and conclusions comprising this thesis.
1.1 (Un)conventional Superconductivity

Superconductivity was first observed experimentally in 1911 (Figure 1.1) by Heike
Kamerlingh Onnes in a sample of mercury at 4K, enabled by his recent success in liquifying
helium. The phenomenology of this superconducting state is characterized by three main
experimental observations below the critical temperature Tc: vanishing of electrical resistance,

expulsion of

20



200 T T T T T T T T T T T T T

Conwventional SC

150 Cuprate SC .
HgBaCaCuO Fe-based SC
r TIBaCaCuO T
v BiSrCaCuO
— 100 - B
= YBaCuO

SmFeAs(O,F)

(Ba.K}Fc2A52
LaFeAs(O,F) -
FeSe

I 1 1
1900 1920 1940 1960 1980 2000 2020
Year

50

Figure 1.1. Superconducting T versus time for various superconductors®®. Conventional BCS superconductors
are shown in green, cuprate superconductors in blue, and Fe-based superconductors in red.

internal magnetic fields, and development of an energy gap for quasiparticle excitations. In the
following years, many more elemental metals as well as intermetallic compounds were found to
also exhibit superconductivity, all exhibiting a consistent experimental phenomenology.
However, for many decades an explanatory theory was lacking.

This changed in the 1950’s with the development of two paradigm-shifting theoretical
ideas. The first was due to Landau and Ginzburg®, following Landau’s more general theory of
continuous phase transitions, in which they laid out a phenomenological mean field theory
describing the behavior of a symmetry-breaking superconducting order parameter w which
measures the density of superconducting electrons. In this theory, the free energy is expanded in
powers of the order parameter:

h

(v —§A)¢|2 +2 0w

l

F=Fy+a(T-T)IY|* +bly|* +

Py

Here T¢ is the superconducting critical temperature, V and A are the gradient operator and
vector potential respectively, and h is the magnetic field. This model is extremely useful for
studying the macroscopic properties of superconductors and cases where the order parameter is
spatially inhomogeneous, such as a type 2 superconductor in a magnetic field where vortices are
present. Then in 1957, Bardeen, Cooper, Schrieffer detailed a comprehensive microscopic
theory?! explaining the mechanism driving superconductivity and deriving the macroscopic

experimental consequences. Together these two theories were able to a large extent satisfactorily
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account for the properties of all known superconductors up to that time. Gor’kov later showed??
that these two theories were in fact equivalent by demonstrating that the Ginzburg-Landau
formulation was derivable from the microscopic BCS theory as a limiting case where the
temperature is near T and the spatial variations are slowly varying. This derivation also
demonstrated that the order parameter  could be identified with the BCS gap function A which
is described below.

The BCS theory explains that superconductivity is a collective phenomenon in which
electrons in the presence of an effective attractive interaction are unstable towards pairing into
composite objects called Cooper pairs which can be thought of as a bound state of two electrons
at the Fermi level with equal and opposite momenta. The way that the electrons are able to
overcome their repulsion and experience an effective attractive interaction is through coupling to
the lattice, which provides a polarizable medium through which the electrons can communicate.
The basic picture is that an electron will create a local region of increased positive charge which
will then attract a secondary electron. A separation of electronic and lattice time scales combined
with charge screening within the metal then allows this effective attractive interaction to
overcome the Coulomb repulsion. At the microscopic level, this interaction can be thought of as
being mediated by phonons, an exchange of the quantized vibrational excitations of the crystal
lattice. It is the quasiparticles near the Fermi surface that participate in this process, and the
presence of the filled Fermi sea is essential because it renders the phase space effectively two-
dimensional which promotes the bound state formation.

These Cooper pairs then condense into a macroscopic condensate similar in spirit to a
Bose-Einstein condensate (Cooper pairs are bosonic spin 1 objects) that behaves in some sense
as having a macroscopic wave function y corresponding to the order parameter in the Ginzburg-
Landau theory. This microscopic theory then allows us to understand the experimental
phenomenology of the superconducting state. In particular, the development of the spectroscopic
gap for quasiparticles reflects the binding energy of the Cooper pair. Furthermore, any current
through the sample is carried by the coherent superconducting condensate and the presence of
the quasiparticle gap implies there are no states for Cooper pairs to scatter into. Instead,
scattering requires a perturbation of the entire condensate which requires a large amount of
energy. Thus, the Cooper pairs are impervious to scattering from lattice defects and impurities

resulting in a zero-resistance state.
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a) s-wave (| = 0) b)  dwave(I=2)

Figure 1.2. Superconducting pairing and order parameter symmetry. a) s-wave symmetry found in
conventional superconductors. The gray circle represents the Fermi surface and the green circle the
superconducting gap that forms in the superconducting state. In the s-wave state, the gap is rotationally
isotropic in momentum space. b) d-wave symmetry (Big Symmetry in a crystal with tetragonal symmetry)
found in the cuprate superconductors. Here the gap varies in magnitude and sign with 4-fold symmetry as a
function of angle. This leads to nodes along the Brillouin zone diagonals where the superconducting gap goes
to zero.

The BCS solution followed from considering the following Hamiltonian:
Hpes = Sies §kCisCis + Zio V(K KDl e pnein (12)

Here the ¢’s are fermionic creation and annihilation operators, & is the single-particle
kinetic energy measured from the chemical potential, and V represents the pairing interaction,
which in the original BCS formulation was constrained to only connect states with opposite
momenta and opposite spin, and to be a point-like interaction that only occurs in a narrow energy
window near the Fermi surface.

The solution to this Hamiltonian was obtained via a variational method with the

following trial wave function:

|1/Jgroundstate) = Hk(uk + ka;Tcikl)W) (1.3)

Here |y> is the vacuum state, and the uk, vk are variational coefficients which correspond
to the probabilities that a pair-state with a given k is either occupied or unoccupied. The result of
the variational solution is that the uk, vk have a fixed phase relation that is independent of k,
resulting in a macroscopic quantum superposition (the superconducting state). The energy gap

that falls out of this solution is as follows:
1 A
A= ——Zl—lz 7 V(k,1) (1.4)

2 (8F+¢7)

This is the minimum energy for quasiparticle excitations, and also corresponds to the

order parameter in the phenomenological Ginzburg-Landau theory. This equation must be solved
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self-consistently. One trivial solution is A = 0, which is the normal, non-superconducting state.
However, for a negative (attractive) V, this equation will also have a non-trivial solution where A
IS non-zero. This corresponds to a symmetry-broken superconducting state with a critical
temperature T, that is related to the magnitude of A.

The symmetry of the gap and pair wavefunction are important features of the
superconducting state and can provide clues to the underlying pairing mechanism. Because the
constituent particles making up the Cooper pair are fermions, the pair wavefunction and thus the
gap function must be anti-symmetric upon exchange of particles and the pairing symmetries of
superconductors can be classified subject to this constraint. The spatial component of the
wavefunction can either be symmetric, in an even angular momentum channel (I = 0 (s-wave), |
= 2 (d-wave)...) or antisymmetric, in an odd angular momentum channel (I = 1 (p-wave), | = 3
(f-wave),...). In order for the full wavefunction to be antisymmetric, the spin component of the
wave function must be antisymmetric (spin singlet) in the former case and symmetric (spin
triplet) in the latter. The choice of the pairing interaction V in the original BCS formulation only
allows for the spin singlet s-wave case, but for more general pairing interactions, other gap
symmetries are possible. This classification is only strictly accurate in free space; within the
crystal environment, the pairing symmetry will be classified according to the irreducible
representations of the underlying crystal point group symmetry. Phonon-mediated BCS
superconductors have the simplest possibility in which the gap opens isotropically on the Fermi
surface (Figure 1.2a). This stems from the fact that the electron-phonon interaction is essentially
a point interaction and rotationally symmetric.

In the original BCS formulation, the superconducting critical temperature is given by the

following expression:

T.~hwpexp (T1/gy) (1.5)
Here, wp is the Debye frequency and %wp is the relevant phonon energy scale, g is the
strength of the electron-phonon interaction, and v is the density of states at the Fermi level. A
more detailed treatment of the electron-phonon interaction and Coulomb repulsion due to

McMillan® gives the following more accurate form:

1.04(1+2)

T.~ hwpexp (— —/1_#*(1+0.621)) (1.6)
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Here 1 is the electron-phonon coupling constant which is calculated from the electronic
matrix elements and phonon frequency spectrum, and " is the Coulomb pseudopotential which
is the bare Coulomb interaction renormalized by screening and the effects of the different time
scales of electronic repulsion and phonon attraction. A few interesting consequences follow from
this expression. One is that, somewhat counter-intuitively, materials that are extremely good
conductors in the normal state, indicating weak scattering from phonons and thus a small
electron-phonon coupling, are expected to be poor superconductors. This is borne out
experimentally in that none of the noble metals (Cu, Ag, Au) have been found to be
superconducting. A second consequence of this expression is that it predicts a “maximum T¢” for
a given class of materials. This arises because if we imagine tuning the phonon spectrum,
maximizing the pre-factor and exponential factor require a maximization and minimization of the
phonon frequency respectively, creating a competitive situation with a maximum T. at an
optimal compromise. Although the McMillan formula is not completely general, it does suggest
that phonon-mediated superconductivity is subject to constraints limiting the critical temperature.
This is consistent with the fact that nearly all phonon-mediated superconductors have T¢ < ~30K.
There are a few notable exceptions with idiosyncratic circumstances. For example®*, the
compound MgB:z has T¢ ~ 39K which is achieved via a combination of its multiband Fermi
surface with different superconducting gaps and a strong coupling of the electronic states to
specific phonon modes. Another example is certain compounds under very high hydrostatic
pressure?® which induces an enhancement of the phonon energy scale.

In summary, three key features of the original BCS superconductors, also referred to as
“conventional” superconductors, are as follows: the attractive interaction is mediated by
electron-phonon coupling, the superconducting gap exhibits an isotropic s-wave (I = 0)
symmetry, and the critical temperature Tc is fundamentally limited to relatively low temperatures
by the electron-phonon coupling strength and realistic material parameters (with some

exceptions). Another key feature is that these materials have relatively weak electronic
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Figure 1.3. Generic phase diagram of unconventional superconductors as a function of temperature and some non-
thermal tuning parameter. A symmetry breaking phase (purple) is suppressed by the tuning parameter and ends in
a putative quantum critical point (QCP). A dome of superconductivity (blue) emerges centered near the QCP. The
normal state typically exhibits anomalous properties not well described by standard paradigms, such as the Fermi
Liquid.

correlations, with normal state properties that are well understood within the Fermi liquid
paradigm.

In 1986, the era of “unconventional” superconductors was brought into the forefront of
condensed matter physics research with the discovery of the cuprate superconductors by Bednorz
and Muller?® with an unbelievably (at the time) high T of 35K. Within a few years, an intense
flurry of experimental research efforts raised the T. of cuprates above liquid nitrogen
temperature, and the current record stands at T. = 138K in the compound
HgosTlo2Ba,Ca,CusOs:s?’. These high Tes were clearly incredibly exciting from the
technological use perspective. However, the high T¢ of these compounds is arguably one of the
least interesting things about them; the complexity of the many-body phenomena responsible for
and intertwined with the superconducting state is really what has driven many of the
developments of condensed matter physics on both theoretical and experimental fronts over the
past decades. In some sense, these materials are the last place one would naively look for
superconductivity, let alone at high temperatures. The parent compounds are brittle ceramics
with strong Coulomb electron-electron interactions and host an antiferromagnetic Mott insulating
electronic state and only upon doping the system with charge carriers does superconductivity
emerge. As the name “unconventional superconductors” suggests, they are defined precisely by
what they are not; the superconducting pairing mechanism or “glue” that allows Cooper pair
formation is not due to phonons and the pairing symmetry and gap do not have s-wave

symmetry.
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By now there is overwhelming evidence that the cuprates have a d-wave superconducting
order parameter, more specifically di?,?, which is in the Big irreducible representation of the
tetragonal symmetry point group. In contrast to a fully gapped s-wave superconductor, the d-
wave (Figure 1.2b) breaks the tetragonal symmetry and oscillates as a function of the in-plane
angle. This leads to certain k points where the gap goes to zero (these are referred to as “nodes”)
meaning there are quasiparticle excitations arbitrarily close to the Fermi level. The d-wave nature
affects the thermodynamic properties such as specific heat or thermal conductivity at low
temperatures and can be inferred from those signatures. However, the most convincing “smoking
gun” evidence is from phase-sensitive measurements such as the tri-corner superconducting rings
experiments?® where a half magnetic flux quantum is observed at the 3-junction ring, which is
only expected to occur in the case of a d-wave symmetry order parameter.

In the present day, the library of families of unconventional superconductors has grown,
including heavy fermion compounds, organic conductors, uranium-based compounds, kagome
metals, two-dimensional moiré heterostructures, and the Fe-based superconductors. In spite of
these materials often exhibiting quite different microscopic physics, there are also many unifying
characteristics. These materials tend to be quasi-low-dimensional and have bands near the Fermi
energy built from d or f orbitals. Relatedly, these materials also exhibit strong correlations
resulting from strong electron-electron interactions. These interactions often drive the formation
of collective broken symmetry phases such as antiferromagnetism, charge density wave, and
electronic nematic order.

The presence of strong electronic correlations implies that a superconducting state in such
a system will be unlikely to be of the BCS-like phonon mediated, s-wave symmetry sort. This is
because the s-wave pairing wave function maximizes the probability of the pairing particles to be
at the same location, which is possible in materials that are conventional superconductors
because of the weak electron-electron interactions and highly efficient screening. For
unconventional superconductors, this type of pairing will be highly unlikely or impossible, and
the dominant pairing interactions will be those that allow the pair participants to avoid each
other. This in turn often implies interactions that are peaked at a non-zero momentum transfer
and will lead to pairing symmetries that are not the isotropic s-wave, such as the d-wave pairing

of the cuprates.
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Figure 1.4. Interaction potentials leading to superconducting pairing®. a) Phonon-mediated pairing. An electron
moving through the ionic lattice background creates an interaction potential (blue line) which includes an attractive
region (green). b) Magnetic fluctuation mediated pairing. The spin of an electron within the environment of the spins
of all other electrons with a dominant antiferromagnetic interaction creates an oscillating interaction potential that
also can create attractive regions.

If the point-like electron-phonon interaction is not mediating the superconducting pairing,
then there must be some other pairing “glue” present in these systems. A clue to what that might
be is given by considering that the phase diagrams many of these materials demonstrate a very
similar phenomenology in which as a function of some tuning parameter like pressure or
chemical substitution, an ordered magnetic phase is suppressed towards zero temperature, and
the superconductivity emerges as a “dome” near a putative quantum critical point associated with
the magnetic phases (Figure 1.3). Near this region, the magnetic phase is competing for the
conduction electrons less, and its fluctuations are very strong. This naturally leads one to suppose
that it is the spin fluctuations associated with the proximate ordered phases that are mediating the
superconducting pairing.

An intuitive way to understand how this might occur is to go back to the original BCS
picture. There, the background ionic lattice provides a polarizable medium which allows the
interaction potential between electrons to have an attractive region (Figure 1.4a). Analogously,
the spin degrees of freedom can behave as a polarizable medium, for example a background of
disordered spins with antiferromagnetic interactions, which can also have attractive components
(Figure 1.4b). The strength of this interaction will be roughly proportional to a generalized
susceptibility y associated with the ordered phase, which becomes very large near the magnetic
phase boundary and putative quantum critical point which is often where superconductivity is

found to be the strongest. Such “spin-fluctuation mediated” theories have been investigated for
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Figure 1.5. Crystal structure of Fe-based superconductors. a) FeSe b) BaFe;As;

the cuprates, heavy fermion compounds, and the Fe-based superconductors. However, the
question of superconducting pairing in these systems is far from settled both experimentally and
theoretically. This is largely due to the complicated normal state out of which superconductivity
emerges, the complications of a quantum critical point coupled to itinerant fermions, and the fact
that it is questionable whether or not the superconducting pairing can even be understood in a
BCS-like way where the electrons can be separated from the bosonic excitations mediating the
pairing. It may be that such a separation is not possible, as the electrons themselves are
ultimately the degrees of freedom forming the pairing interaction, unlike the case of phonons in
the original BCS picture. This situation would preclude the sort of controlled diagrammatic
perturbative expansion that has led to such detailed understanding of the conventional BCS

superconductor.

1.2 Fe-based Superconductors

The cuprate superconductors were discovered in 1986 and for two decades, they stood
alone as high T¢ unconventional superconductors. This changed in 2008 with the discovery that
the compound LaFeAsO1.xFx could host superconductivity at T = 26K, As with the cuprates,
these materials were perhaps not the most natural place to look for superconductivity. The
magnetic moment of the Fe ions was thought to be antagonistic to superconductivity according to

“traditional” wisdom. In addition to the exciting fact that the cuprates were not a lone anomaly,
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in many respects these compounds were a much more attractive system for trying to understand
unconventional superconductivity. In contrast to the cuprates, the parent compounds of Fe-based
superconductors are metals of which large, high-quality single crystals can be grown through
relatively simple techniques like solution flux growth. Furthermore, superconductivity can be
induced through a variety of different tuning parameters. Lastly, the phase diagram of the Fe-
based superconductors, although still complex, is considerably simpler than the cuprates with
phase boundaries that are precisely known and relatively well understood (the “pseudogap”
phase of the cuprates has been notoriously difficult to understand).

Two notable differences between the cuprates and the Fe-based superconductors are: (1)
the former are single-band while the latter are multi-band, which leads to quite different specific
behaviors in the magnetic structure and superconducting gap symmetry, for example. (2) The
electronic correlations are much stronger in the cuprates and are driven by the Hubbard U energy
scale, while in the Fe based superconductors (relatively weaker) correlations are a result of the
Hund’s coupling Ju energy scale. In spite of all the differences, the cuprates and Fe-based
compounds do hint that high T. superconductivity should be looked for in materials with quasi
two-dimensional crystal structures/Fermi surfaces and interaction strengths that are close to
magnetic instabilities.

In the following sections | outline the relevant physical properties and background

information of Fe-based compounds to motivate the research that makes up this thesis.

1.3 Crystal and Electronic Structure

Although there are a number of different families of Fe-based superconductors, they
share many basic features. From a purely structural perspective, all of the families are layered
materials built around a common structural motif of two-dimensional planes of Fe tetrahedrally
coordinated by either chalcogenide (S, Se, Te) or pnictide (P, As) atoms. These layers are then
stacked along with different types of spacer layers to form the full crystal structure which
exhibits four-fold tetragonal symmetry. Two examples are the iron chalcogenide FeSe which
exhibits the simplest crystal structure with no spacer layers and a space group P4/nmm (Figure
1.5a), and the “122” iron pnictide BaFe2Asy, the focus of this thesis, which has alkali-earth atoms

of Ba as a spacer layer and space group 14/mmm (Figure 1.5b).
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Figure 1.6. Electronic structure of Fe-based superconductors. a) Energy levels within the crystal environment of
Fe-based superconductors. The degeneracy of the d orbitals is split by the crystal field. The electrons fill these
levels in a high spin configuration due to the intraatomic Hund’s coupling. b) Generic Fermi surface of Fe-based
superconductors in the 2-Fe Brillouin zone with multiple circular hole pockets at the I" point and multiple
elliptical electron pockets at the M point.

This crystal structure informs many of the main features of the electronic structure, which
is dominated by the 3d orbitals of the Fe ions. From the atomic orbital point of view, in this
crystal environment the Fe atoms have a valence of 2+ corresponding to a 3d° electronic
configuration. The quasi-tetrahedral crystal field environment breaks the degeneracy of the d
orbitals into approximate tq and exq orbitals which are further split from deviations from perfect
tetragonality (Figure 1.6a). Density functional theory calculations predict that the electronic
states at the Fermi level are dominated by these five (dxy, Oxz, Oyz, 072, and di?y?) Fe orbitals with
some amount of hybridization with the pnictogen/chalcogen atomic states and result in, for the
parent compound, compensated multi-band semimetals with a Fermi surface consisting of
multiple hole pockets at the /" point and multiple electron pockets at the M point (in the 2-Fe unit
cell Brillouin zone) (Figure 1.6b). The orbital content of these bands varies as a function of
momentum, and the bands actually crossing the Fermi energy are a combination of dxy, dx.;, and
dy; character. The quasi-2D crystal structure causes the bands to disperse only weakly along the
out of plane c lattice direction, and thus the Fermi pockets are roughly cylindrical. These features

have largely been confirmed experimentally through ARPES®® and quantum oscillation®
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Figure 1.7. Symmetry breaking phase transitions in Fe-based superconductors. a) In the fully symmetric normal
state, the crystal has D4y point group symmetry. The FeAs plane is a square with paramagnetic Fe spins. b) At T,
the crystal undergoes a structural transition where the FeAs square distorts into a diagonal along the Fe-Fe
direction ([110] or [1-1 Q]) which lowers the point group symmetry from tetragonal to orthorhombic. Below Ts,
structural twin domains and domain walls form. c) At Ty, the Fe spins order antiferromagnetically in a stripe
pattern with a q = (n, ) wave vector.

measurements, although the experimentally observed band widths are lower and effective masses
are higher than those calculated from first-principles. These renormalizations have been taken to
be a sign of the presence of electronic correlations® that vary in strength across different
compounds (for Ba(Fe1-xCox)2As this mass enhancement is ~2 but can be much larger in other
families or for hole doping). In contrast to the cuprates where strong correlations arise due to the
Hubbard U energy scale from strong Coulomb electron-electron interactions or the heavy
fermions where correlations arise from the Kondo coupling between the conduction electrons

and localized 4f electrons, in the Fe-based superconductors it has become well established that
electronic correlations can be traced to the Hund’s coupling Jh.

The Hund’s coupling is an intra-atomic exchange interaction which favors the high-spin
atomic configuration and is central here because of the multiorbital nature of the Fe-based
superconductors. This interaction affects the metallic ground state in subtle yet dramatic ways,
marking these materials as “Hund’s Metals™®**°, In particular, it induces a charge/spin
dichotomy where the spin degrees of freedom are localized in spite of charge itinerancy and
suppresses the energy scale for the formation of a Fermi liquid®, leading to “bad metal”
phenomenology. Some examples of these bad metal signatures are large values of the dc
resistivity and incoherent charge dynamics seen in optical conductivity measurements®.
Additionally, the Hund’s coupling promotes orbital differentiation in which different orbitals

experience different amounts of correlation. In the most extreme case, this can lead to an orbital
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selective Mott phase®, where one orbital becomes localized while others remain itinerant.

Experimental evidence of such a phase has been found in the iron chalcogenides®.

1.4 Broken Symmetry: Magnetic, Nematic, and Superconducting Order

Looking to the doping-temperature phase diagram of Ba(Fe1xCox)2As2, we can identify
the presence of three different symmetry-broken electronic phases: magnetism, nematic order,
and superconductivity (Figure 1.7). The body of work contained in this thesis involves using
uniaxial stress to tune and probe the interplay of these different intertwined phases. Here |

outline the relevant background for each of these symmetry-broken states.
1.4.1 Magnetism

First principle calculations indicate a complex array of competing spin fluctuation
tendencies in these compounds, including q = 0 Stoner ferromagnetism behavior, nearest-
neighbor antiferromagnetic superexchange, and q = (wxr, m) Fermi surface nesting driven
fluctuations between the hole pockets at gamma and the electron pockets at M*°. Experimentally,
the parent compound BaFe>As; is found to undergo long-range antiferromagnetic order at a
temperature of T ~135 K to a state where the Fe spins order into a stripe configuration where the
spins are parallel along one Fe-Fe direction and anti-parallel along the other (Figure 1.7¢). This
magnetic structure can be seen directly in neutron scattering experiments** and also manifests
indirectly through electrical transport and heat capacity. The fact that these compounds are
metallic and the ordering vector q = (,©) matches the Fermi surface nesting vector suggests that
this state is an itinerant spin density wave, a scenario which is supported by the quantum
oscillation measurements which found that the reconstructed Fermi surface is consistent with the
band-folding that such a state would imply. In this itinerant weak-coupling picture, the ordering
can be understood by considering the noninteracting Lindhard susceptibility:

xolq) = L) g 7

€k~ €k+q

Because of the nesting between the hole and electron Fermi pockets, this noninteracting
susceptibility will become large for g = (w,m) which potentially could induce the spin density
wave instability after considering the renormalized susceptibility in the random phase
approximation (RPA):
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Xo(q) (1.8)

XRPA (q) = 1-J(@Dxo(q)

However, it is also clear that the magnetism in Fe-based superconductors cannot be fully
understood in itinerant terms. For example, while the ordered moment is small, consistent with
an itinerant scenario, the fluctuating local moment is much larger, suggestive of local moment
behavior. Furthermore, neutron scattering experiments have observed spin waves up to high
energies inconsistent with itinerant magnetism, and some compounds exhibit magnetic ground
states that cannot be understood in terms of Fermi surface nesting. These features suggest that a
local, strong-coupling point of view is the appropriate starting point. In this scenario, the model
would be a Heisenberg Ji-J> Hamiltonian that treats the superexchange interactions between
nearest neighbors and next nearest neighbors:

H = ]; Yinear. s; - si+/, Y.next. near.S; * Sj (1.9
neigh. neigh.

This model also predicts the observed magnetic structure when J, > |J1|/2. Thus, it seems
that the Fe-based compounds are in a regime intermediate between strong-coupling local
moments and weak-coupling itinerant magnetism. This dichotomy is still a matter of
considerable debate**? and is extremely important given that the fluctuating magnetism is likely

central in the superconducting pairing mechanism.

Regardless of the microscopic mechanism of the magnetism, it can be described

phenomenologically by a Landau free energy as follows:
Fmagnetic = FO + Xr_nag (A)Z( + Alzf) + b(A;l( + Aé) + CA?(AIZK + d(Ax ’ Ax)z (1-10)

Here Fo represents the non-magnetic contributions to the free energy and the Ax and Ay
are the two possible order parameters, corresponding to the two possible stripe directions. Only
one of these will be nonzero within a single magnetic domain below the phase transition. This
phase transition is triggered when the second term changes sign, reflecting a divergence of the

magnetic susceptibility at the wave vector q = (w,n):

A
T-Ty

Xmag(q = (7T; 77:)) = (111)
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Figure 1.8. Order parameters and fluctuations for the magnetic (purple) and nematic (green) phases. The magnetic
and nematic susceptibilities diverge towards their respective phase transitions. The nematic susceptibility diverges
towards the bare transition temperature T* and is cut off (green dashed line) by the actual transition temperature Ts.
Below the phase transitions, the associated order parameters grow. For magnetism this is the sub-lattice
magnetization (JM|) and for nematicity these are the structural (J) and electronic (i) rotational symmetry breaking.

This diverging magnetic susceptibility (Figure 1.8, purple) can be observed in neutron scattering
as well as NMR experiments, and the interband interactions associated with these q = (&, spin

fluctuations seem to be the dominant interaction between quasi-particles.

Upon chemical substitution or applying pressure, this magnetic order is rapidly
suppressed to lower temperatures. However, even the paramagnetic doped compounds host
strong temperature dependent q = (w,n) spin fluctuations seen by NMR and neutron scattering.
This is also true in materials with no static magnetic order such as LiFeAs and FeSe, and in
lightly doped FeTe in spite of the double-stripe magnetic ground state of the parent compound.
It is clear that q = (m,n) stripe-type spin fluctuations are present across the phase diagrams of

most if not all families of Fe-based superconductors.
1.4.2 Electronic Nematicity

The stripe-type magnetic order described in the previous section breaks time-reversal
symmetry as well as both spin rotational symmetry and rotational symmetry of the tetragonal
lattice. In the parent compound BaFe.As;, the magnetic transition is first order and is
accompanied by an orthorhombic structural distortion (Figure 1.7a-b) in which the FeAs planes
distort along the [110]¢t direction, distorting the square lattice into a diamond and leading to
inequivalent a, b in-plane lattice constants. This structural transition is in the Bag symmetry
channel of the Dan point group of the tetragonal structure, lowering the symmetry from Dan
(tetragonal) to D2n (orthorhombic). Depending on the tuning parameter, this structural transition

can remain tied to the magnetic transition (as occurs with pressure or phosphorous doping,
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among others) or it can split away from the magnetic transition and become second order, which
is the case for Ba(Fe1xCox)2As.. This then implies a nonzero temperature window in which time-
reversal and translational symmetry are preserved, but rotational symmetry is broken within a
broken symmetry phase distinct from static magnetic order. In contrast to a pure ferro-elastic
transition where a structural transition is triggered by a softening phonon instability, an
abundance of evidence has accumulated showing that this is not the case in the Fe-based
superconductors. Instead, the rotational symmetry breaking is driven by the electronic degrees of
freedom, in a phase referred to as “electronic nematic*3, which is language borrowed from the
field of phase transitions in liquid crystals. In such a phase, the order parameter is a “director”,
which specifies the direction along which the symmetry breaking occurs. In contrast to liquid
crystals where the director can point in any direction, coupling with the crystal lattice forces the
nematic director to point along the crystal axes, leading to two inequivalent choices for the order
parameter. This is referred to as “Ising nematic”. Below the nematic phase transition, structural
twin domains form corresponding to these two inequivalent choices of which direction to distort
along. The presence of these domains masks anisotropies in macroscopic physical properties that
can only be accessed by detwinning the sample which can be achieved applying uniaxial stress.

By symmetry, a distortion of the crystal lattice will automatically be accompanied by
anisotropies in all physical properties of the crystal. One indication that the nematic transition is
driven by electronic degrees of freedom is that the electronic anisotropies are much larger than
the structural ones; for example, Ba(Fe1-xCox)2As2 with x = 0.045 has a spontaneous
orthorhombic distortion of 6 = (a + b)/(a - b) ~ 0.15%*, whereas the corresponding resistivity
anisotropy (pa - pv)! (pa + po) is ~33%, more than two orders of magnitude larger*®. Additionally,
whereas the orthorhombic distortion evolves monotonically as a function of doping, the
electronic anisotropy has a non-trivial composition dependence peaking near x = 0.03. Large
electronic anisotropies have also been observed in other quantities such as the in-plane magnetic
susceptibility*® and the dx., dy; orbital energies and occupations. However, the strongest evidence
for an electronically driven phase transition comes by measuring the fluctuations in the
disordered phase above the transition. In particular, the resistivity anisotropy induced by
anisotropic strain (elastoresistivity) which is a proxy for the nematic susceptibility was shown to
diverge above the phase transition*’. Analysis of a Landau mean field free energy demonstrates
that this will only occur when anisotropic strain is acting as a conjugate field, coupled to a
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primary electronic order parameter which actually drives the instability. The divergence of the
nematic susceptibility has also been measured by thermodynamic probes such as the
elastocaloric effect®® and shear modulus*® measurements and charge sensitive probes such as
Raman spectroscopy®’. These diverging nematic fluctuations are quite generally observed across

all families of Fe-based superconductors®..

The basic features of the nematic order can be elucidated by considering the free energy
within the Landau paradigm of continuous phase transitions, assuming the instability is driven by

the electronic degrees of freedom:

F=80y2 g Dye y Gz 1 et Jyethe (1.12)
Here T" is the bare nematic transition temperature, y is the nematic order parameter, Ces® is the
bare shear modulus, ¢ is the strain in the Bog symmetry channel which acts as the conjugate field
for the nematic order, / is the nemato-elasto coupling constant, and h is uniaxial stress in the Bag

symmetry channel. Minimization of this free energy yields the following relations:

T, =T" +—

ayp _ A
de a(T-T*)

(T >T,) (1.14)

/12
Cos = Cis — aaors (T>To) (1.15)

Y= /%(TS —T) (T<Ty) (116)

Equation (1.13) demonstrates that the coupling to the lattice raises the transition
temperature compared to its bare value T* Equation (1.14) gives the Curie-Weiss form for the
nematic susceptibility, which diverges towards the bare transition temperature (Figure 1.8,
green). Equation (1.15) reflects that fact that even though the lattice degrees of freedom are not
driving the instability, coupling to the nematic order causes the shear modulus to go to zero at Ts.
Equation (1.16) gives the mean-field behavior for the temperature dependence of the nematic
order parameter below the transition. Importantly, it has been shown that the nematic phase

transition is described quite accurately by this mean field free energy both above and below the
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transition, and the resistivity anisotropy is a faithful proxy for the nematic order parameter®>>2,

The resistivity anisotropy is given by:

Pxx—Pyy

= 2Mgg€ ('8 € 1.17
prxxtPyy 66€B2g X Xnem€B2g ( )

where 2mgg is a coefficient of the elastoresistivity tensor mija given by>*:

o(*/p), ;

aekl

mij'kl = (118)

€=0

After establishing that the nematic phase is electronically driven, the question remains of
which microscopic degrees of freedom are responsible®. Either the charge (orbital) or spin
degrees of freedom associated with the electrons could be driving the transition. In the former
case, such a transition would reflect divergent charge fluctuations towards an ordered state where
the occupations and energies of the dx, and dy, Fe 3d orbitals became inequivalent. In the latter
case, diverging magnetic fluctuations are responsible, ordering towards a phase where the
magnetic susceptibility along the two in-plane directions becomes inequivalent. This second
scenario can be viewed as a “vestigial” order>® associated with the subsequent magnetic phase
transition, where the magnetic stripe phase first melts into a nematic phase with broken rotational
symmetry and anisotropic magnetic fluctuations before reverting to the fully symmetric phase at
higher temperatures. In this view, the nematic order parameter can be written in terms of the

magnetic order parameters contained in the magnetic free energy from Section 1.4.1:
Y =< A% —AZ>  (1.19)

Here <...> denotes a thermodynamic average. The normal state (above both Tyand Ts) is
then described by <Ax> = <Ay> = 0 and <A?x> = <A?%y>, implying that w = 0 and time-reversal,
spin rotation, and the Dan point group symmetry are all preserved. The nematic phase below Ts
corresponds to <Ax> = <Ay> = 0, but <A%> # <A%y> which gives y # 0, breaking rotational
symmetry but preserving time reversal and spin rotation symmetry. Finally, the magnetic phase
below Ty is given by <Ax># 0 and <Avy> = 0 (or the reverse) and <A?x> # <A?y>, breaking all

three symmetries.
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Figure 1.9. s* superconducting gap symmetry, found in many Fe-based superconductors. This is an
unconventional s-wave state where the sign of the gap changes sigh moving from the hole pockets to the electron
pockets.

At least in the iron pnictides, most evidence points to the latter scenario of spin-driven
nematicity. For example, the experimental observation that the nematic transition line closely
tracks the magnetic transition line as a function of tuning parameters is easily explained if the
nematic order is a melting of the stripe-type magnetism, whereas this behavior is difficult to
explain in the case that nematic order is driven by charge fluctuations with no direct connection
to the magnetic order. Additionally, the lattice fluctuations measured by shear modulus
experiments and spin fluctuations measured by NMR exhibit a scaling relation that can be
naturally explained within the spin-nematic scenario®. Finally, as will be discussed further in the
next section, the spin-nematic scenario implies a repulsive inter-pocket interaction between
electrons which would be expected to favor a s* symmetry for the pairing interaction and
superconducting gap, and the s* gap is the most likely candidate based on experimental evidence.
However, the situation may be different in the iron chalcogenides®® where nematic order occurs

in the absence of static magnetic order.

Nematic order is not only found in the Fe-based superconductors. Experimental evidence
consistent with a nematic phase has been found in the cuprate superconductors®*®, quantum hall
systems®1:52, the metamagnetic SrsRu,07%3, and more recently has been suggested to manifest in
superconducting two-dimensional moiré heterostructures® and in kagome metals®® exhibiting
charge density waves and superconductivity. The diversity of these materials and the
microscopic physics that they host suggests that nematicity may be a generic feature of strongly
correlated systems and/or unconventional superconductivity, and thus it is essential to understand

which phenomenon are intimately tied to the presence of the nematic order.
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1.4.3 Superconductivity

Both the magnetic and nematic transition temperatures are tuned towards zero
temperature as a function of a tuning parameter such as pressure and chemical substitution, and
eventually superconductivity appears as a dome with a maximum T, that varies between material
families (the maximum T in Fe-based superconductors thus far is 55K in the compound SmO:.
«FxFeAs®). Depending on the material family, superconductivity may coexist with
antiferromagnetism and nematicity which is the case for Ba(Fe1.xCox)2As>. In this case, the order
parameters of the other symmetry broken phases (the ordered magnetic moment and
orthorhombic structural distortion for antiferromagnetism and nematicity respectively) have been
found to be reduced®”®® below T. demonstrating that these phases are directly competing with

superconductivity.

A variety of experimental probes and theoretical considerations have shed light on the
pairing mechanism and gap structure. NMR measurements®® below T¢ have demonstrated a drop
in the Knight shift which is a measure of the static spin susceptibility, consistent with a spin
singlet pairing state and thus an even parity spatial component of the pairing wavefunction.
Drawing on inspirations from the cuprates and heavy fermion superconductors, theoretical
calculations®®%" have favored a situation in which superconductivity is mediated through
exchange of the q = (w,m) spin fluctuations associated with the antiferromagnetism. In this
scenario, a “s* wave” symmetry paring state is expected where the superconducting gap is
rotationally symmetric but changes sign between the Fermi pockets at the center and corners of
the Brillouin zone (Figure 1.9). This sign change allows for an attractive pairing state in spite of
the repulsive interaction induced by the spin fluctuations. The multiband nature of the Fe-based
compounds is essential here, in contrast to the single band cuprates where such a spin-fluctuation
exchange pairing can only be attractive with a d-wave pairing symmetry where the gap changes

sign as you rotate around the single Fermi pocket.

The most conclusive experimental evidence for the s™ symmetry pairing state comes
from inelastic neutron scattering. In these measurements, signatures of a resonant magnetic

excitation appear only below the superconducting Te, localized in both energy and momentum.
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Figure 1.10. Quantum critical phase diagram. a) Generic quantum critical phase diagram as a function of
temperature and tuning parameter. The solid purple line marks a symmetry breaking phase that ends in a
quantum critical point. The gray regions are areas where classical (thermal) fluctuations are excited and dominate
the behavior of the system. Within the multi-colored fan region, quantum fluctuations associated with the QCP
are excited. b) Generic phase diagram of unconventional superconductors. A superconducting dome (blue) forms
around the QCP associated with the competing phase (purple).

The momentum peak agrees with the (xr, 7r) spin fluctuation wave vector and the energy scale is
on the order of the superconducting gap’. Such a resonance is also observed in the cuprates and
heavy fermions and is strong evidence for a spin-fluctuation mediated pairing mechanism.
Furthermore, the momentum space structure of the excitation supports the s* gap structure.
Additionally, NMR measurements of the spin-lattice relaxation rate /T,T in the normal state
have demonstrated that the strength of the q = (=,) spin fluctuations correlates with the strength

of the superconducting T¢®.

Thermodynamic probes such as heat capacity, penetration depth, and thermal
conductivity can provide information about the low-lying excitations in the superconducting
state, and thus about the superconducting gap structure. For example, in a fully gapped
superconductor, these quantities will exhibit exponential temperature dependence below Te.
Measurements in the Fe-based superconductors have been somewhat confounding, in that some
indicate fully gapped behavior, expected for the simplest version of the s™ gap, while others
imply point or line nodes. It is entirely possible that different compounds have different

symmetry order parameters. It is also important to note that even for an s™ pairing state, nodes
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are possible depending on the Fermi surface and interaction structure. Overall, most
measurements are at least consistent with an s** pairing state (especially in Ba(Fe1«Cox)2As2)""
with the possible presence of small gaps or deep minima especially in overdoped samples. This
is also supported by angle resolved photo emission experiments®:82,

1.4.4 Quantum Criticality

A key concept in the Fe-based superconductors and quantum materials more generally is
the idea of quantum criticality®®. A quantum critical point (QCP) (Figure 1.10a) occurs when a
finite temperature continuous phase transition is tuned to occur at zero temperature. At such a
point, the transition ceases to be driven by classical thermal fluctuations, and instead is driven by
quantum zero-point fluctuations. Exactly at the critical point, the characteristic energy of the
ordered phase goes to zero, the spatial and temporal correlation lengths diverge, and the
microscopic description of the material ceases to be able to be described in terms of the degrees
of freedom of the phases on either side of the QCP. Instead, the microscopic states are complex
quantum superpositions that fluctuate at all length scales. This leads to remarkable behavior,
even at temperatures above the T = 0 critical point in a broad “quantum critical” regime. The
rough idea is that the highly entangled critical form of the microscopic states only emerges for
length scales smaller than the correlation length & When & is less than the thermal de Broglie
length scale %c/ksT, thermal fluctuations excite the non-quantum critical fluctuations. However,
when & > ac/ksT, the quantum critical fluctuations are thermally excited, and since & diverges on
approach to the QCP, the quantum critical region has a characteristic fan shape where the effects
of quantum criticality are accessed for wider and wider ranges of the tuning parameter as the

temperature is increased.

Understanding quantum criticality and its consequences for physical observables has
remained a formidable challenge. This is particularly true in metallic systems where the added
complexity of coupling to the low energy electronic degrees of freedom on the Fermi surface
must be considered. In the Fe-based superconductors, there is even further complexity since both
the magnetic and nematic transition phase boundaries are suppressed to zero temperature,
possibly leading to both a magnetic and nematic quantum critical point® beneath the

superconducting dome.
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Evidence for a quantum critical point and its effects on finite temperature properties has
been observed in a wide variety of Fe-based superconductors. For example, measurements of the
doping dependence of the spin lattice relaxation rate /T:T and nematic susceptibility ynem have
shown that both Tn and T* appear to cross through zero near optimal doping. The most clear-cut
case®’ is the isovalent-substituted BaFez(As1-xPx)2 Which is an extremely clean system, evidenced
by observation of quantum oscillations across a broad range of composition®®, These
measurements reveal enhancement of the quasiparticle mass on approach to a doping level ~ x =
0.3, consistent with a quantum critical point at that location. Such a mass enhancement has also
been argued for based on specific heat®® and London penetration depth®® measurements. This
mass enhancement is a result of the increasingly strong fluctuation strength inducing increasingly
strong electronic correlations upon approach to the critical point and is a hallmark signature of a
QCP in metallic systems which has also been observed in the cuprate and heavy fermion

superconductors.

Another hallmark of quantum criticality in itinerant systems is the so-called “strange
metal” phase®> %, This phase is characterized by non-Fermi liquid behavior in electronic
transport, in particular a linear-in-temperature resistivity that is observed over multiple decades
down to low temperature. This phenomenology suggests a universal dissipative timescale t ~
hlksT which is expected when temperature is the only relevant energy scale and has been
suggested to be a universal bound on scattering/dissipation (it is often referred to as “Planckian
dissipation” or the “Planckian limit”)*°. Such behavior has been observed in multiple families of

iron pnictide and iron chalcogenide superconductors.

There is an intimate connection between quantum criticality and the superconductivity.
Circumstantial, yet fairly universal, evidence of this is that for many unconventional
superconductors, the superconductivity as a function of tuning parameter appears as a “dome”,
where the maximum or “optimal” T is found in the vicinity of a QCP associated with a
proximate, usually magnetic phase (Figure 1.10b). This suggests that the fluctuations of the
proximate phase, either quantum or classical, are potentially responsible for the superconducting
pairing. For the Fe-based superconductors, there have been multiple theoretical works
demonstrating that a metallic system tuned through an Ising nematic QCP can induce both a

superconducting dome and non-Fermi liquid behavior in the normal state®” %, In this case, the
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nematic fluctuations are not necessarily themselves the “original” bosons responsible for pairing.
Instead, due to their q = 0 nature they are able to enhance the T¢ of any existing pairing
mechanism, regardless of its symmetry. This is similar to the case where superconductivity can
be enhanced in the vicinity of a purely structural transition, and pairing is enhanced by the
associated softening phonon. One piece of experimental evidence for the role of the nematic
QCP in the superconductivity is that most optimally doped samples for a wide variety of

materials families show a diverging nematic susceptibility with T" ~ 0°L,

One confounding theoretical idea is that it has been suggested®® that when one includes
the effects of the nemato-elasto coupling A which represents the coupling strength between the
electronic nematic order parameter and the lattice strain of the same symmetry, the quantum
critical fluctuations and their effects are washed out by the noncritical lattice shear modes. This
would seem to preclude the scenario where nematic quantum criticality has any role in the
superconductivity or non-Fermi liquid behavior in the normal state. However, analysis of the
doping and temperature dependence of the elastocaloric effect*® compared to elastoresistivity and
Raman scattering suggests that the nemato-elasto coupling decreases markedly upon approach to
the nematic quantum critical point, while the coupling between nematic fluctuations and the
conduction electrons increase dramatically. This revives the possibility that quantum critical

nematic fluctuations are not washed out and may be involved in the superconductivity.
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Figure 1.11. a) Crystal structure of Ba(Fe1-xCox)2As; b) Irreducible strain components induced by uniaxial stress
along either [100] or [110].
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1.5 Stress and Strain as Tuning Parameters

General concepts about symmetry and group theory used in this section were taken from
Lax'%. Externally applied stresses and strains are particularly attractive tuning parameters in that
they keep variables such as disorder constant while also allowing for precise in-situ and
symmetry-specific tunability. In a crystalline solid, the relation between stress and strain is given
by the elasticity tensor C or its inverse the compliance tensor S:

0ij = Ciji€rr (1.20)
S=C"1 (1.21)
Here o and ¢ are the stress and strain tensors respectively. C also determines the elastic

contribution to the free energy:

1
Fetastic = 5 Zijia Cijia€ij€ia  (1.22)



Because the strain tensor is symmetric (eij = ¢ji) and the free energy is symmetric upon
exchange of the pairs ij and kl, the 81 coefficients of the elasticity tensor are reduced to 21 even
for a crystal of arbitrary symmetry (In fact, even three of these can be set to zero by a choice of a
non-generic set of axes). This reduction allows one to express the stress and strain tensors in
“Voigt notation”, where stress and strain are written as vectors with 6 components, and the

elasticity tensor is a 6 x 6 matrix with 21 independent coefficients:

Oxx Ci1 Cip Ciz Gy Cis Gy Exx
/ayy\l (612 sz Cz3 Cz4 C25 Cze\ €yy

Ozz | | Ci3 Ca3 C33 (34 C35 C3g

| Oyz l_l Cia Coy Gz Cuy Cus Cye || 2€yz (1.23)
Oxz Cis Cas C35 Chs Css Csg |\ 2€xz
Oxy Cie Cz6 C36 (46 Cs6 Cop zexy

The point group symmetry of a particular material will further constrain the coefficients
of the elasticity tensor. For example, Ba(Fe1-xCox)2As2 crystalizes in the space group 14/mmm and
has tetragonal Dan point group symmetry. In this case we have (choosing the x and y axes to be

along the [100] and [010] crystallographic axes):

C,y Cp Cs 0O 0 0
( C, Cyq Cyz 0 0 0\
_|Cs €5 Gz 0 0 0
=19 0o 0 ¢, o o] @249
0 0 0 0 Cy O
0 0 0 0 0 Cg

The use of group theory is extremely useful in order to decompose the strain tensor into
components corresponding to the irreducible representations (75) of the point group. For Dap, this
decomposition gives (Figure 1.11):

I, =24,,® By, ®B,;, ®E, (1.25)

These strain components do not mix under the symmetry operations of the Dan group.
Strains in the Ay symmetry channel are in the trivial representation and thus do not break any
symmetries, while strains in all of the other symmetry channels break some subset of the Dan
symmetries. Egq is a two-dimensional irreducible representation while all of the others are one-

dimensional. The explicit coordinate representation of these components are as follows:

€p1g = %(exx — eyy) (1.26)
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€p2g = €xy

1
€a1g91 = E (Exx + Eyy)

€a19,2 = €zz

_ Exz
€69 = \ey,

eB1g and egpg are both symmetry breaking strains that distort the square lattice into a
rectangle and diamond respectively and lead to inequivalent a and b lattice constants. egzg s in
the same symmetry channel as the nematic order parameter in Fe-based superconductors, and
acts as the conjugate field to nematic order (see the free energy in Section 1.4.2). ea1g,1 and eaig,2
are both symmetry preserving strains, the former of which induces isotropic in-plane
compression or expansion, and the latter induces strain purely along the [001] (c lattice)
direction. The egg component is also symmetry breaking and is composed of out-of-plane shear
strains.

Expressions for the Poisson ratios of a material can be written in terms of the elastic
constants. The Poisson ratio corresponding to extension along direction n and transverse
direction m is given by:

—SijagninjMmgmeg

Vnm = (1.27)

Sijapninjnang

with repeated indices summed. In this thesis we will find useful the following four Poisson
ratios:
_ CZ3 — C13C33
V[100],[010] = m
_ (C12 - C11)C33
v[100],[001] - C123 _ C11C33
y _ C33(C11 + C12 - 2666) - 26123
[L0L=201 = 02 (Chq + Cip + 2Cog) — 2C%
. _ 4‘C13C66
[110]'[001] C33(C11 + C12 + 2666) - 26123

47



Due to strongly coupled lattice, electronic, and magnetic degrees of freedom, the Fe-
based superconductors are especially amenable to strain-tuning. As described in Section 1.4.2,
the strain induced anisotropies in the Bog symmetry channel above the nematic phase transition
probe the diverging nematic fluctuations. Another powerful use of externally applied stress in
this symmetry channel is to align the nematic domains in order to probe the intrinsic anisotropy
of the ordered phase below the phase transition. This idea has been employed to study the
intrinsic anisotropies of resistivity, magnetism, and electronic orbital energetics*>°2101-13 Strain
has also been used to directly tune the ordering temperatures and associated ordering parameters.
Resistivity and elastocaloric measurements under uniaxial stress'®% have demonstrated the
tuning of both Ts and Tn with esig and eag. Additionally, NMR measurements'®” and neutron
scattering experiments'® under uniaxial stress show an enhancement of Ty and associated
magnetic fluctuations above the magnetic ordering temperature for egzg.

Symmetry is also very powerful for understanding how a physical property responds to
applied strains. The idea is that the symmetry content (the irreducible representation) must match
on either side of an equal sign. For example, the superconducting T¢ is a scalar, and thus must lie
in the trivial Aig representation and transform identically under all symmetry operations. This
then dictates the following functional form:

T.(e) = Tco(l + a€g1g1 + be€prgy + C€§1g + d€§1g) + O(Eilg' €§1g or B2g) (1.28)
Here TC is the zero-strain transition temperature and O(...) are higher order contributions.

Another example is the in-plane resistivity anisotropy, which lies in the By

representation and thus we have:

Apxx—Apyy
Po

We will use this symmetry dictated response concept throughout this thesis.

X €pag + 0(€325)  (1.29)
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1.6 Motivation and Thesis Overview

In spite of 15 years of intensive research utilizing a diverse array of experimental and
theoretical methods, a number of central questions remain relevant not just to the Fe-based
superconductors, but to unconventional superconductivity and quantum materials more broadly.

A few of these questions are as follows:

1. What is the role of nematic fluctuations in the superconducting pairing?
2. To what extent is superconductivity driven by quantum criticality?
3. How do nematicity and fluctuating magnetism affect the electronic environment outside

the superconducting state?

Additionally, although (see Section 1.5) there have been numerous experimental works
using stress and strain to probe nematic fluctuations, study intrinsic anisotropies, and tune the
nematic and magnetic phase transition temperatures, the effect of strain on the superconductivity
has remained largely unexplored. In this thesis, I will investigate how strain in different
symmetry channels affects both the superconductivity and the normal state above T in order to

shed light on the questions listed above.

In Chapter 2, I will outline the experimental methodology of the measurements. In
Chapter 3, I will show that anisotropic strain enhancing nematic order has a drastic effect on the
superconductivity near the nematic QCP. This provides realization of a strain-tuned
superconductor to metal quantum phase transition as well as provides evidence for the
importance of nematic fluctuations for the superconducting pairing. In Chapter 4, | will
demonstrate a close quantitative equivalence and scaling relation between symmetric strain and
composition as tuning parameters for superconductivity that extends over the majority of the
superconducting dome, which is evidence for the quantum critical-driven superconductivity
scenario. Finally, in Chapter 5 I will present measurements of the resistivity and Hall coefficient
under uniaxial stress which reveal a new elastoresistivity coefficient that probes the sensitivity of
the conduction electrons to diverging spin fluctuations. In Chapter 6, | will conclude and

summarize and give an outlook to future work to be done building on the results of this thesis.
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2. Experimental Methodology

2.1 Crystal Growth and Sample Preparation

The hypotheses and measurements involved in this thesis required large, high-quality
single crystals of Ba(Fei1xCox)2As, with a dense series of doping levels x across the phase
diagram.  Single crystals were grown utilizing an FeAs self-flux method as described
previously®®1! (Figure 2.1). First, the FeAs precursor was synthesized using iron powder and
arsenic pieces combined in a ratio of 1.05:1.00. The excess iron ensures that there is no
unreacted arsenic left at the end of the growth. The starting materials were loaded into alumina
crucibles (ACP-CCS Canfield Crucible Set, LSP Industrial Ceramics) and sealed within quartz
ampoules using a hydrogen/oxygen torch and insulated by quartz wool under a low-pressure
argon atmosphere. The sealed ampoules were then loaded into high-temperature furnaces and
heated slowly to 550° C and kept there for 12 hours. This step is necessary to ensure reaction
between the iron and arsenic in order to prevent a buildup of partial pressure of arsenic vapor
which sublimes at ~600° C. The temperature was then raised to 900° C and kept there for 12
hours after which the ampoules were allowed to cool slowly to room temperature. Additional
precautions to prevent exposure to arsenic vapor in case of explosion of the ampoule included
enclosing the ampoules within a steel box inside the furnace and placing the furnace within a
fume hood during growth. The FeAs precursor was then ground and mixed with variable
amounts of cobalt and loaded along with small pieces of barium into new crucibles in a 1:4
(Ba:FeAs) ratio. The barium pieces were washed and rinsed in a heptane bath prior to loading in
order to remove the oxidative surface from the material. The crucibles with the (Ba, FeAs, Co)
mixture were then loaded and sealed into quartz ampoules as described previously, and heated to
1180° C over 24 hours, kept for 24 hours, and then cooled to 1000° C over 36 hours. The excess
FeAs flux was then separated from the single crystal yield by centrifuging the ampoule directly
from the furnace at 1000° C. All of the synthesis steps were performed within a low-moisture

and low-oxygen glovebox except for the last step of sealing the ampoule.

The synthesis process described above yielded large single crystal Ba(Fe1xCox)2As, with

a plate-like morphology and mirror-like surfaces along the c-lattice. Precise determination of the
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Figure 2.1. Crystal growth of Ba(Fe1xCox)2AS,. a) Materials loaded into alumina crucibles and quartz ampoules.
b) High-temperature furnaces and c¢) centrifuge. d) Single crystal yield of Ba(Fe1.<Cox)2As,. The crystal growth is
crucible-sized limited and results in platelets with mirror-like surface along the crystal c-lattice direction. Grid
lines are 5 cm. €) Scanning electron microscope image of a crystallite. White squares indicate the locations
where energy dispersive spectroscopy spectra were obtained. f) Example EDS spectra.

composition of the growths was performed using a scanning electron microscope and energy
dispersive spectroscopy (Sirion XL30 SEM, Oxford Instruments). Spectra were obtained at 20
distinct locations on the sample; the compositions reported throughout are the mean values of
these spectra and the error bars represent one standard deviation of variability. These data are
tabulated in Table 1.

2.2 Phase Diagram

All of the grown compositions were characterized through electrical transport
measurements as described in the next section. The locations of the various phase transitions
(antiferromagnetic, nematic, and superconducting) were identified through features in the
resistivity versus temperature curves (Figure 2.2a) using methods described previously®+110, T
and Tn are defined through extremums in the first and second temperature derivatives, and T¢is
defined by the 50% normal state resistivity criterion. Using these values, | construct the
temperature-composition (T-x) phase diagram (Figure 2.2b) which matches well with previous

reports.
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Growth ID Composition x Growth ID Composition x
JC 703 0 JC 1148 0.0744 + 0.0027

JC 322 0 JC1794 0.0747 + 0.0050

JC 69 0.0269 + 0.0028 JC1795 0.0753 + 0.0060

JC 783 0.0356 + 0.0025 JC 1113 0.0796 + 0.0031

JC 799 0.0395 + 0.0018 JC 1149 0.0813 + 0.0036

JC 64 0.0407 + 0.0023 JCs578 0.0841 + 0.0032

JC 800 0.0424 + 0.0018 JC 1150 0.0959 + 0.0029

JC 67 0.0548 + 0.0033 JC 810 0.1049 + 0.0028

JC 148 0.0593 + 0.0026 JC 1151 0.1059 + 0.0028

JC 149 0.0633 + 0.0035 JC 1152 0.1082 + 0.0026

JC 1147 0.0656 + 0.0022 JC 1209 0.1227 + 0.0027
JC 628 0.0677 + 0.0038 JC 1210 0.1440 + 0.0080
JC1793 0.0718 + 0.0050 Jc1211 0.2043 + 0.0060

Table 2.1. Summary of growths of Ba(Fe;.xC0x)2As,.

2.3 Electrical Transport

Electrical transport measurements were performed using a standard 4, 5, or 6 contact
point configuration. Electrical contacts were made to the sample by first sputtering the contact
pattern with gold using a hand-made paper mask and gold sputterer with argon atmosphere (108
Manual Sputter Coater, Cressington Scientific Instruments). Electrical leads in the form of 25-
micron diameter gold wire were attached to the pre-patterned contacts by hand using silver
epoxy (H20E Epo-Tek, Epoxy Technology) following a curing schedule of heating the sample
on a hot plate at 175° C for ~15-30 minutes. Typical 2-point contact resistances measured via
multimeter were 1-5Q. All measurements were made using lock-in techniques (SRS 830/860
Lock-In Amplifier, Standard Research Systems) with a preamplifier to reduce noise (SR554
Transformer Preamplifier, Standard Research Systems) under a constant excitation current of 1
mA and frequency ~ 110 Hz (CS580 Voltage Controlled Current Source, Standard Research
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Figure 2.2 a) Resistivity as a function of temperature, normalized by the room temperature value, for all
compositions of Ba(Fe1-xCox)2As2 b) Temperature-composition phase diagram derived from the transport data in
(a) and marking the phase boundaries of nematicity (green), antiferromagnetism (yellow), and superconductivity
(blue).

Systems) using a PPMS Dynacool (Quantum Design) allowing for continuous temperature
control between ~2K and 300K.

2.4 Application of Stress and Strain
2.4.1 Uniaxial Stress Device

Uniaxial stress was applied using home-built devices following previous designs*'?. This
type of device (Figure 2.3) consists of a titanium bridge and backing piece attached to three
piezo-electric actuators (3 x 3 x 9Imm PICMA Stack P-883.11, Physik Instrumente). The piezo-
electric actuators were driven with a high voltage source (Keithley 2400, Tektronix). The sample
is glued (Loctite Stycast 2850FT) across the gap in the titanium bridge, and uniaxial stress is

applied to the sample by driving the piezo-electric actuators and modulating the size of the gap.

This type of design offers a number of practical advantages. The piezo-electrics naturally
expand along their poling axis as they cool, which would result in a large thermally induced
strain if the sample were affixed directly to the surface of the piezo. The symmetric arrangement
of the piezo stacks in the uniaxial stress cell design eliminates this thermal strain because all the
piezo stacks expand equally, displacing the entire bridge piece. However, there is still a thermal
strain that results from the differential thermal contraction between the titanium and the sample.

This effect is relatively small and can be easily compensated within the voltage ranges tolerated
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Figure 2.3. Uniaxial stress cell. a) Uniaxial stress cell schematic. Blue prisms are the piezoelectric stacks, and the
gray pieces are the components of the body and bridge piece. b) Image of the actual device mounted on a PPMS
chip c) Top view of the actual device d) Image of the sample mounted across the gap with electrical leads attached.

by the piezo stacks. This is facilitated by another advantage of the present setup; the full
displacement of the piezo stacks is delivered to the sample, resulting in a mechanical advantage
factor of the length of the piezo divided by the gap length that amplifies the strain applied to the
sample. This allows for both compressive and tensile applied strains >1% even at cryogenic

temperatures.

The applied strain is monitored via a four-point measurement on silicon resistive strain
gauges (SS-150-124-15PB, Micron Instruments) affixed to the back of the piezo stacks. These
strain gauges are extremely sensitive but have a temperature dependent gauge factor (strain-
induced change of resistance) which was calibrated by comparing to strain gauges with a
temperature independent gauge factor (SGD-10/350-LY11, Omega). The silicon gauge factor as
a function of temperature is given by gf = 165.4 — 0.32T, with temperature measured in Kelvin.
Determination of the change of the gap size is not sufficient to determine the applied strain to the
sample due to both imperfect strain transmission and the differential thermal strain. The former
is estimated either by finite element analysis'®® or is left as a strain transmission factor. The latter
requires an independent determination of the zero-strain point. For Ba(Fei1xCox)2AS,, this is
easily achievable because the resistivity is extremely sensitive to strain. Before any measurement
on the stress cell, the full temperature dependence of the “freestanding” (zero-strain) resistivity
was measured. Once on the stress cell, the zero-strain point was then determined by sweeping the
piezo-stack voltage until the resistance matches the freestanding value at a given temperature.

Then, the applied strain was determined as follows:

Lpiezo N RSG(V)—R_%'G (2 1)

Eapplied V) = 2 * u *
applled( ) u Lgap REG*SGgf
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Figure 2.4. Determination of applied strain. a) Sample resistivity and b) strain gauge resistance as a function of
piezo stack voltage. Arrows indicate the direction of the voltage sweep. c) Sample resistivity as a function of the
strain gauge resistance, which eliminates the hysteresis of the piezo stacks as a function of voltage. The blue
dotted line indicates the value of the freestanding sample resistivity which determines the zero-strain point. d)
Sample resistivity versus the calculated applied strain.

Here p is the strain transmission factor, Lpiezo @nd Lgap are the lengths of the piezo (9 mm)
and the gap when the sample is glued (500-600 pum) respectively, Rsg(V) is the strain gauge
resistivity as a function of voltage, Rsc! is the strain gauge resistivity at the zero-strain point,

Rscl is the freestanding strain gauge resistivity, and SGgris the strain gauge factor. An example of
this procedure is demonstrated in Figure 2.4.

The samples were cleaved and shaped by hand using a scalpel. Ba(Fe1xCox)2As. naturally
breaks along the [100] and [010] crystallographic directions when cleaved, which allows the
sample to be shaped by eye into a bar shape with the long direction either along [100] or [110],

appropriate for applying uniaxial stress along each of these directions.
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Figure 2.5. Doping dependence of elastic constants in Ba(Fei1-xCox)2As2 A-C) Elastic constants Ci1, Cip, Cszat T =
30K versus doping*'* x D, E) Poisson ratios vap, vap calculated from the data in (A-C). Horizontal lines show the

values are relatively doping independent.

2.4.2 Irreducible Components of Strain

With the application of uniaxial stress, multiple irreducible strain components are
induced dictated by the Poisson ratios of the materials (see also Section 1.5). For uniaxial stress
along [100], both A1 and Byg strain are induced, while for stress along [110], Aig and Bzg strains
are induced. We can write the irreducible components in terms of the strain measured along the

direction of applied stress (exx):

1 1
€p1g/B2g = E(Exx - Eyy) =3 (I +vgp)exx (2.2)

1 1
€4191 = P (Exx + ny) = 2 (1 — vgp)éxx

€a19,2 = €2z = ~Vgc€xx

For the Poisson ratios relevant for uniaxial stress along [100], the contributing elastic
constants are largely temperature independent, allowing for the calculation of these Poisson
ratios easily from published elastic constant datal'4. These are shown in Figure 2.5 and are seen
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to be relatively doping independent. For stress along [110], the strong temperature dependence of
the elastic constant Ces due to the nematic instability prevents such a simple comparison. Thus, in
the following Chapters we will either calculate these at a given temperature or the Poisson ratio
will be left as a temperature dependent factor.

2.5 X-ray Diffraction

The x-ray diffraction measurements presented in Chapter 3 were performed at Beamline
6-1D-B of the Advanced Photon Source at Argonne National Laboratories using high energy
synchrotron x-rays with energy 11.215 keV and a wavelength of 1.10552 A. The uniaxial stress
cell (here the commercial version was used, Razorbill CS100) was mounted on the cold finger of
a closed cycle cryostat allowing for temperature control between 300K and ~7K with a beryllium
window cap allowing for transmission of x-rays. Electrical leads mounted on the underside of the
sample were made to facilitate electrical transport without blocking the path of the x-rays.
Overall, this sample environment allows for simultaneous electrical transport and x-ray

diffraction as a function of uniaxial stress.

The x-ray beam spot illuminated a ~500 um x 500 um spot on the sample encompassing
the central part of the sample across the gap. By monitoring three different Bragg peaks
referenced to the tetragonal lattice, the full set of lattice constants as a function of strain were
determined through Gaussian fits to the intensity versus @ scans.
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3. Suppressing Superconductivity with Anisotropic Strain

3.1 Introduction and Motivation

In this chapter | present electrical transport, magnetic susceptibility, and x-ray diffraction
measurements of Ba(Fe1xCox)2As, as a function of uniaxial stress inducing strain in the same
symmetry channel as the electronic nematic order and will demonstrate that this type of strain
has a drastic effect on the superconductivity. For an underdoped sample where nematic and
magnetic order are present at zero applied strain and coexist with superconductivity, T. can be
tuned all the way to zero through a strain-tuned superconductor to metal transition. Near optimal
doping, T¢ is reduced nearly fivefold from its original value of 25K with applied strains on the
order of 1%. The implications of these results are twofold. First, they are strong evidence for the
importance of nematic fluctuations in the formation of the high T¢ unconventional
superconductivity in this compound. Second, they reveal a remarkable sensitivity of
superconductivity to mechanical deformation which has potential technological implications
independent of the microscopic physical mechanism. The results presented in this chapter are

published previously®,

As discussed in Chapter 1, unconventional superconductivity is often found when a
competing symmetry broken phase is suppressed towards zero temperature via an external tuning
parameter, which suggests that the fluctuations of the competing phase are involved in or
responsible for the superconducting pairing. A more direct verification of this scenario is to
directly tune the competing order in a single sample by applying the conjugate field to the
competing order. This will suppress the fluctuations, and by observing how the superconducting
Tcresponds, one can infer how the superconductivity and the fluctuations of the competing order
are related. However, most examples of the competing order, namely antiferromagnetic states,
break translational symmetry which implies a conjugate field that varies spatially on microscopic
scales which is difficult or impossible to implement experimentally. Electronic nematic order is
unique in this regard in that it is a wave-vector q = 0 collective state and only breaks rotational
symmetry. Due to symmetry and electron-lattice coupling, the nematic transition triggers an
orthorhombic distortion of Bzg symmetry as a secondary order parameter. Importantly, x-ray

diffraction measurements demonstrated that the orthorhombicity is reduced below T, direct
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evidence for competition between superconductivity and static nematic order. Above the
transition, applied strain in this symmetry channel acts as the conjugate field to nematic order,
linearly coupling to nematicity. Thus, the applied strain enhances the nematic order parameter
and all associated anisotropies, and also suppresses nematic fluctuations. In particular,
measurement of the resistivity anisotropy induced by anisotropic strain allows one to measure
the diverging nematic fluctuations, which have been found to be ubiquitously present and large
near optimal doping for a variety of families of Fe-based superconductors®, suggesting that
strong nematic fluctuations may be somehow responsible or involved in the high Tc

superconducting pairing.

This hypothesis also has support from a variety of theoretical considerations. In
particular, quantum Monte Carlo simulations have demonstrated that an Ising-like nematic order
tuned through a quantum critical point generates a superconducting dome around the QCP®. An
important feature of this scenario is that due to its g = 0 nature, the fluctuations of nematic order
enhance the superconducting pairing strength in all symmetry channels®’. Thus, even if the
pairing mechanism originates from exchange of spin fluctuations or some other form of
attraction, it is possible that nematic fluctuations play a key role in boosting the strength of the
pairing to higher temperatures. An explicit experimental realization'®® of this was demonstrated
in the system Bai1xSrxNi2As2, a nickel-based analogue of the Fe-based superconductors which
exhibits no ordered magnetic states but has long-range charge density wave order and low
temperature conventional superconductivity. In this system, it was found that diverging nematic
fluctuations are present, possibly arising from charge fluctuations associated with the tetragonal-
symmetry breaking charge density wave, and that there is a six-fold enhancement of the
superconducting Tc upon tuning the system through a nematic quantum critical point.

Motivated by these ideas, the purpose of the measurements in this chapter is to
investigate how the superconductivity in Ba(Fe1xCox)2Asz responds to uniaxial stress that
induces the symmetry-breaking strain eg2g which directly couples to and enhances nematic order
and suppresses nematic fluctuations. Details on the uniaxial stress device, strain determination,
and electrical transport measurements are described in Chapter 2. In this chapter, edisp refers to
the strain along the direction of applied stress, which in this case is [110]wt, where the ‘tet’
subscript designates that the Miller indices are referenced to the normal state tetragonal lattice.
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Figure 3.1. Superconducting transition in Ba(FeogssC00.042)2AS2 under uniaxial stress along [110]w: @)
Composition-temperature phase diagram of Ba(Fei1.xCox)2As2. Green, yellow, and blue regions are the
nematic, antiferromagnetic, and superconducting phases respectively. b) Temperature dependence of the
resistivity of the x = 0.042 composition. Blue vertical lines indicate the location of the phase transitions
described in a. b, c) Resistivity versus temperature through the superconducting transition for fixed amounts
of applied positive (c) and negative (d) uniaxial stress. Corresponding value of egisp is indicated by the color
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3.2 Strain-Tuned Superconductor-Metal Transition

| begin with an underdoped composition of Ba(Fe1-«Cox)2As2 with x = 0.042. According
to the x-T phase diagram (Figure 3.1a), this sample undergoes both the nematic and magnetic
phase transitions before entering the superconducting state. These transitions are identifiable by
signatures in the temperature dependence of the resistivity (Figure 3.1b) which gives Ts ~ 74K,
Tn ~ 67K, and Tc ~ 13K. This implies that application of uniaxial stress along [110]et will
enhance nematic order and orthorhombic distortion that are already present in the zero-strain

state.

Figure 3.1c-d shows the resistivity of the sample as a function of temperature for
different amounts of fixed uniaxial stress. By applying both positive and negative stress, both
tensile and compressive strains can be induced. For small values of strain (green curves), the

superconducting transition is relatively unaffected while the resistivity above the transition is

modulated by a
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Figure 3.2 Strain-tuned superconductor to metal transition in Ba(Feo.958C00.042)2AS2. a) Real and b) imaginary
components of the susceptometer coil signal as a function of applied strain at different temperatures. Data at
different temperatures are offset for clarity. Black squares demarcate the thermodynamic signature of the
superconductor-metal transition. c) Resistivity on a logarithmic scale as a function of variable strain at
different temperatures offset for clarity. Green circles demarcate the onset of finite resistivity. d) Resistivity
(blue, left) and structural orthorhombicity (red, right) at T = 8K as a function of variable strain. e) Strain-
temperature phase diagram for Ba(Feo.958C00.042)2AS,. Color bar gives the power law dependence of the I-V
relation V ~ IP.

large factor. Due to the presence of static nematic order, structural twin domains are present near
zero strain and applied stress acts to reorient these domains while leaving each individual domain
unstrained. These domains mask anisotropies at zero-strain and are only fully developed when all
structural domains are oriented in the same way. Thus, we can understand the variation of the
resistivity that is observed as a development of the large resistivity anisotropy induced by
nematic order®, becoming more prominent as the domain imbalance increases. These domain
dynamics as a function of uniaxial stress will be verified by x-ray diffraction and discussed

below.

For higher values of strain (red and blue curves), the resistivity varies much less rapidly,
indicating that the structural domains have fully oriented, and any additional applied stress
causes true microscopic structural distortion. At these values of strain, the superconducting
transition is rapidly suppressed to lower temperatures for both compressive and tensile strain.
Strikingly, for the largest values of strain, a non-zero resistivity is observed for the lowest
accessible temperatures ~2K, which is readily seen by plotting the resistivity on a log scale
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Figure 3.3. X-ray diffraction measurements under uniaxial stress in the x = 0.042 composition at T = 8K. a)
Scattering intensity near the (2 2 12)«: Bragg peak versus applied strain. b) 26 scan of the (2 2 12).: peak under
compressive (black), zero (blue), and tensile (red) strain. c) c-lattice constant and d), a, b -lattice constants as a
function of applied strain. Red region indicates values of strain where structural detwinning is occurring and the
lattice constants are unchanged. Blue region indicates the additional strain necessary to induce a finite resistivity.

(Figure 3.1e-f). An important feature of the resistivity temperature dependence is that the
transition exhibits significant broadening for non-zero strains. Inspection of the curves in Figure
3.1 shows that the temperature where the sample reaches zero resistivity is much more sensitive
to the applied strain compared to the onset of the transition which raises the question of how to

properly define the phase boundary of the superconducting state.

To investigate where the bulk thermodynamic superconducting transition occurs, | now
present magnetic susceptibility measurements as a function of uniaxial stress (these
measurements follow previous methods used for SroRuO4%). A bulk superconductor exhibits the
Meissner effect where an applied magnetic field is expelled from the interior of the sample,
which is reflected in the magnetic susceptibility, x =y’ + iy’’, where the primed and unprimed
terms are the real and imaginary components of the susceptibility. Figure 3.2a-b shows the real
and imaginary components of the susceptometer coil signal in response to a ~5 Oe 100 Hz
oscillating applied field at different fixed temperatures and variable amounts of compressive and
tensile strain. At T = 10K, both the real and imaginary components of the signal are nearly zero
and unchanged with applied strain, indicating the sample is above the bulk superconducting
transition for all values of strain. At lower temperatures, the real component develops a negative

value near zero-strain, consistent with a diamagnetic superconducting Meisner screening state.
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Figure 3.4. Nonlinear I-V characteristics and critical currents as a function of strain for the x = 0.042 composition.
a) Characteristic set of I-V curves showing nonlinear behavior near the p = 0 phase boundary. b) Temperature and
power dependence of the power p defined as V ~ IP. ¢) Same as a) with voltage on a log scale demonstrating
suppression of the critical current with increasing strain. d) Temperature and strain dependence of the
superconducting critical current density.

This diamagnetism is suppressed via the application of both tensile and compressive
strain with a temperature dependent amount of strain required, and the midpoint of this transition
is accompanied by a sharp peak in the imaginary component of the signal which is a dissipative
signature of the superconducting transition. In contrast to resistivity, this is a thermodynamic,
more bulk-sensitive measurement, and thus strong evidence that we are truly suppressing the
bulk superconductivity with applied strain. This behavior is mirrored in the resistivity as a
function of variable strains for fixed temperatures (Figure 3.2c) where a resistive onset is
induced by both compressive and tensile strain. Additionally, a strain-induced suppression of the
critical currents and nonlinear 1-V characteristics to lower temperatures are observed (Figure 3.4)

providing further evidence of the sensitivity of the superconductivity to the applied strain.

In order to directly track the strain induced structural changes microscopically, x-ray
diffraction measurements were performed at Beamline 6-ID-B in the Advanced Photon Source
at Argonne National Laboratory utilizing a sample environment allowing for simultaneous
electrical transport, x-ray diffraction, and application of uniaxial stress (see Experimental
Methodology, Chapter 2 and also®?). The presence of the structural twin domains manifest as a
splitting of the (H K L) tetragonal Bragg peaks for nonzero H, K. By tracking three different
Bragg peaks ( (2 2 12)¢t, (-1 1 14)tet, and (0 O 14)ter), both the in-plane orthorhombic a, b lattice

constants and the out-of-plane c lattice constant were determined as a function of the applied
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Figure 3.5. Effect of strain on nematic and magnetic order. a) Resistivity of the x = 0.042 composition as a
function of temperature under different applied strains. Squares demarcate the location of the magnetic transition
temperature identified through the temperature derivative shown in b) Orange star marks the zero-strain nematic
transition temperature. c¢) Extracted Ty as a function of applied strain. d) Resistivity anisotropy z which is a proxy
for the nematic order parameter as a function of temperature and the anisotropic strain egzq. €) Schematic of the
effect of anisotropic strain on the spin fluctuation spectrum (blue line). The magnetic transition temperature
(purple dashed line) is enhanced by strain. The blue circles indicate the strength of spin fluctuations which is
increased (decreased) at temperatures above (below) the zero-strain Ty.

stress. Figure 3.3a shows that the splitting of the (2 2 12)«: peak is controlled by the applied
strain, with each of the different domain types being favored by either compressive or tensile
strain, and with sufficient strain the domains are oriented completely resulting in a single peak.
Within the detwinning region, the lattice constants are unchanged, but once a monodomain is
achieved the lattice begins to distort (Figure 3.3c-d). By tracking the strain dependence of the
lattice constants, the strain dependence of the structural orthorhombicity (6 = (a + b)/(a - b)) is
determined. As discussed previously, this quantity can be viewed as a secondary order parameter
of the nematic phase. In Figure 3.2d | show both ¢ and the resistivity as a function of strain,
demonstrating that the onset of nonzero resistivity is correlated with the enhancement of ¢, and
thus of nematic order, under uniaxial stress. These diffraction measurements also reveal that the
width of the Bragg peaks is comparable for zero strain and applied strain (Figure 3.3b), attesting
to high strain homogeneity within the sample region we are probing. This suggests that the
smeared transition observed in the resistivity is not attributable to macroscopic strain

inhomogeneity, but in fact has an intrinsic origin.
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Figure 3.6. Superconducting transition under uniaxial stress along [110]w«: for optimal and overdoped
compositions. a) Resistivity on a logarithmic scale as a function of temperature with the value of applied strain
given by the color bar. Curves for different compositions and the curves under tensile and compressive strain for
the x = 0.071 and x = 0.088 are offset for clarity. b) Extracted T. given by the zero-resistivity criterion as a
function of the calculated irreducible strain components. ¢) Normalized change in T. as a function of the
anisotropic strain esyg. Dotted lines are second order polynomial fits. d) Quadratic coefficient o (left) and
elastoresistivity coefficient -2mes just above T (right) as a function of composition. Dotted lines are guides to the
eye.

All of the data presented in this section can be unified in a single eqisp-T phase diagram
which is shown in Figure 3.2e. This diagram demonstrates that the applied strain generates a
dome shaped phase boundary within which the sample is a bulk superconductor, while outside
the transport and thermodynamic signatures of superconductivity are eliminated and linear
Ohmic electrical transport is recovered. Importantly, the zero-resistivity criterion for T closely
follows the thermodynamic criterion determined from the magnetic susceptibility. Furthermore,
extrapolation of the phase boundary to zero temperature implies that strains on the order of 0.5%

tune a superconductor to metal quantum phase transition.
3.2 Optimally and Overdoped Compositions

The efficiency with which Tc is suppressed by uniaxial stress enhancing nematic order in
the underdoped sample is consistent with the hypothesis that nematic fluctuations have a role in
the superconducting pairing and thus in the determination of T¢. However, because this
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Figure 3.7. Elastoresistivity of the optimal and overdoped compositions at T = 27K. a) Normalized strain-induced
change of the resistivity. b) Normalized change of the average in-plane resistivity. c) Resistivity anisotropy
induced by anisotropic strain. Dotted lines are polynomial fits which allow for extraction of the elastoresistivity
coefficient -2mes.

composition hosts static magnetic order, a suppression of nematic fluctuations is not the only
effect expected to be induced by anisotropic strain. Both neutron scattering and NMR
measurements under uniaxial stress have shown that the magnetic transition temperature is
enhanced by strain increasing the orthorhombic distortion. Indeed, by measuring the resistivity
temperature dependence under strain (Figure 3.5a-d), it is observed that the resistive signature of
the magnetic phase transition, and thus the transition temperature Ty, is enhanced by strain. This
occurs simultaneously with a smearing out of the nematic transition and an enhancement of the

nematic order parameter measured by the strain induced resistivity anisotropy.

This strengthening of magnetic order presumably is accompanied by an increase in the
number of gapped carriers, leaving less available for superconductivity. Furthermore, enhancing
magnetic order in the ordered phase will lead to a suppression of the stripe-type spin fluctuations
(Figure 3.5e) which are also likely involved in the superconducting pairing, and we cannot
disentangle the contributions of simultaneously weakening spin and nematic fluctuations. These
two facts prevent any definite attribution of the observed suppression of superconductivity to the

strength of nematic fluctuations.

The situation is different, however, if we consider optimally or overdoped samples. In
this case there is no static magnetic or nematic order for all temperatures, although neutron and
NMR show that strongly temperature dependent stripe-type spin fluctuations are still present. In
contrast to the underdoped case, now that we are in the magnetically disordered phase,
anisotropic strain is expected to increase the strength of the spin fluctuations (Figure 3.5¢) while

nematic fluctuations will still be suppressed because we are applying the conjugate field. In this
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Figure 3.8. Strain tunability of T. a) Strain-sensitivity of superconductivity for a variety of compounds. The
vertical axis is the maximum achievable change in T¢ by lattice deformation normalized by strain and the zero-
strain T.. b) Schematic doping-strain-temperature phase diagram for Ba(Fei1.xCox)2As,. The electronic nematic
phase is shown in magenta and ends in a putative QCP beneath the superconducting dome (blue region).
Antiferromagnetism is shown in orange and is enhanced by anisotropic strain (orange arrows) and also possibly
ends in a QCP. At a fixed doping, symmetry breaking strain enhancing the nematic phase efficiently suppresses
Tc, generating another superconducting dome tuned by strain instead of doping. These strain-tuned domes result
in a metallic ground state (green region) and generate a line of superconductor to metal quantum phase transitions
(green line).

case, any observed changes in T¢ as a function of uniaxial stress cannot be attributed to an

enhancement of magnetic order.

In Figure 3.6a | show the resistivity as a function of temperature under uniaxial stress for
a near-optimally doped (x = 0.072) and two overdoped (x = 0.088, x = 0.113) compositions.
Remarkably, the superconducting transition of the optimally doped sample is drastically
suppressed by both tensile and compressive strain, and for the highest value of compressive
strain ~ -1% the resistivity only becomes zero near T = 5K, a fivefold reduction from the zero-
strain Tc ~ 25K. For the x = 0.088 sample, the response is reduced in magnitude but still
symmetric for positive and negative strain, while for the x = 0.113 sample the symmetric
behavior disappears, with compressive (tensile) strain increasing (decreasing) T.

As described in Chapter 1, for the Dan point group of these samples, uniaxial stress along
[110] induces both symmetry-breaking (esz2g = */2 (exx - €yy)) and symmetry-preserving (eaig, 1 =
Y5 (exx + €yy), €a1g,2 = €2z) components of strain. The superconducting T is a scalar and thus must
be even under all rotations and reflections. By symmetry, we then have the following
dependence of T¢ on strain to lowest order:

T.(6) = TO(1 + Peary — 1/yaedry)  (3.1)
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In Figure 3.6b | show the extracted T (defined by onset of non-zero resistivity) plotted
versus the distinct symmetry components of strain (see Chapter 2 for details), demonstrating a
strong doping dependence in which the large quadratic response of the optimal doping which
indicates that the response is dominated by es2g crosses over to a primarily linear response in the
overdoped region of the phase diagram. The linear response in the overdoped indicates that the
response is now dominated by ea1g; in Chapter 4, I will investigate how this response to the non-
symmetry breaking strain evolves across the superconducting dome. Here, by normalizing by the
zero-strain T, plotting Te versus the purely antisymmetric eszg, and fitting a second order
polynomial (Figure 3.6c), | extract the coefficient & which is plotted as a function of doping in
Figure 3.6d which clearly shows a rapid increase of the sensitivity of superconductivity to eg2g
on approach to optimal doping. On symmetry grounds, « should be directly proportional to the
square of the nematic susceptibility -2mes Which is measured by elastoresistivity measurements
just above T¢ (Figure 3.7). In Figure 3.6d | show that a does in fact exhibit a stronger doping
dependence compared to -2mes.

3.3 Discussion and Summary

The extreme sensitivity of Tc to es2g near optimal doping is quite remarkable. Importantly,
no signature of inducing static antiferromagnetic order is observed as a function of strain; the
resistance just above Tc (Figure 3.7) evolves smoothly as a function of strain with no sharp
feature indicating any phase transition. As discussed in the previous section, the fact that we
remain in the magnetically disordered state implies a strengthening of spin fluctuations as a
function of strain, which one might expect to lead to a higher T¢ given that the spin fluctuations
are the most likely candidate for the superconducting “glue” leading to Cooper pair formation. In
fact, an observed quadratic increase of the average in-plane resistivity (Figure 3.7b) as a function
of applied strain is consistent with an increased scattering from strengthened spin fluctuation in
the normal state above T.. However, a drastic suppression of T¢ is still observed, providing
evidence that the nematic fluctuations may be the essential ingredient for generating a high Te..
These conclusions are strengthened even further by a recent paper in which the authors
investigated the evolution of nematic fluctuations as a function of strain directly using Raman
spectroscopy*'’ and found that the suppression of nematic fluctuations they observe agrees well

with our published suppression of the superconducting Te.
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From a materials perspective and independent of the microscopic mechanism responsible
for this behavior, the results presented in this chapter demonstrate an unprecedented tunability of
a bulk superconducting material via lattice deformation. This mechanical control of switching
superconductivity off and on by pulling and squishing on the material in symmetry-specific way
could have potential utility in technological applications for superconductivity. To emphasize the
uniqueness of the iron pnictides in this regard, in Figure 3.8a | show a compilation of the strain

sensitivity of T, for a broad group of both conventional and unconventional superconductors.

The dimensionless quantity that is being plotted is the maximum achievable change of T¢
normalized by the zero-strain value as well as by the amount of applied strain required to induce
the change. This quantity is ~ 100 in the underdoped and optimally doped Ba(Fe1-xCox)2As2
samples, implying a 100% change of T. with strains ~ 1%, which are both experimentally
achievable as well as below the fracture limit of these materials. Additionally, these values are
much larger than any other superconductor for which there is data available in the literature, with
the exception of Sro.RuO4where superconductivity is strongly affected by strain-induced changes
of the proximity to a Van Hove singularity. However, SroRuO4 has a low transition temperature
of T ~ 1.5K and thus the unnormalized strain sensitivity is much lower than the iron pnictides.
Additionally, in SrRuOs Tc increases under strain which precludes realization of a

superconductor to metal transition that is possible in the underdoped Ba(Fe1-xCox)2As».

The essential conclusions of this chapter are well illustrated in the form of a schematic
composition-strain-temperature (x-¢-T) three-dimensional phase diagram that can be inferred
from the experimental results which is shown in Figure 3.8b. For a broad range of composition in
the underdoped and optimally doped regions of the phase diagram near the composition-tuned
quantum critical point, the anisotropic component of applied strain which enhances the broken
symmetry and suppresses nematic fluctuations efficiently suppresses superconductivity. This
manifests as strain generating a “superconducting dome” in the ¢-T plane and implies a line of
superconductor to metal quantum phase transitions on extrapolation to zero temperature. Lastly,
the magnitude of this effect decreases as you move to compositions further and further away
from the region of the QCP.

As an outlook to future work, this demonstration that we can tune a superconductor to

metal quantum phase transition in a bulk sample provides a platform for studying this type of
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transition with a precise tuning parameter, as well as allowing for thermodynamic measurements
which are not possible in the typical systems in which superconductor-metal or insulator QPTS
are found, namely two-dimensional thin films or flakes. To further elucidate the relevant
contributions of nematic and magnetic fluctuations, this work also motivates measurements of
the electronic structure and magnetic fluctuation spectrum in the normal state above the
superconducting dome as a function of strain and correlating the behavior with the observed
changes to superconductivity. Lastly, a natural question is to determine to what extent the
behavior observed here is a general phenomenon in the Fe-based superconductors, such as the
hole and isovalent substituted iron pnictides or the iron chalcogenides where nematic order

occurs in the absence of long-range magnetic order®,

To summarize this chapter, | have presented electrical transport, magnetic susceptibility,
and x-ray diffraction measurements as a function of uniaxial stress along [110]wt in Ba(Fes-
xC0x)2As2 which demonstrate that structural distortions enhancing electronic nematic order and
suppressing its fluctuations are extremely antagonistic to superconductivity and allow a
remarkable tunability of T¢. This is especially true in the underdoped case where a strain tuned
superconductor to metal quantum phase transition is observed, as well as in compositions in the
disordered phase near the nematic quantum critical point. | have argued that this phenomenology
is consistent with nematic fluctuations playing an important role in the superconducting pairing
mechanism. The next chapter will probe the effect on superconductivity of strains in different

symmetry channels orthogonal to nematic order.
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4. Quantum Critical Origin of lIron Pnictide

Superconductivity

4.1 Introduction and Motivation

The previous chapter was concerned with the effects on superconductivity of uniaxial
stress inducing strain components directly enhancing nematic order. In this chapter, | present
electrical transport measurements of Ba(Fe1-xCox)2As2 as a function of uniaxial stress along the
[100] (or equivalently [010]) crystallographic direction which induces strains in symmetry
channels orthogonal to the electronic nematic order. | will show that the dependence of the
superconducting critical temperature Tc on composition and Aig Symmetry strains exhibits
scaling behavior which is strong evidence for the scenario in which the superconducting dome
follows the location of a quantum critical point, and thus is driven by quantum critical
fluctuations. These results will also reveal that the superconductivity in Ba(Fe1.xCox)2As: is
extremely tunable by Aq strain in the heavily overdoped region of the phase diagram. The results

presented in this chapter are currently in preparation to be published.

As discussed in Chapter 1, a ubiquitous feature of unconventional superconductivity is
the presence of multiple intertwined broken symmetry states of matter. The most salient feature
of this commonality is a shared phase diagram in which an ordered phase is tuned to zero
temperature and a superconducting dome is generated around a putative quantum critical point.
In spite of this generic phenomenology, central questions remain concerning the extent to which
quantum criticality drives unconventional and high T superconducting pairing. The Fe-based
superconductors demonstrate a unique versatility in that this common phase diagram can be
induced by a range of qualitatively different tuning parameters, namely pressure, isovalent
chemical substitution, and electron/hole carrier doping. Given that these tuning parameters
naively affect microscopic features such as the Fermi surface, local crystal field environment,
and magnetic fluctuation spectrum in different ways, an important question is to determine to
what extent these are equivalent tuning parameters with respect to superconductivity and
understanding the implications this has for understanding the connection between
superconductivity and quantum critical fluctuations. In particular, a direct experimental

demonstration of this connection has been lacking thus far.
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Figure 4.1. A) Crystal structure of Ba(Fe1.xCox)2As, B) Irreducible strain components induced by uniaxial stress
along the [100] crystallographic direction C) Hypothesis demonstrated through a temperature (T), composition
(x), and strains orthogonal to nematic order (¢) phase diagram. The superconducting dome follows the location of
a quantum critical point (QCP) tuned by strain.

The mere presence of quantum criticality in the iron pnictides is supported by a number
of experimental works. For example, doping dependence of the nematic transition temperature
by elastoresistivity and the magnetic transition temperature by NMR measurements of the
magnetic fluctuations show that Ts, Tn — 0 K near optimal doping, suggestive of both nematic
and magnetic quantum critical points. In the isovalent-substituted P-Bal22, electrical transport
measurements show signatures of the “strange metal” phase within a quantum critical-like fan,
such as linear-in-temperature resistivity and anomalous field and temperature dependence of the
Hall resistivity®>%. As discussed in Section 1.4.4, quantum oscillation, specific heat, and
penetration depth measurements also have shown that the effective mass of the conduction
quasiparticles is enhanced on approach to the QCP, consistent with the quantum critical
expectation that the critical slowing down induces a vanishing of the effective Fermi energy

scale.

Another hallmark of quantum critical behavior is power-law scaling dependence of

thermodynamic quantities on different non-thermal tuning parameters. On approach to the QCP,
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the correlation lengths and times diverge, and the microscopic differences between different
tuning parameters become unimportant. Instead, the behavior is determined by a single
parameter g which tells the material how far it is away from the QCP. Recently, Worasaran et
al'%., investigated the dependence of the nematic transition temperature Ts on composition and
strain in symmetry channels orthogonal to nematic order (es1g and eaig) and found that close
enough to the putative nematic QCP, the data could all be described by a single power law. This
is highly indicative of the presence nematic quantum criticality and the associated quantum
critical fluctuations, and furthermore the region of these fluctuations is coincident with the range
of underdoped compositions over which the material is superconducting. This is in line with
theoretical and experimental considerations suggesting that nematic fluctuations enhance the

superconducting pairing strength and T.%:%118,

One way to view the results of Worasaran et al. is that the location of the QCP as a
function of composition is shifted with the application of strain. In this work we investigate how
the superconductivity responds to these types of structural changes. We find that ea1g and x are
remarkably equivalent tuning parameters for superconductivity, exhibiting a scaling relationship
that holds over a wide range of doping extending from optimal doping near the top of the dome
deep into the overdoped region. This provides direct evidence that the superconducting dome
follows the location of a quantum critical point beneath the dome (Figure 4.1C), and thus that the
presence of superconductivity is driven by the presence of quantum critical fluctuations.

4.2 Doping Dependence of the Superconducting Transition for [100] Uniaxial Stress

As discussed in Chapters 1 and 2, Ba(Fe1xCox)2As: crystalizes in the space group
14/mmm with FeAs planes separated by Ba spacer ions and has tetragonal Dan symmetry (Figure
4.1A). For uniaxial stress applied either [100] or [010], which is the relevant configuration for
this work, strains along all three principal axes will be induced with a magnitude determined by
the relevant Poisson ratio. For the Dasn point group, these strains can be organized into irreducible

components as follows (Figure 4.1B):
1 1
€p1g = 2 (Exx - Eyy) =3 (14 vgp)éxx (4.1)

1 1
€a1g1 = 3 (Exx + Eyy) = 5(1 — Vap)€xx (4.2)
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Figure 4.2. Superconducting transition with ¢ // [100] for five representative dopings of Ba(Fe1.xCox)2As,. Value of
applied strain is given by the color bar.

€41g,2 = €2z = —Vac€xx (4.3)

Here we have written the components in terms of the strain along the applied stress
direction (exx) which is the variable we measure experimentally, and the in-plane and out-of-
plane Poisson ratios. eg1giS @ symmetry breaking strain that distorts the square lattice and leads
to inequivalent a and b lattice constants, while eaig1 and eaig2 are both symmetry preserving
strains, the former of which induces isotropic in-plane compression or expansion, and the latter
induces strain purely along the [001] (c lattice) direction. The superconducting T is a scalar
quantity and thus must belong to the trivial Aig irrep, which then dictates by symmetry the
following dependence of T on strain to lowest order:

TC(E) = Tco(l + b1€A1g,1 + bZEAlg,Z + aelglg) = Tco(l + .BAlgexx + aBlgEQ%x) (4-4)

Here T/ is the freestanding transition temperature and 84,4 and ap, 4 parametrize the

dimensionless linear and quadratic response to the measured strain ex:

1 1
BAlg = Ebl(l — Vab) — bzvac aBlg = Za(l + vab)z (45)

This work is concerned with the behavior of 4,4, which contains the combined effects
of both 444,71 and €414, In principle, a doping dependence of elastic constants and thus of vjj
would cause the ratio of these components to vary as a function of composition. However, we
have calculated vij just above the superconducting dome from published elastic constant data**
and found that the relevant vi; are relatively constant (Chapter 2), ensuring that 54, is measuring
the response to an equivalent tuning parameter for all of the compositions relevant in this work

(see Chapter 2 for details on uniaxial stress device).
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Figure 4.3. T, versus exx for a dense grid of compositions across the superconducting dome of Ba(Fe1xCox)2As..
Tc is defined by the 50% normal state resistivity criterion, and the upper and lower error bars are defined by the
75% and 25% criterion respectively. Black dotted lines are second order polynomial fits. Red dotted lines in the
panels for x = 0.059 and 0.063 mark the region of nonlinearity discussed in the text that is excluded from the fits.

We begin by presenting resistivity measurements through the superconducting transition
as a function of temperature and uniaxial stress along [100] for five representative dopings. This
data is shown in Figure 4.2 where the color of each curve corresponds to the measured value of
exx indicated by the color bar. We can see that the applied strain has a systematic effect on the
superconducting transition. Notably, the transition remains sharp with minimal increased
broadening as a function of increasing strain which is in sharp contrast to the effect of stress
along [110] (Chapter 3) which was shown to drastically alter the character of the transition. We
also observe a clear doping dependence; the effect of strain on T changes sign between the
compositions x = 0.059 and x = 0.063 (Figure 4.2A, B) and the relative change of T is larger in

the overdoped compositions (Figure 4.2C) compared to the dopings near the top of the dome

(Figure 4.2E).
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Figure 4.4. Evolution of the strain sensitivity of T¢ to exx A) Dimensionless linear response of T. to the symmetry
preserving Aig strain (Baig) as a function of composition x. Horizontal error bars are given by the composition
uncertainty as described in Chapter 2, and vertical error bars given by the 95% confidence interval of the polynomial
fits in Figure 4.3 are smaller than the marker size. B) Dimensionful linear response of T. to the symmetry
preserving Aqg strain (TcBaig) as a function of composition x (upper, left axis). Error bars are the same as in (A).
Zero-strain superconducting dome as a function of composition x (lower, right axis).

We then can repeat these measurements for a dense grid of compositions and track this
evolution more quantitatively and systematically as a function of doping by extracting Tc which
we define as the temperature where p reaches 50% of its normal state value. In Figure 4.3 | show
the extracted T as a function of ex for a broad range of compositions across the superconducting
dome. Here the error bars are defined by the 25% and 75% normal state resistivity criterion.
Except for the three dopings closest to the top of the dome (x = 0.059, 0.063, 0.066) which show
extreme nonlinear behavior over a limited range of strain (marked in red in Figure 4.3), the T¢ vs
exx data are primarily linear with slight curvature, indicating that the response is dominated by
ealg. We will return to the interpretation of the nonlinear behavior near the edge of the dome, but

here we point out the sharpness of this nonlinearity; for example, the x = 0.063 sample has

dT

A€xy

~ —0.74 K /% for positive strain which develops into an extremely flat T¢ vs exx dependence

with T, = 25.07 K over an extended range of compressive strain (-0.008 < exx < -0.004) with

| dr,

Exx

< 0.0025 K /%.

By fitting a second order polynomial to each of these data, | extract the coefficient Saig as
a function of doping which is plotted in Figure 4.4A. Saigevolves smoothly and monotonically
as a function of composition and we see a quantitative confirmation of the trends described

above, with faig taking on positive values for underdoped samples, crossing zero near x = 0.06,
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Figure 4.5. x-ea1q Scaling and quantum critical origin of superconductivity in Ba(Fe1-«Cox)2Asz (A) Tcplotted as a
function of the parameter determining proximity to the quantum critical point, 4g = X — X — aea1g, With X0 =
0.067 and a = 1.45. These data are superimposed on the zero-strain phase diagram showing the phase boundaries
of nematicity (green), antiferromagnetism (yellow), and superconductivity (blue). (B) Superconducting dome as a
function of x and T for different amounts of applied strain ex. Dotted lines are an extrapolation of the dome to
zero temperatures, with the gray arrows marking the movement of the dome boundaries as a function of applied
strain. Black arrows mark the quantity Xc(eaig) = X’ — acaig.

and becoming negative for overdoped samples with an increasing magnitude as a function of

increasing X. PBaig is the dimensionless linear response of T¢ to ea1g; We can also consider the

. . . dT,
dimensionful version —=
dealg

= Ba14T7 which is shown in Figure 4.4B (upper, left axis) along

with the zero-strain superconducting dome T2 (x) (right, lower axis). B4, 4T varies rapidly and

changes sign across the top the dome, and then becomes relatively constant over a region of x

dr,
dEAlg

where T2 vs x is linear. This behavior suggests that is somehow tracking the shape of the

superconducting dome as a function of composition.
5.3. Quantum Critical Scaling

How can we understand this behavior and how does it connect back to quantum critical
behavior? As x and ea1g are both non-symmetry breaking parameters, we can write the strain
derivative of T as follows:

_ _aTe _ 0T aTd ox
degig O€a1g dx O€arg

BargTe (4.6)
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Here the first term aii IS an intrinsic strain effect, while the second term represents an

Alg
equivalent tuning between x and ea1g. If quantum critical scaling is at play, then we would expect
that composition x and ea1g act equivalently, both serving to tune the proximity to the quantum

critical point. In this situation we would expect that the intrinsic term is negligible, and that the

partial derivative 6e—x’ which in general is a function of x and ea1g, is just equal to a constant
Alg

dx

=a):

dEAlg

o _ dTc _ ﬁ
BugTd = o= = a5e (A7)

These simplifications are consistent with the evolution of the quantity B4, ,T. described

daT,

0
dc, the slope of the zero-strain T2 (x) curve

above, as in this case it is simply proportional to ~

dx

€A1g

and

measures the relative strength of x and eaig as tuning parameters. If Equation 4.7 is

valid, then T can be written as a single function of a single parameter Ag that determines to the

quantum critical point:

Tc(x' EAlg) = f(Ag) (4-8)
Ag = x —x.(Earg) = x — xd = A€p1g (4.9)

Equation 4.8 implies then all of the data in Figure 4.3 should collapse onto a single curve
when plotted as a function of Ag. Furthermore, that curve should trace out the zero-strain
superconducting dome T2 (x, 0). In Figure 4.5A we show that such a scaling is observed for a
broad range of compositions from the top of the dome near optimal doping deep into the heavily

overdoped region, with a value of a = 1.45 and xc° = 0.067.

Strikingly, the entire T2 (x) dome in the optimally and overdoped regions is reproduced
through strain tuning. Put another way, to achieve a different value of T¢, we can either measure
a different composition, or we can apply eaig to a given composition, and these two processes
show a remarkable quantitative equivalence over a large region of the phase diagram. The
scaling relation is observed to break down for the underdoped samples (x = 0.042 and 0.059),

which is expected because these compositions are orthorhombic and thus uniaxial stress along
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[100] no longer induces strains of the same symmetry as tetragonal samples. We also observe the
scaling start to break down at the edge of the dome near Ag ~ 0, which is where the extreme
nonlinear behavior in T¢ versus exx was observed and is likely due to inducing nematic order

through eaig tuning.

The ea1g considered here is a very specific combination of €4, and €414, (Equation
4.5); for £1% of applied exx, we have £0.41% €444, and +0.30% €4, 4,. The fact that T depends
purely on Ag over such a broad range of doping and an arbitrary cut through e4141/€4142
parameter space is strong evidence that T is controlled only by proximity to the critical doping
x:(€a14). The most likely candidate for this critical doping is the NQCP beneath the dome, in
which case the eaig — X equivalence naturally follows as a consequence of critical scaling on
approach to the QCP. We can visualize our data in an alternative way by plotting T¢(x) for
different amounts of fixed exx (Figure 4.5B) which demonstrates that the superconducting dome
closely tracks the location of x.(€414) .providing evidence for the scenario in which the

superconducting dome is born from the quantum fluctuations of the QCP.
5.4 Discussion and Summary

We now put these results in context with the previous literature. The value of a is 1.45,
implying that 1.45% compressive (tensile) strain is equivalent to a 1% decrease (increase) of
composition x. The sign of a is consistent with previous reports that compressive strain increases

both Ts and Tn and thus shifts the quantum critical point to higher compositions.

It has been observed previously that there are strong correlations between
superconductivity and structural parameters in the Fe-based superconductors*'®12°. The most
robust correlations across different families of compounds are observed for the anion height
above the Fe layer (danion) and the As-Fe-As bond angle () where superconductivity appears to
be optimized for danion = 1.38 A and the regular tetrahedron structure with y = 109.47°. For the
hole-doped compound BaixKxFe2As> where the phase diagram is tuned by replacement of the
spacer ion, structural parameters evolve similarly for doping and pressure which both generate a
similar superconducting dome. For Ba(Fe1xCox)2As2, both thermal expansion measurements and
doping and pressure dependence of T¢ have suggested an equivalence between hydrostatic (1.3

GPa per % Co) or uniaxial pressure (-1.4 GPa // a and 0.66 GPa // ¢ per % Co) with respect to
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superconductivity. However, in contrast to BaixKxFe2Asz, the evolution of the structure is
remarkably different for pressure and doping®?®. The results we show here help understand this,
as they show that what matters is just the location of the parameter tuned quantum critical point,
and not specific structural details.

Together with previous results for o // [110] and independent of possible connections to
quantum criticality, these measurements demonstrate that the superconductivity in Ba(Fe:-
xC0x)2As; across the entire dome is remarkably tunable by strains in different symmetry channels.
Depending on the composition of the sample, experimentally accessible strains of either Aig or
B2g symmetry allow one to achieve a wide range of T¢ in a single sample. We would like to
emphasize the large eaig sensitivity that is observed in the heavily overdoped samples. For
example, the x = 0.144 composition has faig ~ -50 implying the T. can be increased or decreased
by 50% with strains on the order of 1%. This raises the prospect of tuning a superconductor to
metal (SMT) phase transition as a function of eaiq in an even more overdoped sample near where
superconductivity disappears as a function composition. It would be interesting to compare such
a transition to the SMT transition tuned by anisotropic strain that is found in underdoped samples
(Chapter 3).

A natural question is to determine to what extent this behavior applies more generally to
other Fe-based superconductors. For example, the isovalent substituted pnictide BaFe(As1-xPx)2
is @ much cleaner system with more robust signatures of quantum critical behavior in the normal
state. It would be illuminating to track the evolution of those behaviors as a function of strain and
compare that evolution to the movement of the superconducting dome. Another natural choice
are the Fe-chalcogenides, such as FeSei1.xSx where a nematic quantum critical point exists
without being accompanied by long-range magnetic order and its associated quantum critical
point®®, Although this study was in the single material Ba(Fe1xCox)2Asz, this concept and
methodology of shifting a quantum critical point using applied strain or some other tuning
parameter and observing how superconductivity evolves can be applied very generally and may
shed light on other unconventional superconductors, such as the cuprates or heavy fermion

materials.

To summarize this chapter, | have presented electrical transport measurements as a

function of uniaxial stress along [100]w.t in Ba(Fei1xCox)2As2 which demonstrate that the
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symmetry preserving structural distortion ea1g exhibits a scaling relation with composition x with
respect to the superconducting Tc, and this scaling relationship holds over a wide region of the
superconducting dome. | argued that this behavior provides evidence for the scenario where the
formation of superconductivity is driven by the presence of a quantum critical point and the

associated quantum critical fluctuations.
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5. Elasto-Hall Effect

5.1 Introduction and Motivation

In contrast to the previous two chapters which focused on understanding the effects of
strain on superconductivity and its relation to the proximate symmetry breaking phases, in this
chapter I will demonstrate one implication of the fact that strain tunes the fluctuating magnetism
in the normal state. In particular, 1 will present measurements of the resistivity and Hall
coefficient as a function of uniaxial stress in Ba(Fe1.xCox)2As2 which reveal a new transport
coefficient, namely the response of the in-plane Hall coefficient Ru to anisotropic strain egzg (the
“Elasto-Hall” effect). | will show that this effect is large and strongly temperature dependent on
approach to the magnetic phase boundary, and | will argue that this is a transport signature of
strain induced enhancement of interband scattering off of spin fluctuations associated with the

ordered magnetic phase.

Very generally, measurements of the electrical transport coefficients of a material are an
essential basic characterization and allow one to learn a great deal about the physics happening
within the material. In particular, anomalous behavior of these coefficients often signals a
coupling between the conduction quasiparticles and some underlying form of collective order or
fluctuations. One example is the anomalous hall effect'?” in ferromagnets, where in the ordered
phase a spontaneous Hall voltage develops proportional to the magnetization. Another example
is the strange metal phenomenology observed in many strongly correlated materials, where the
scattering rate seems to saturate a “Planckian bound” and possibly reflects scattering from an

accumulation of low energy bosonic fluctuations associated with a quantum critical point.

In the Fe-based superconductors, a particularly interesting set of transport coefficients are
those of the elastoresistivity tensor which describe the strain induced changes of the resistivity
tensor. The observed divergence*’ of the coefficient 2mss proves that the nematic transition is an
electronically driven phase transition, and elastoresistivity measurements have been employed to
study almost every family of Fe-based superconductor, probing nematic quantum criticality®-?8,

orbital selective physics*?®, and XY nematic behavior*°.

Although the elastoresistivity coefficients corresponding to the diagonal components of

the resistivity tensor (pxx, pyy) have been extensively studied, the response of the Hall resistivity
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Figure 5.1 Zero-strain temperature dependence of the Hall coefficient Ry, normalized by the room temperature value,
in Ba(Fe1xCoyx)2As,. For compositions with magnetic and nematic phase transitions, only the data above the phase
transitions are shown.

to applied strain has remained uninvestigated. Furthermore, there is motivation to better
understand the Hall response in Fe-based superconductors, because even for zero applied strain,
it shows anomalous behavior in that it is strongly temperature dependent and becomes large in
magnitude at low temperature (Figure 5.1 and previous measurements*31%2), behavior that is
difficult to reconcile within standard interpretations of the Hall coefficient, even taking into
account the multi-band nature of the Fermi surfaces of Fe-based superconductors. Such
anomalous temperature dependence of the Hall effect has also been observed in other
unconventional superconductors such as the heavy fermions®*3, cuprates'®, and other Fe-based
superconductors®®® In this chapter, we will study the elasto-Hall response and use it to shed
light on the underlying mechanisms at play here.

5.2. Elasto-Hall Phenomenology

We first begin with results on an underdoped composition (x = 0.027) which in some
sense is @ model nematic system in that it demonstrates Curie-Weiss divergence of nematic
susceptibility and has well separated nematic/structural and antiferromagnetic transitions at Ts =
103K and Tn = 97K respectively. These can be seen in the temperature dependence of the
resistivity as well as the Hall coefficient in Figure 5.2b. Figure 5.2c shows the Hall resistivity as

a function of magnetic field under different strain states at a temperature of T = 115K above the
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Figure 5.2. Introduction to elasto-Hall effect in the x = 0.027 composition. a) Schematic effect of volume preserving
symmetry breaking By strain on a simple metal with a spherical Fermi surface. Blue is the freestanding Fermi
surface while red is the Fermi surface after strain has been applied. b) Freestanding resistivity (black, left axis) and
Hall coefficient (red, right axis) as a function of temperature. The gray dashed line marks the nematic transition
temperature, and the black arrow indicates the temperature where the data in panels (c) and (d) were taken. c) Hall
resistivity as a function of magnetic field for different amounts of applied strain. (d) Hall coefficient as a function of
applied strain. Red circles are extracted from the slope of the data in (c). Blue line is data using the fixed field
method described in the text. Black star is the freestanding value of the Hall coefficient at T = 115K.

zero-strain nematic and magnetic transitions. It can be seen that the response is linear in field,
which allows unambiguous determination of the Hall coefficient via pxy = RxB, and that the
applied strain modulates the size of the Hall resistivity. Figure 5.2d shows the extracted Ry as a
function of applied strain; Ry VS &xx demonstrates a striking nonlinear behavior with both
compressive and tensile strain increasing the magnitude of Ry. This effect is not small; just 1%
of applied compressive or tensile strain increases the magnitude of Ry by more than a factor of
100%.

We can understand this response more clearly through some symmetry considerations. In
the tetragonal phase, uniaxial stress along [110] induces strain in both the B>g and Aig Symmetry

channels. As Ry is an isotropic quantity in-plane, it depends linearly on Ay strains but can only
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Figure 5.3. Fixed field measurement of Ry at T = 115K for x = 0.027. (a) Hall resistivity pxy as a function of
applied strain for positive and negative field (b) Rnas a function of applied strain calculated by anti-symmetrizing
the data in (a) (c) Ry as a function of applied strain for different values of applied magnetic field (d) Quadratic
coefficient QR as a function of magnetic field magnitude. Error bars are given by the 95% confidence interval of
the polynomial fit to the data in (c). Blue dashed line shows that QR" is independent of the applied field value.

depend quadratically on Byg strains to lowest order. In principle, Ry can also depend
quadratically on Aqgq strains, but we will show in section 5.4 that this response is negligible:

ARy Ry Ry 2 Ry 2
/Rg = Myig€arg + Mpyg pog€hag + Margarg€ing (51)

—1 Ru 1 Ru 2 2,2 41 Ry 2 2,2
- Em,cuga(l - VllO)Exx + ngzg,gzga (1 + 1/110) €xx T ZmBZg,BZga (1 + VllO) Exx

Thus, the quadratic response we observe can be attributed to the Bag quadratic

coefficient which takes the form:
1
QRH = ngg’g,mgaz(l +v110)? (5.2)

It is instructive to consider what one might expect for the strain-induced changes of Ry
for a simple metal with a spherical Fermi surface (Figure 5.2a). Because egzg iS a volume-
preserving distortion, we expect it to change the shape of the Fermi surface, but to preserve its
volume, and since Ry is simply related to the carrier density which is in turn proportional to the
Fermi surface volume, we expect egzqg to have little effect on Ry in sharp contrast to the behavior

we observe here. The Fe-based superconductors are not simple metals with spherical Fermi
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Figure 5.4 Temperature dependence of elastoresistivity and elasto-Hall in the x = 0.027 composition. Hall
coefficient above (a) and below (b) the nematic transition as a function of applied strain. Resistivity above (c) and
below (d) the nematic transition as a function of applied strain. Antisymmetric (e) and symmetric (f) components of
the resistivity as a function of strain above the nematic transition. In all panels the temperature is given by the color
bar.

surfaces and have a quasi-2D multi-sheet Fermi surface, but the strain evolution that we observe
is difficult to understand within standard paradigms of calculating the Hall coefficient, such as
the multi-band relaxation time approximation of Boltzmann transport. This is similar to the zero-
strain temperature dependence, and | will argue below that these two anomalous effects have a

common origin.

An alternative way to collect these data is to fix magnetic field and temperature and
sweep the strain applied to the sample and measure pxy for both positive and negative field and
anti-symmetrize (Figure 5.3). This results in the blue trace in Figure 5.2d which agrees well with
the fixed strain data and the free-standing (zero strain) value of Ry (black star). The linearity of
Ru implies that this procedure produces the same Ry regardless of the field chosen (see Figure
5.3). This measurement protocol is much more efficient which will allow us to easily study the

temperature dependence of this behavior.
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5.3 Divergence of Elasto-Hall in Underdoped Compositions

Figure 5.4a-b shows Ry as a function of applied strain using the fixed field method (|B| =
9T) for different fixed temperatures given by the color bar, for temperatures above (a) and below
(b) the nematic transition temperature. The elasto-Hall response is strongly temperature
dependent, with the nonlinearity growing as the temperature is lowered towards the

nematic/magnetic transition temperatures. Below those transitions, the response begins to
diminish and develops a flatter region for low values of strain.

The six-point contact configuration allows us to measure two other elastoresistivity
coefficients, which can be extracted from the p« Vversus exx curves according to the following
symmetry considerations. The isotropic and anisotropic components of the in-plane resistivity by

symmetry have the following dependence on the irreducible strain components:

ApAtI Apxx+Apyy Alg Alg
Po N Po N mAlg 6A1g +m

2 Alg 2
B2g,B29€B2g + My1g,419€A1g (5.3)

APBZ‘q _ Apxx—Apyy _ B2g
= - = Mpy4€B2g (5.4)

Previous elasto-resistivity experiments'® have demonstrated that the first and third terms
in the first equation are negligible. In this case, adding these two equations gives:

Apxx B2g
o = Myyg€n2g +m

Alg 2
B2g,B29€B2g (5.5)
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Figure 5.6. Elasto-Hall effect and elastoresistivity in the x = 0.036 composition. Hall coefficient (a) and resistivity
(b) as a function of applied strain. Symmetric (c) and antisymmetric (d) components of the resistivity as a function
of strain above the nematic transition. In all panels the temperature is given by the color bar. (e) »"®29, (f) QA9 and
(g) QR versus temperature. The gray dotted line in (e+f) marks the nematic transition temperature. The gray, red,
and green regions in (g) indicate the normal state, nematic phase, and antiferromagnetic phase respectively. Solid
red lines are guides to the eye.

1 B2 1 Al
= ~Myyg (1 + V110)€xx + 7 @* (1 +V110)*Mpy0 5y €5 (5.6)

From this expression we then see that we can isolate these two contributions by simply
measuring the resistivity in the direction of the applied strain (pxx), and then symmetrizing and
anti-symmetrizing the data about zero strain. These two contributions are parametrized by the

two coefficients:
xPB29 = %mggga(l +v110) (5.7)
1 Al
QPag = Zaz(l + Vllo)szzg,BZg (5.8)

Figure 5.4c and d show the resistivity in the direction of applied stress as a function of
applied strain at different fixed temperatures above (c) and below (d) the nematic transition.

Similar to the elasto-Hall, we observe strong temperature dependence and the development of
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Figure 5.7. Elasto-Hall effect and elastoresistivity in the x = 0.068 composition. Hall coefficient (a) and resistivity
(b) as a function of applied strain. Symmetric (c) and antisymmetric (d) components of the resistivity as a function
of strain above the nematic transition. In all panels the temperature is given by the color bar. (e) »"®29, (f) Q**%9 and
(g) QRH versus temperature. The gray region indicates the superconducting state.

non-linearity at low temperatures. Below Ts, the response becomes dominated by the intrinsic
resistivity anisotropy of the nematic phase, with uniaxial stress acting to align the domains and
fully develop the anisotropy. This corresponds to the flattened regions below Ts in the elasto-Hall
response. Above the nematic transition, using the symmetry decomposition justified above, we
can isolate the two components p”!9 and pB29 which are plotted in Figure 5.4e and f respectively.
The increasing magnitude of the linear response of pB29 to egyq reflects the divergent nematic

susceptibility to which m§§§ and thus y”B29 is directly proportional. The increasing magnitude

of the quadratic response of p”'9to eg2q has been reported previously'® and was interpreted as a
symmetry allowed term with a divergence that reflected a sensitivity of the isotropic electronic

properties to the nematic fluctuations.

Using linear fits of the low strain data in Figure 5.4e and quadratic fits to the low strain

data in Figures 5.4a and 5.4f, we can extract the temperature dependence of the coefficients
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and (d) quadratic coefficients extracted from second order polynomial fits to the data in (b). (¢) Comparison of
elasto-Hall response for stress along [100] and stress along [110] at T = 30K. (f) Comparison of the temperature
dependence of the quadratic elasto-Hall coefficient for stress along [100] and stress along [110].

2"B28, QrPAle and QRM which are shown in Figure 5.5. We see that all three of these quantities
exhibit diverging behavior towards the magnetic/nematic transitions and take on values that are
large in magnitude near those transitions: x*2% ~ -42, QPA'e ~ 30,000, and QR ~ -70,000.
Another underdoped sample with larger amounts of cobalt (x = 0.034) exhibits very similar
behavior, with the temperature dependence shifted down due to the lower phase transition critical
temperatures (Figure 5.6).

5.4. Optimal and Overdoped Compositions and ¢ // [100]

All of the measurements presented so far have been on compositions with static nematic
and magnetic order developing at some non-zero temperature. | now will investigate the elasto-
Hall response in optimally and overdoped samples with x = 0.068 and x = 0.123 where no such

phase transitions are present. Figure 5.7a shows the temperature dependence of the elasto-Hall
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Figure 5.9. Elasto-Hall effect in an overdoped composition x = 0.123. Hall coefficient (a) and resistivity (b) as a
function of applied strain. Symmetric (c) and antisymmetric (d) components of the resistivity as a function of strain
above the nematic transition. In all panels the temperature is given by the color bar. (e) »*®%9, (f) Q*A1 and (g) Q™
versus temperature. The gray region indicates the superconducting state.

response for the optimally doped composition above the superconducting transition. We observe
that the response is still strongly temperature dependent, with a large non-linearity present at low
temperatures. As before, this is accompanied by strongly temperature dependent elastoresistivity
(Figure 5.7b) that can again be decomposed into the strain symmetric and antisymmetric
components corresponding to p”*'9and pB29 (Figure 5.7c-d). Using the same fitting procedure as
the previous section, | extract the coefficients y*22¢, QA2 and Q" which are all found to show
diverging behavior towards zero temperature, although this divergence is cut off by the
superconducting transition. Again, all three of these quantities are large at low temperature (5%
~-90, Q°*!2~ 10,000, and QRH ~ -70,000).

We can also measure the elasto-Hall response for uniaxial stress along [100], which
induces A1y and Bag strains. This data for the optimally doped composition is shown in Figure
5.8. We observe that the response is no longer dominated by quadratic behavior, but instead is
primarily linear which implies the sensitivity to Aig strain is the dominant effect. This effect is
small (order 1) and has a weak temperature dependence (Figure 5.8c) and switches sign near T =

80K. The quadratic response (Figure 5.8d) is orders of magnitude smaller than for stress along
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three elasto-transport coefficients (a) QRH, (b) QPA%9, and (c) »*®%. (d) Effect of temperature and strain on the spin
fluctuation strength (blue). Spin fluctuations can be enhanced either by lowering the temperature (upper graph) or
applying Bog strain at a fixed temperature (upper graph).

[110] (Figure 5.8e-f), which confirms that the non-linear elasto-Hall response is indeed a
response to the symmetry breaking Bzg strain, and not a quadratic response to the symmetry
preserving Aig strain. For the overdoped composition (x = 0.123) (Figure 5.9), the elasto-Hall
response is still dominated by the quadratic response to esog (Figure 5.9a), and exhibits some
temperature dependence, but the magnitude is more than an order of magnitude smaller than the
optimally doped composition. This is similarly true for both the elastoresistivity coefficients

corresponding to p”'9and pB% (Figure 5.9¢-g).
5.5 Strain-Induced Enhancement of Spin Fluctuations

How can we understand the phenomenology laid out in the previous five sections? The

underlying mechanism must have the three following features (Figure 5.10a-c):

1. sensitive to erog
2. strongly temperature dependent

3. only present near but outside the magnetic phase boundary
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| now appeal to a number of theoretical works!*"*° that predict an enhancement of the Hall
coefficient in systems with multi-band Fermi surfaces and interband interactions due to spin
fluctuations, such as the Fe-based superconductors. These works find that these interband
interactions cause a breakdown of the relaxation time approximation (RTA) in Boltzmann
transport calculations, and that this causes the Hall coefficient to be greatly enhanced in
magnitude compared to the naive expectation of the RTA. Furthermore, they predict that this
effect is strongly temperature dependent due to the temperature dependence of the spin

fluctuations, which they describe within a marginal Fermi liquid framework.

The basic idea of these theory proposals is that because the spin susceptibility which governs
the scattering is highly peaked in momentum near the ordering wave vector, there are “hot” (high
scattering) and “cold” (low scattering) regions of the Fermi surface; the hot regions are those
parts of the Fermi surface that are connected by translation through the ordering wave vector.
This “hot spot” concept has also been employed to the cuprates, and in that case these hot
regions are short-circuited by the cold regions of the Fermi surface. The situation is different for
the Fe-based superconductors because of the multi-band nature; the anisotropy of the forward
scattering induced by the spin fluctuations compensates the shorter lifetimes at the hot spots,

preventing them from being short-circuited and allowing them to contribute to transport.

The effect of these hot spots turns out to strongly alter the vector mean free paths and
effective relaxation times of the conduction quasiparticles. In particular, it causes the vector
mean free paths of both the hole and electron carriers to point in the same direction and is
decided by the majority carriers, which are the electrons in the case of electron doped Fe-based
superconductors like Ba(Fe1-xCox)2Asz2. This mechanism which in some sense causes the holes to

behave like electrons then results in an increased magnitude of the Hall coefficient.

We have already referenced the fact that strain in the B2y symmetry channel enhances spin
fluctuations outside of the magnetic phase, which has been measured directly by NMR
measurements under uniaxial stress'“°. This fact along with the theoretical proposals described
above then allows us to understand the elasto-Hall phenomenology described in this chapter as a
transport signature of a strain-induced enhancement of interband scattering from spin
fluctuations. This is consistent with the three points listed at the beginning of this section: the

strain tuning of the fluctuations is only expected to be sensitive egzg, the strong temperature
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dependence we observe is because the spin fluctuations are diverging towards the
antiferromagnetic ordering temperature, and the effect is still present for optimal doping where
strong temperature dependent spin fluctuations are still observed by NMR but becomes much
smaller for the overdoped where those fluctuations are much weaker’®.

This framework also sheds light on the zero-strain behavior of the Hall coefficient shown in
Figure 5.1. This is because there are two different ways we can enhance the strength of spin
fluctuations; at a fixed temperature, we can apply strain which gives the elasto-Hall effect, or at a
fixed strain (such as zero) we can lower the temperature (Figure 5.10d). In both cases we observe

an enhancement of the Hall coefficient consistent with our interpretation laid out above.
5.6. Summary

In this chapter, | have presented electrical transport measurements as a function of
uniaxial stress and temperature which investigate a new elastoresistivity coefficient, the response
of the in-plane Hall coefficient to applied strains (elasto-Hall effect). This effect is found to be
large and strongly temperature dependent for uniaxial stress along [110] inducing Bag strain
above the nematic and antiferromagnetic transition for underdoped samples, and at all
temperatures above the superconducting transition for the optimally doped sample. The response
is much weaker for uniaxial stress along [100] and for an overdoped sample far away from the
magnetic phase boundary. | argued that all of the data presented in this chapter point towards a
strain induced enhancement of interband scattering from spin fluctuations as the origin of the
elasto-Hall effect, and that this also helps explain the zero-strain anomalous temperature

dependence of the Hall effect in this material.
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6. Summary and Outlook

Understanding unconventional and high temperature superconductivity has proven to be
an extremely difficult problem both theoretically and experimentally. One reason for this is the
intertwined nature of the phase diagrams of these materials, where proximate symmetry breaking
phases compete with superconductivity, but the fluctuations of those phases feed into the
superconducting pairing mechanisms. An additional complication is the presence of quantum
critical points and low energy quantum fluctuations coupled to the conduction quasiparticles.
Finally, the superconducting pairing mechanism likely involves the electrons themselves as the
degrees of freedom leading to pairing. All of these factors make for an extremely complicated
system that is difficult to study both theoretically and experimentally.

Many of the commonly accepted beliefs about unconventional superconductivity have
been based on relatively circumstantial evidence, such as the common phenomenology of
superconducting domes centered near putative quantum critical points. In this thesis, | have
shown that using applied strains of different symmetries, we are able to give direct experimental
demonstrations of the relationships between superconductivity and the other symmetry breaking
phases (nematicity, magnetism) in an Fe-based superconductor Ba(Fe1-xCox)2As2. In Chapter 3 |
showed that strain enhancing nematic order is extremely efficient in suppressing
superconductivity, providing evidence that nematic fluctuations are a key ingredient in the
superconducting pairing. In Chapter 4, | demonstrated that strain with symmetry orthogonal to
nematic order exhibits a scaling relationship with composition, demonstrating that the formation
of the superconducting dome is truly driven by the presence of a quantum critical point.
Together, these two chapters also show that the superconductivity in Ba(Fe1-xCox)2As: is
remarkably tunable by strain of different symmetries depending on the location in the phase
diagram. In the underdoped region, Bag strain tunes a superconductor to metal quantum phase
transition, and for overdoped samples T¢ is largely tunable by Aig strain. | have also showed how
strain tunes the fluctuating magnetism in the normal state outside of the superconducting state; in
Chapter 5, | described a new strongly temperature dependent transport coefficient (the elasto-
Hall effect) which I argued is a transport signature of strain induced enhancement of scattering

from spin fluctuations.
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As an outlook to future work, in Chapter 3 | showed that underdoped Ba(Fe1.xCox)2As2
with uniaxial stress along [110] provides a platform for studying a superconductor to metal
transition in a bulk three-dimensional material. This could allow for previously inaccessible
probes of such a transition, such as thermodynamic measurements like heat capacity or scanning
probe measurements. These measurements may also be able to shed light on smeared nature of
the SC transition under large amounts of stress, which appears to be an intrinsic phenomenon,
and may be related to the anomalous metal state* found in many two-dimensional
superconducting systems. Furthermore, the large Aig strain sensitivity in heavily overdoped
samples found in Chapter 4 implies that another strain tuned superconductor to metal quantum

phase transition should be realizable on the overdoped side of the phase diagram.

The wealth of information gained through observing the effects of strain on
superconductivity in this material highly motivate similar measurements on other Fe-based
superconductors. For example, given that the logic of the argument in Chapter 3 hinges on the
separate and distinct ways that strain tunes both the nematic and magnetic fluctuations, it is
crucial to investigate the strain dependence of Tcin other systems, such as the iron chalcogenide
FeSe1.xSx wWhere there is a putative nematic quantum critical point without nearby long-range
magnetism. For the quantum critical superconductivity discussed in Chapter 4, the isovalent-
substituted compound BaFe2(As1-xPx)2 is a natural candidate as it is a much cleaner system with
more robust signatures of quantum criticality in the normal state. This may, for example, allow
one to track the evolution of the quantum critical fan simultaneously with the movement of the

superconducting dome as the location of the quantum critical point is tuned by strain.

The methodology and interpretation of the elasto-Hall effect laid out in Chapter 5 have
the potential to lead to wide variety of future investigation. A more detailed set of measurements
as a function of temperature and composition could allow one to map out how the spin
fluctuations and their coupling to the conduction electrons evolves across the phase diagram.
Additionally, these measurements could be applied to other families of Fe-based
superconductors; given the knowledge gained and successes from studying the nematic
fluctuations via elastoresistivity measurements in many different families, a similar thorough
investigation of the elasto-Hall effect is likely to be proven fruitful. These measurements may

also allow us to illuminate an explicit microscopic connection between the nematic and spin
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fluctuations. Lastly, the elasto-Hall effect and the underlying spin fluctuations responsible may
be intimately connected to the strange metal phenomenology found in many correlated quantum

materials.

Finally, it is natural to ask how all of these phenomena apply more generally, even
outside of Fe-based superconductivity. The measurements in this thesis demonstrate the
importance of nematic fluctuations and quantum criticality for the high temperature
unconventional superconductivity in this representative Fe-based superconductor, but to what
extent are those ingredients necessary more broadly? In Chapter 4, | showed that the presence of
a quantum critical point drives the superconducting dome in Ba(Fe1.xCox)2As2. This conceptual
framework and methodology of moving the quantum critical point with an external tuning
parameter and observing how superconductivity responds could be applied to any material

system, such as the cuprates and heavy fermion superconductors.
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