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Abstract

Probing the Symmetry-Breaking Phases in Iron-based Superconductors with Combined Strain, Transport
and X-ray Techniques

Joshua Javier Sanchez
Chair of Supervisory Committee:

Jiun-Haw Chu, Department of Physics

Spontaneous rotational symmetry breaking phases, such as the electronic nematic phase and
charge and spin stripe phases, are commonly found in the phase diagram of strongly correlated
materials including many of the high-temperature superconductors. This thesis is essentially a study of
how tuning parameters, namely applied uniaxial stress and applied magnetic field, can interact with the
rotational symmetry-breaking order parameters of these phases, either to probe the system and better
understand its intrinsic properties or to create new states in the system that are not spontaneously
generated. This thesis discusses the development of a methodology which combines synchrotron x-ray
techniques and transport measurements of a single crystal sample mounted to a uniaxial stress device.
This methodology is used in iron-based high temperature superconducting materials to probe the
nematic and magnetic phases. In Co-doped BaFe,As,, the coupling between electronic nematicity, the
crystal lattice and the resistivity anisotropy is probed by strain, and a temperature and phase
independent transport-structural correspondence is demonstrated. In EuFe,As,, the effects of
nematicity on the Eu localized magnetic order is demonstrated from a strongly anisotropic
antiferromagnetic coupling between Eu moments. While the work in this thesis is primarily focused on
iron-based superconductors, these ideas are very general to the field of condensed matter physics, and
this methodology of applied fields combined with x-ray measurements developed here is broadly
applicable to systems with structural domains, large magnetoelastic coupling, and other strongly

correlated electron effects.
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00 TSP USPR 41

Figure 4.4 (a) XRD vs temperature of a sample of BaFe. 96Co.042As2 held in a zero nominal strain
state. The measurement is at the tetragonal 2 2 12T reflection (direction indicated by red arrow), and
the raw XRD data has been converted to the 1 1 0T lattice constant by subtracting the c-axis component
from a separate measurement of the temperature-dependent (0 0 14) reflection. Above T = 74K, the

2 2 12T reflection shows a single peak indicating only one value of the lattice constant in this direction.
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Below T'S = 73.8K the single peak splits into two, indicating a tetragonal to orthorhombic structural
phase transition and the formation of orthorhombic domains (A and B). In this nomenclature this
reflection is sensitive to the longer a lattice constant of the A domain and shorter b lattice constant of
the B domain. Conversely, a measurement along the 1 0 OT direction would not see a peak splitting, as
aA2 + bA2 = aB2 + bB2. AtTN = 64K a spin-density wave transition occurs; as this transition does
not induce a change in structural symmetry, but instead breaks spin rotation symmetry, it does not
make an obvious appearance in the XRD measurement (it can, for instance, manifest as a change in the
temperature dependence of a lattice constant, but the spin order does not impact the XRD
measurement itself). (b) For the same sample and reflection at 66K, the relative intensities of the a4
and bB peaks can be strongly tuned by applied tension or compression (exxnom > 0 or exxnom < 0
respectively). The A domain population is here defined from the intensities of the peaks (IA and IB) as
IAIA + IB , which varies smoothly from 0% to 100%, i.e. from the B to A monodomain...........c............. 43

Figure 4.5 (a) schematic of a structural characterization measurement. In a real measurement the
incident x-ray beam is held fixed while the sample is rotated, and at specific angles 8n the Bragg
condition is satisfied, allowing constructive interference. (b) A 8 rotation scan in ErTes at room
temperature was performed to characterize the sample. Each intensity peak correspondstoan h k [
diffraction peak, specifically a 0 k [ peak (i.e. h is fixed at 0 while k and [ change with 9)....................... 44

Figure 4.6 (a) ErTe; sample XRD of the (1 15 L) reflection at 180K. At L=1 a large structural Bragg peak is
present. Below the CDW transition at 265K, a small charge density wave peak appears near L=0.73. The
amplitude of this peak is found to decrease by ~30% with the application of 30V to the strain device...45

Figure 4.7 XRMS intensity at 210K of the (1 0 22), (1 0 20) and (1 0 21) reflections corresponding to the
antiferromagnetic AFa (red) and AFb (blue) domains and the ferromagnetic order (FM, black),
respectively. Magnetic field is applied along the nominal [1 1 0] direction.........cccccvveeeviiieeeiciieeee e, 47

Figure 4.8 RIXS data of EuFe2As2. Each line corresponds to a different energy loss scan at fixed incident
energy from 6.973 keV to 6.979 keV. The data is characterized by a large zero-energy loss elastic peak
and a smaller inelastic peak. The inelastic peak likely corresponds to an intraorbital excitation. ............ 48

Figure 5.1 The undistorted FeAs plane outlined by the 2-Fe unit cell (black) and the 4-Fe unit cell (blue).
The distortions of both unit cells due to the Alg, 1, Blg and B2g strains are demonstrated as dotted
lines, with Fe-As mirror plane (green) and Fe-Fe mirror plane (magenta) preserved symmetries marked
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Figure 5.2 Sample of BaFe2As2 at T=74K. Uniaxial stress is applied along the tetragonal 1 1 OT which
creates uniaxial strains ea = Aaora0, eb = Aborb0 and ec = Ac c0 of the aor, bor and c lattice
constants, respectively, with a0 = b0 = 5.5948 A and c0 = 12.9297 A. XRD measurements of €a, b
and ec are used to determine the strain terms eB2g = 12ea — b, €éAlg,1 = 12ea + €b and

€Alg, 2 = ec. Data plotted against the nominal strain enom measured from the stress device.............. 52

Figure 5.3 Magnetic structure of fully ordered EuFe0.85C00.152As2. Eu moments align
ferromagnetically along the c axis. Adapted from [84]. Resistivity vs temperature data of freestanding
sample with four phase transition temperatures marked by dashed lines.........ccccccoeeiciiineeciiiicciiiieeee, 53

Figure 5.4 At T=13.5K the sample shows two nematic/SDW twin domains (the A and B domain). The
sample is oriented on a stress device so that uniaxial stress does not detwin between the two domains
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respectively). pxx and XRD measurement of three lattice constants (converted into strain terms) plotted
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Figure 5.5 (a) The crystal structure and zero field Eu magnetic structure (Fe moments not shown). (b) A
field applied in-plane along the 0 1 OT direction reorients Eu moments from out of plane to in-plane.
Uniaxial stress is applied along the tetragonal 1 0 0T direction. (a) and (b) adapted from ref. [86]. (c)
Schematic of the A and B nematic domains and Fe moments (red) after a full saturation of Eu moments
(blue) in-plane. Eu atoms are coordinated directly above and below As atoms and so we represent the
Eu moments on the usual As sites. (d) Resistivity vs applied magnetic field for 5 fixed strain values at
10K. For the highest tensile state (purple) the sample has zero resistance between 0.21T and 0.5T. (e)
Simultaneous Eu in-plane XMCD value for the 5 strain states. Dotted line shows saturation field, solid
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Figure 6.1 Nematic-elastic-transport coupling. (a) x-T phase diagram of Co-doped BaFe:As;. Inset is a
representation of the nematic order parameter 1 (magenta) aligned with the in-plane orthorhombicity ¢
(black). (b) Schematic of the sample measurement geometry and strain device. Uniaxial stress is applied
along the tetragonal 1 1 OT direction. Inline resistivity pxx measures pa of the A domain and pb of the
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Figure 6.2 Pictures from the experiment at Argonne National Laboratory. (left) The Razorbill CS-100
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Figure 6.5 (a) The rate of change of in-plane unidirectional strains —deyydexx vs €. (b) The shear
modulus C66 extracted from —deyydexxe = 0 . Grey lines in (a) show the 8 K zero-stress value of in-
plane orthorhombicity, € = 0.18%. Red line in (b) is Curie-Weiss fit C66 = C66,0 + A1T — T * with fit
values: T *= 50.0K + 8.3K, A = —933 + 51 GPa K, 66,0 = 38.8 + 4.7 GPa, R2 = 0.98.........c......... 65

Figure 6.6 (a) Longitudinal resistivity pxx vs exxnom and (b) vs € . Inset to (b) shows the resistivity
anisotropy 1 = pxx € — pxx — gpxx € + pxx — € and the derivative dnde at T = 74 K. (c) The 2m66
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Figure 6.8 Spontaneous resistivity anisotropy and orthorhombicity. (a) Zero-stress x-ray diffraction of
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zero-stress twinned state resistivity pxx (black) and the detwinned monodomain resistivities pa and pb
(blue) extracted from the DA = 90% and 10% points in (e). (c) X-ray diffraction of the 1 1 0T lattice
constants a4 and bB with intensities 1A and IB. (d) The full-width half maximum (FWHM) of the
Gaussian fit to the XRD peak for both aAd and bB. (e, right) Relative A domain population, DA = IAIA +
IB. Grey bars at DA = 15% and DA = 93%. (e, left) Inline resistivity with monodomain resistivities pa
and pb at DA = 93% and DA = 15%. (f) The spontaneous orthorhombicity €S and (g) the spontaneous
resistivity anisotropy 7S are both well fit toa TS — T temperature dependence within the nematic
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Figure 6.10 Same data as in Figure 6.8c-e plotted at different strain ranges. (b) Full strain range. (c)
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Figure 6.11 Nematic phase elastoresistivity. (a) The resistivity vs magnitude of orthorhombicity in the
fully detwinned (>99%) regime. (b) The resistivity anisotropy n = pxxe — pxx — epxxe + pxx — €
calculated from the resistivities in (a). These values are used to linear extrapolate to €S to extract nS
(squares). The error bars here represent an uncertainty in the exact value of € when defined from the
difference of the a and b lattice constants taken from the 2 2 12T and —1 1 14T reflections, where an
instrumental uncertainty offset of € + .02%. Note that this offset does not affect the derivative dbda
used to extract the Poisson’s ratio. (c) The spontaneous resistivity anisotropy nS extracted from
detwinning (blue) and from fitting the high strain elastoresistivity (magenta) are both well fit to nS =
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Figure 6.12 Transport-structural ratio equivalence. (a) For T < TS, the spontaneous nematic order
parameter S o TS — T drives the linear proportional spontaneous orthorhombicity €S = AC66,0yS
and spontaneous resistivity anisotropy nS = k S, yielding a temperature independent ratio nSeS. For
T > TS the diverging nematic susceptibility dipde = Aa0(T * —T) drives the diverging elastoresistivity
2m66 = kdiyde and the softened shear modulus C66 = 66,0 — Adyde. The ratio 2m661 —
C66(C66,0 — 1 is thus also temperature independent. If the nematic-elastic A and nematic-transport k
proportionality coefficients are constant across the phase transition, both ratios equate at T'S with a
value kC66,0A. (b) The measured ratios nSeS (gold) and 2m661 — C66C66,0 — 1 (black) vs
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Figure 6.13 The Curie constants from Curie-Weiss fits to 2m66 (blue) and C66 (red) across the
underdoped side of the phase diagram. Data from refs. [54], [67] (see main text). Dashed lines are a
guide to the eye, solid vertical line at optimal Co doping xop = 0.067 &+ .02. Open symbols from this
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Figure 7.1 (a) EuFe,As; unit cell at T=7K and zero applied magnetic field. Both Fe and Eu
antiferromagnetic orders are stabilized with easy axes aligned with the longer a lattice constant of the
orthorhombic unit cell. (b) Uniaxial stress is applied along the x direction aligned with the orthorhombic
a/b orthorhombic unit cell lattice directions such that tension (compression) detwins the sample to the
A (B) domain (orange/blue outline). Resistivity measurements along the stress axis measure pa (pb)
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aligned with the a (b) lattice constant of the A (B) domain. A magnetic field is applied perpendicular to
the strain axis at 10° above parallel from the a/b plane, causing a reorientation of Eu moments to align
along the field direction. XMCD is proportional to the Eu magnetization along the applied field direction.
For simplicity, we collapse the 4 Eu atoms and 8 Fe atoms of the doubled orthogonal unit cell into 2 Eu
(blue arrows) and 4 Fe (red arrows) effective MOMENTS. .........ccvviiiiiiii et 77

Figure 7.2 Simulated detwinning data for EuFe,As; at T=7K based on x-ray diffraction detwinning data
from ref. [5]. Grey bars indicate the strain applied to create the A and B monodomains of Figure 7.5....78
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Chapter 1:
Iron-based High-Temperature Superconductors

1.1 Introduction

The explosion of interest in iron-based high-temperature superconducting materials came in
2008 [1] after the discovery of a high superconducting transition temperature (T.=26K) in doped
La(0;_xF4)FeAs (Fig.1.1). This was particularly surprising because magnetic order is typically
antagonistic to classical type | superconductivity, and relatively few Fe-based materials had been known
to superconduct at all. Quickly, it was found that several different Fe-based crystal structures yielded
superconductivity, including the original 1111 family (e.g. LaOFeAs), the 111 family (e.g. LiFeAs), the 11
family (FeSe), and the 122 family (e.g. BaFe,As,). Due to the relative ease of growing large high-quality
single crystals, as well as having high superconducting transition temperatures, the 122 family quickly
took center stage in the study of iron-based superconductors. All of the 122 iron pnictide parent
compounds (RFe,As,, R = Ba, Sr, Ca, Eu) were found to exhibit an antiferromagnetic order, later shown
to be a structurally-distorted stripe-type order, with no superconductivity at ambient pressure. Nearly-
universally, the suppression of magnetism with hydrostatic pressure or a wide range of electron, hole
and isovalent chemical doping series was found to induce superconductivity, leading to general
consensus that antiferromagnetic spin fluctuations play a role in mediating this unconventional
superconductivity.
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Figure 1.1 Historical resistivity vs temperature plots. (a) The first discovery of superconductivity in
mercury (Hg) cooled to liquid helium temperatures. Superconductivity onsets sharply at 4.2K. From the
1911 lab notebook of Karl Ohnnes, reprinted in ref.[2]. (b) The first reported discovery of high-
temperature superconductivity in La(0,_4Fy)FeAs. All four presented dopings show superconductivity,
while the parent compound (black) has a resistivity bump marked “T,,om” Which was later shown to
indicate the onset of nematic order. Adapted with permission from ref.[1] Copyright (2008).



Although the superconducting and magnetic phases drew all of the initial attention, a third
phase would come to dominate the discussion of iron pnictide materials. In that same very first report of
iron-based high temperature superconductivity, an unknown phase transition in the parent compound
was observed from a slope change in the resistivity above the magnetic transition at a temperature
labeled “T,,om” - This phase would later be shown to be an electronic nematic phase[3], in which
correlations of conduction electrons lead to a rotational symmetry breaking phase transition with no
translational symmetry breaking and no long range magnetic order. This results in a structural
orthorhombicity and a large transport anisotropy among other changes. It was found through doping
and pressure studies in the 122 system that the transition temperatures for the nematic and the
magnetic transitions split such that the former occurs at slightly higher temperature (usually 0K-10K
higher) than the latter, creating a narrow band across the phase diagram of a nonmagnetic structurally-
distorted phase. For Ba(Fe;_,Coy),As, specifically (but not exclusively), it appeared that optimal
superconductivity occurs in the vicinity of the full suppression of the nematic phase (Fig.1.2), leading to
theoretical developments describing a nematic quantum critical point and enhanced superconductivity
from nematic quantum critical fluctuations [4].
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Figure 1.2 x-T phase diagram of Co-doped BaFe;As,. Inset is a representation of the nematic order
parameter Y (magenta) aligned with the in-plane orthorhombicity € (black) of the FeAs plane within the
structurally-distorted nematic phase. From ref.[5].



The precise microscopic description of nematicity remains elusive, and nematicity continues to
be studied through its coupling to other quantities such as the resistivity anisotropy and the
orthorhombic distortion of the crystal lattice. Through the development of elastoresistivity
techniques[6], it was shown that the resistivity anisotropy diverges towards the nematic transition and
can be as much as two orders of magnitude larger than the simultaneous structural distortion, which
was the original key indicator that the nematicity is driven by conduction electrons. However, transport
quantities are not thermodynamic quantities, and a key outstanding question in the study of nematicity
even beyond this material system is how well the resistivity anisotropy actually represents the real
nematic order.

While BaFe, As, is widely regarded as the prototypical iron pnictide material, its structurally
identical cousin EuFe,As, is arguably the most unique among them [7]. In the undoped parent
compound, the same nematic and antiferromagnetic order in the FeAs plane is observed, but below
Ty = 19K an A-type antiferromagnetic order is formed by the large Eu magnetic moments. A magnetic
field of order 25T applied to BaFe,As, can couple to Fe moments and induce a full reorientation
(detwinning) of the antiferromagnetic-structural domains; in contrast, a field of only 0.3T applied to
EuFe,As, can accomplish this same full detwinning due to the highly susceptible Eu moments. This
large magnetostructural coupling occurs despite a lack of dipolar coupling between Eu and Fe moments,
suggesting the influence of nematic conduction electrons mediating the magnetic interaction. Further,
across a variety of doping series the Eu moments can be made to orient ferromagnetically while the
FeAs planes exhibit superconductivity. Thus, doped EuFe,As, realizes a rare state of matter, a
ferromagnetic superconducting state.

1.2 Thesis layout

In this thesis, | expand on our understanding of the relationship between electronic nematicity,
magnetic order, the crystal lattice and the electronic transport anisotropy in the Co-doping series of
BaFe,As, and EuFe,As,. To do so, | have developed a new method to precisely characterize the
transport, structural and magnetic response to applied strain and magnetic field in order to further
understand the intertwined nature of these quantities. This method combines simultaneous transport
measurements and applied in-situ tunable uniaxial stress of single crystal samples with diverse
synchrotron x-ray techniques. | developed this methodology as a user at the Advanced Photon Source
(APS) at Argonne National Laboratory during several weeklong beamtimes in 2017-2019, and later
during a one-year position at the APS as part of the Department of Energy SCGSR program in 2019-2020.
This work has so far led to four papers using this methodology, one which was published in 2020 [8], one
which was published in 2021 [5], one which is currently in submission[9], and one which is in
preparation, which form the core of this thesis work.

In Chapter 2, | give a quick tour of the phases present in BaFe,As,, focusing on the
phenomenology of each phase and the symmetry breaking of each phase transition.

In Chapter 3, | discuss the mean-field Landau free energy used to describe nematicity
thermodynamically. | derive the important structural and transport quantities driven by nematic



fluctuations above the transition and by static nematic order below the transition, as well as the
discontinuity in the heat capacity at the transition itself. | present data from several previously published
papers supplemented with my own data of these quantities and show that this model not only correctly
captures the temperature dependence of each quantity, but that their magnitudes can be related
precisely through a new thermodynamic relation | have developed. This work is in preparation as a first-
author publication.

In Chapter 4 | give a brief introduction to and present data collected with five x-ray techniques
used during my PhD work, including four synchrotron x-ray techniques | used during my stay at the APS.
Two of these techniques, x-ray diffraction (XRD) and x-ray magnetic circular dichroism (XMCD) are used
extensively in the following chapters.

In Chapter 5 | discuss how a uniaxial stress results in a lattice distortion that can be decomposed
into several strain terms belonging to different symmetry channels corresponding to the irreducible
representations of the Dan point group. | present three sets of applied uniaxial stress data combined with
XRD or XMCD to characterize strain-induced changes in the structural order and magnetic field-induced
changes to the magnetic order. | present preliminary data on Co-doped EuFe,As, in which uniaxial
tensile stress is shown via XRD to suppress nematicity, resulting in an enhanced superconductivity as
indicated by a drastically reduced resistivity. Further, | use XMCD to show that an applied magnetic field
can reorient the Eu ferromagnetic moment and enhance superconductivity.

In Chapter 6 | address the question of how well the resistivity anisotropy represents nematicity.
To do so, | use a sample of Co-doped BaFe,As, and use simultaneous transport and XRD measurements
to characterize the response of the resistivity anisotropy and the lattice to applied uniaxial stress.
Through a simultaneous measurement of the nematically-coupled transport and structural quantities
above and below the nematic transition, | show that the ratio of nematic-transport to nematic-structural
coupling is temperature and phase independent, which demonstrates that for all practical purposes the
resistivity anisotropy behaves like a thermodynamic order parameter. This work is the first report of a
precise measurement of the resistivity anisotropy in the zero-stress limit of a detwinned sample within
the nematic phase.

In Chapter 7 | show that planes of Eu atoms in undoped EuFe,As, have a strongly anisotropic
antiferromagnetic interaction, likely due to the influence of nematic conduction electrons. | use uniaxial
stress to detwin the sample and hold the sample length fixed to prevent field detwinning. A magnetic
field is applied to reorient Eu moments either parallel or perpendicular to the Fe antiferromagnetic easy
axis, and the directionally dependent field dependence of the magnetization is measured with XMCD.
This work is the first report of the Eu metamagnetic spin flip transition, which is usually masked in a
freestanding sample by the rapid field detwinning.



Chapter 2:
Iron Pnictide Phase Transitions, Phenomenology, and Symmetry

This thesis explores several symmetry breaking phase transitions and the coupling of their order
parameters to externally applied mechanical stress and magnetic field. To describe these phenomena
we use the language of symmetry groups. In this section, | will give a quick tour of the formation of the
iron-based superconducting crystals and their various phase transitions. This section focuses on the
phenomenology and the symmetry of the transitions, while Chapter 3 discusses the thermodynamic
Landau free energy description of the nematic transition in great detail.

2.1 Formation of the crystal

Starting at the very beginning, the electroweak symmetry breaking just after the Big Bang
produced a universe-filling amount of hydrogen and helium which eventually condensed into stars of
different masses and gave rise to diverse nucleosynthesis processes. The incredibly high-energy core
collapse supernova is the exclusive origin of As, while Fe and Co are formed by both core collapse and
the lower energy type la supernovae which may result from the collision of white dwarf stars. Ba
originates primarily from low mass stars slowly burning out, while Eu is mostly produced by cataclysmic
neutron star mergers. Therefore, at least 4 distinct astrophysical events needed to occur in the same
spatial vicinity for these elements to cooccur in the Earth and form the Ba(Fe;_,Coy),As, and
Eu(Fe;_4Co,),As, crystals studied in this thesis [10]. While the cosmological origin of elements is
interesting in its own right, its important in the study of condensed matter physics to keep in mind that
the energy of the nucleus is far greater than the energies of bonds between atoms in a crystal, which
themselves are greater in energy than the quasiparticles (e.g. phonons, magnons) and phase transition
ordering energies (e.g. the superconducting energy gap) that are among the most commonly studied
qguantities in the field. The large nuclear energies hold the core electrons so tightly bound that for the
most part we only really need to consider the behavior of the valence electrons of any atom. Elements
with very large positive charge in their nuclei (and thus very large core level energies) are the source of
interesting behavior not present in lighter elements. For instance, in lanthanides like Eu, the 4f electrons
create large localized magnetic moments, while in heavy transition metals like Ir the 5d electrons exhibit
large spin-orbit coupling. These high n orbital states would not be more than barely occupied at
cryogenic temperatures or even at thousands of Kelvin without the large nuclei energies.

Next we consider forming a crystal of BaFe,As, by filling a chemically-inert aluminum oxide
(Al,03) crucible with a mixture of Ba, Fe and As atoms and heating them to a temperature near 1400K
such that the Fe and As atoms form a liquid flux and mix together with the Ba (this is the condition
under which the BaFe,As, crystals used in this work were grown; see Chapter 9.1). We can define a
coordinate axis with an origin at the center of the crucible. The random motion of the atoms causes the
density p at any one location 7 to fluctuate wildly at each moment, but over a time average the density
is actually constant in every direction, with p(7) = p;. In this state there is both a continuous
translational symmetry (no radial dependence of static density) and a continuous rotational symmetry
(no angular dependence of static density). This is reflected in the underlying Hamiltonian in which the



interaction between two atoms only depends on the relative distance between them and not on their
absolute location in space, i.e. all potential terms between any two atoms have a form V, , (r;,1r3) =
V(r; —r,). However, atoms cannot get arbitrarily close to each other without starting to form new
bound states by sharing electrons through different bonding processes. From the perspective of any one
atom, the density around it does not appear constant due to short range interactions that depend on
the energies and symmetries of the highest-occupied valence orbitals. This leads to short range
correlations and local spatial arrangement fluctuations that are different for each element as they
interact with surrounding atoms (this can be demonstrated by x-ray absorption measurements in the
liquid phase). These fluctuations spontaneously happen along every possible rotation axis and at every
point of space in the crucible such that no one direction or location is preferred and the time-averaged
density still remains totally constant, i.e. the continuous symmetries are preserved. These fluctuations
represent the balance between the large kinetic energy and higher entropy of the hot liquid-phase
atoms and the interaction energy that groups of atoms can save by arranging themselves in specific
patterns.

As the temperature is lowered below the melting temperature, it becomes energetically
favorable to form a solid crystal, but this does not happen throughout the whole volume all at once.
Instead, in a random small volume of the liquid there occurs a momentarily increased density and
decreased temperature where a small number of atoms spontaneously form a stable crystal nucleus. As
the temperature is slowly lowered further, more and more material is incorporated as layers around this
crystal nucleus, repeating its periodic arrangement of atoms and forming a bulk single crystal. This
description is appropriate for supercooled spontaneous nucleation in a flux growth, but nucleation can
also occur on the crucible surface or around a doping impurity site, or even on a seed crystal imbedded
in the flux, all of which allow diverse methodologies to grow single crystals of varying size and quality
(see ref. [11]) . A precise model for the microscopic details of crystal nucleation is still an outstanding
problem in condensed matter physics and is a fascinating area of current research [12]. For our purposes
in this chapter we can consider the state of the sample once a macroscopic volume has converted into a
perfect single crystal.

When the crystal nucleus forms, a random lucky spatial arrangement fluctuation becomes
stabilized (frozen), and suddenly a single absolute position and rotation axis is spontaneously chosen for
all atoms in the crystal. Now, any single atom has a specific location in space relative to the other atoms
which are now at fixed distances and angles from it. From the perspective of the fixed coordinate
system, the density is no longer constant but has a discrete radial and angular dependence; thus, the
system has experienced a continuous to discrete translational and rotational symmetry breaking.
Essentially, any particular location or rotation axis would be equally energetically favorable in terms of
the underlying interaction Hamiltonian, and thus equally likely to occur, but as the temperature is
lowered below the critical temperature it becomes more energetically favorable to pick a specific
location and axis instead of maintaining the higher-symmetry liquid state. This is known as a
spontaneous symmetry breaking, and this concept is critical for understanding phenomena as diverse as
electronic nematicity, charge and spin density waves, and localized magnetism.



We can describe this phase transition and symmetry breaking mathematically by defining an
order parameter, which is a quantity that is zero above a phase transition and nonzero below it and has
the same symmetry properties of the new phase. Understanding the symmetries, temperature
dependence and external field couplings to order parameters give information about underlying
interactions that generate the transitions and are an essential component to this thesis and broadly to
condensed matter physics. Crystal formation is a complicated process, and even for the simplest
theoretical case of a single element crystallizing, there are multiple order parameters needed to
characterize the phase transition [13]. We can write down the density in a form that can describe both
the liquid and crystal phases as

p(A) =1—mp +p Zune”‘n'F el
n

where p; is the density of the liquid phase. Here, 1 controls the average density between the liquid and
nucleated crystal phases and jumps from zero to nonzero at the transition. This is an order parameter
which is associated with a change in translational order but not orientational order as it represents how
the liquid phase atoms become packed more closely together upon freezing. The u,, coefficients are the
Fourier components of the crystal lattice and describe the amplitude of atomic localization at different
lattice sites; they are also zero above the transition and become nonzero below the transition as the
crystal lattice forms. These order parameters are associated with the orientational order symmetry

breaking of the phase transition via the wave vectors En that define the spatial scale over which atoms
are separated by and define the orientation axis of the crystal. This splitting of the translational and
orientational symmetry breaking into different order parameters implies that it may be possible for the
two symmetries to be broken at different temperatures, creating an intermediate phase with well-
defined orientational order but no translational (positional) order. Indeed, this is observed for instance
in the nematic phase of liquid crystals where rodlike molecules order with a net alighnment along one
direction, spontaneously breaking the rotational symmetry, but still without having fixed relative
positions and so maintaining full translational symmetry (note that to define a nematic liquid crystal
transition requires rank two tensor order parameters and not just vector or scaler order parameters,
discussed in section 2.5). In analogy to nematic liquid crystals, we can also treat nematic conduction
electrons as a fluid with a spontaneous orientational order, as discussed later in this chapter.

Returning to the crystal density equation, the u,, and I?n terms define where atoms are located
relative to each other, while the phase factors 8,, define where in absolute space each atom is localized.
For instance, in a 1-D chain of atoms with a distance a between each atom, 8,, = 0 may correspond to
one atom being located at x = 0 and all others placed at x = Na, while different values of 9,,
correspond to the whole chain of atoms being shifted in absolute position along the x axis. When the
crystal is formed, a single set of 8,, are chosen even though any value would have an equivalent energy
and is equally likely. This result enables a discussion of a subtle phenomenon that marks an essential
difference between continuous and discrete symmetry breaking. A continuous-to-discrete symmetry
breaking phase transition always results in a zero-energy collective excitation known as a Goldstone
boson. In this particular case, it costs zero energy to move every atom in the crystal uniformly by the
same distance along any one direction, i.e. a change of the continuous phase of the order parameter



costs zero energy. This is a result of the maintained continuous translational symmetry of the
Hamiltonian describing the interactions between particles even in the broken translational symmetry
phase. However, the displacement of any single atom relative to the others does cost energy in the
broken symmetry state. A transition from one discrete symmetry phase to a lower symmetry discrete
phase also can be described by the phase of an order parameter, but in this case the phase will have
discrete values and a change from one phase to another will in general cost energy. Thus there is no
Goldstone boson associated with these discrete-discrete symmetry breaking phase transitions.
Experimentally, the major work in this thesis relates to changing the phase and/or the magnitude of
nematic and magnetic order parameters by applying stress and magnetic field, and the precise details of
how the order parameter magnitudes and discrete phases change with applied field gives key
information about the form of the underlying interactions.

As a final note, all of the above discussion relates to the localization of the positively charged
nuclei and the closest-held core electrons, and the translational and rotational symmetry breaking
relates to these objects. However, in a metallic crystal like BaFe,As, the valence electrons of each atom
form metallic bands in which the highest energy electrons delocalize and “hop” between atomic sites;
this sharing of electrons effectively holds the crystal together. Relatively small changes in the way these
electrons hop can create new phenomena and new phases in a crystal. These are referred to as
electronically-driven phase transitions, and four such transitions are under study in this thesis:
superconductivity, nematicity, the spin density wave, and localized Eu antiferromagnetism. As this
electron hopping is also the process by which an electric current is carried, electric transport
measurements are especially sensitive to electronically-driven phase transitions. There is often a
transport signature of a phase transition that can be reliably trusted to characterize the transition, such
as a change in slope of the temperature dependence of the resistivity or most dramatically as the total
loss of resistivity for a superconducting transition.

2.2 Defining the unit cell and its symmetries

We now discuss the structure and symmetry of the fully-formed BaFe,As, crystal. The crystal
has the ThCr,Si, (122) structure, which can be understood as a stacking of alternating layers of FeAs and
Ba sheets (Fig.2.1a). The Fe atoms form a square lattice with As atoms tetrahedrally coordinated at the
center of these squares and alternating above and below this plane. These layers are stacked with the
above-planar As atoms in one layer aligned with the below-planar As atoms of the next layers, such that
two layers together constitute one repeating unit when considering translation along the Z-axis. The Ba
atoms form their own planar square lattice with atoms placed collinear to the As atoms along the Z-axis.

We can discuss the symmetries of each atom by assigning them to different point groups, and
then discuss the symmetries of the unit cell by determining its point group and space group. The classic
text on symmetry groups is ref.[14]. Again, the breaking of these symmetries internally from phase
transitions or with externally applied strain and magnetic fields are the core focus of this thesis, and it’s
worth taking the time to define them in detail. The quick guide for determining symmetries is to
perform a symmetry operation (e.g. a rotation, translation or other operation defined by the symmetry
group) and check if the crystal has returned to the same initial state.



We first consider a single FeAs plane. In Figure 2.1c-d, it is shown that for a centered As atom
there is a four-fold (C4) rotational symmetry about the Z axis (the principal rotation axis), while the
coordination of As atoms results in only a 2-fold (C,) rotational symmetry for a centered Fe atom. We
can also consider reflections across vertical mirror planes defined from the Z axis and the Fe-Fe or Fe-As
bonding directions. In Figure 2.1c-d it is also clear that the crystal is invariant to both sets of mirror plane
reflections when the mirror planes are centered on an As atom, but is only invariant to Fe-As mirror
plane reflections when centered on an Fe atom. A Ba atom has the same rotational and vertical mirror
plane symmetries as an As atom. Returning to Figure 2.1a, a C; rotation about the X axis running
through a Ba atom leaves the crystal invariant, and likewise for a C, rotation about the X + J axis, but
these rotations through the Fe and As atoms do not return the same crystal structure due to the
coordination of As and Ba atoms. Next we consider the horizontal mirror plane reflection operation,
which takes all points from (x, vy, z) to (x, y, -z). This returns the original crystal structure only when the
Ba atom is centered. Finally, an inversion operation takes all points from (x, y, z) to (-x, -y, -z), and again
this leaves the crystal invariant only when the Ba atom is centered (at these points there is inversion
symmetry). From this analysis, we determine the point groups of each atom as such: Ba (D), As (Cyy),
and Fe (C5,), where the number indicates the n-fold discrete rotational symmetry about the primary (2)
axis, the D indicates rotations about the primary axis plus n perpendicular C; rotation axes, the C
indicates rotations about the primary axis only, the h indicates the horizontal mirror plane reflection
symmetry, and the v indicates n vertical mirror plane symmetries only (note that the combination of D
and h implies the existence of the vertical mirror plane symmetries) [14], [15].
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Figure 2.1 (a) Conventional unit cell (Ba,Fe,As,), also generally referred to as the tetragonal unit cell
and the 2-Fe unit cell (due to 2 Fe atoms in a single FeAs plane). (b) Primitive unit cell (BaFe,As,).
Adapted with permission from ref. [16], Copyright 2010. (c-d) A single Fe square plane with As

Iz

coordination above and below the plane marked with “4+” and “—“, respectively. Green (magenta) lines
mark mirror planes along the Fe-As (Fe-Fe) bonding directions. A centered As atom is invariant under
both sets of mirror plane reflections and has 4-fold rotational symmetry, while a centered Fe atom is
only invariant for reflections about the Fe-As bonding direction planes and has only 2-fold rotational

symmetry.

Next we construct the appropriate unit cell for BaFe,As; which we will use to discuss structural
changes from applied stress and from phase transitions. First we can construct the primitive unit cell



which contains one Ba atom, two Fe atoms and two As atoms (Figure 2.1b). This primitive unit cell is the
smallest volume unit cell that has the correct chemical stoichiometry of the crystal and has the full
translational symmetry; however, as it is a triclinic structure it lacks the rotational and inversion
symmetries present in the Ba atom point group [16]. To address this, we can construct a conventional
unit cell with the goal of having the highest attainable symmetry when considering the space group, i.e.
the full set of translations combined with rotations and other spatial operations under which the unit
cell returns to its initial condition. To craft this unit cell with both C, and inversion symmetries, we
choose a rectangular prism shape and center a Ba atom so that any 90 degree in-plane rotation about
the z-axis returns the same crystal structure. The centered Ba atom makes this a body-centered unit cell,
and from the inversion symmetry of the Ba atom this central point is known as the inversion center (a
lattice with an inversion center is said to be centrosymmetric). With these conditions set, any square-
face rectangular prism unit cell with basis vectors along the Fe-As or Fe-Fe bonding directions will also
have all 4 vertical mirror plane symmetries shown in Figure 2.1c. Therefore, the whole unit cell has D4y,
symmetry and belongs to the 14/mmm space group (the | indicates that the unit cell is body-centered)
[15], [16]. Further, we can describe this unit cell as having tetragonal symmetry, because the in-plane a
and b lattice constants are equal in length and unequal to the out of plane c lattice constant, and the
three basis vectors are all perpendicular (¢ = f =y = 90°).

With the shape and center of the unit cell determined, we now need to determine the
orientation and minimum volume of the unit cell that respects all of the symmetries and capture the
essential physics of the system. The unit cell size and orientation will be shown to change at phase
transitions and so this warrants a very explicit discussion. Considering a single FeAs plane as seen from
above (Fig.2.2a), the obvious first choice is to construct a small square of four Fe atoms around a
centered As atom (orange). This is known as the 1-Fe unit cell. However, given the above-below planar
coordination of As atoms (+/- signs), the 1-Fe unit cell doesn’t actually have translational symmetry, and
the translational symmetry breaking potential from these As atoms has been shown to create large
changes to the electronic structure [17]. The smallest unit cell that does have translational symmetry is
the 45° rotated 2-Fe unit cell (black), with in-plane basis vectors [1 0 0] and [0 1 0], along the FeAs
bonding direction and with lattice constants ar and by, respectively. In the literature this is usually
called the tetragonal unit cell and is mainly considered in the high-temperature nematic-disordered
phase. In anticipation of the upcoming discussion, we can also define a 4-Fe unit cell aligned with the Fe-
Fe bonding direction (blue) with lattice basis vectors [1 0 0]y, = [11 0]y and [010],, = [-110];
and lattice constants a,, = b, = vV2ar. In the high-temperature phase, all of these unit cells have
tetragonal symmetry, but below the nematic transition the 4-Fe unit cell becomes orthorhombic and
hence is often called the orthorhombic unit cell [18]. As discussed in section 2.4, the nematic phase is
also described by the 2-Fe unit cell (but for convenience is often depicted in the 4-Fe unit cell), while the
spin density wave phase must be described the 4-Fe unit cell.
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Figure 2.2 BaFe,As, real space and reciprocal space structure in the high-temperature disordered state
(T > Tg). (a) Real space picture of a single FeAs plane, where + and — signs on As sites indicate
coordination above and below the Fe plane. The 1-Fe (orange), 2-Fe (black) and 4-Fe (blue) unit cells are
outlined. The 1-Fe unit cell does not actually have translational symmetry, and so the 2-Fe unit cell is
used to define the [1 0 0] and [0 1 O] tetragonal basis vectors, of length a; and by respectively. The
4-Fe unit cell has basis vectors [1 0 0]p,- = [1 1 0] and [0 1 0]y, = [—1 1 0]y, with lengths a,- and
by, respectively. Below the nematic transition (T < Ts), ar = by while ag, > bg,. (b) Qualitative
schematic of the first Brillouin zone at k, = 0 for the 1-Fe (orange), 2-Fe (black) and 4-Fe (blue) unit
cells. Red (grey) circles represent the location of Fermi surface sheets forming two electron (hole)
pockets at the 1-Fe X and Y points (I point).

2.3 Basics of the electronic structure

In the above discussion we have focused on the position of the atoms, meaning really the
nuclear ion cores and the tightly-bound core electrons. However, the formation of the crystal lattice is
made possible by electronic bands originating from the outermost valence electrons of each element
(specifically, the 6s electrons of Ba, the 4s and 4p electrons of As, and the 4s and 3d electrons of Fe). In
particular, the Fe 3d orbitals of xz, yz and xy symmetry form bands that cross the Fermi surface and so
make the largest contribution to the electronic and magnetic properties [19]—[21]. To directly see the
symmetries involved, we switch the discussion to considering the first Brillouin zone of the unit cells.
Theory and experiment agree that these bands form sets of hole-like and electron-like Fermi surfaces
shaped as warped cylinders along the z-axis and which are open at the top and bottom Brillouin zone
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faces (Fig.2.3) [22]. The circular shape of these pockets means the conduction electrons behave more or
less like they have continuous in-plane rotational symmetry. The presence of multiple electron and hole
surfaces makes BaFe,As, a multiband system[23], which also results in a multiband superconducting
order, discussed below [24]. BaFe,As, is a compensated metal, meaning it has an equal number of
electron and hole carriers. This should give rise to a nominal zero value of the normal Hall resistivity, but
as the effective masses and the scattering rates are different between the electron band and hole band
carriers, there is a substantial nonzero Hall resistivity [25]. In the metallic phase, BaFe,As, has features
of a “bad metal” such as incoherent hole carriers with a mean-free path length smaller than the lattice
spacing [26]. However it still has classic features of a Fermi liquid, such as a resistivity with at T2
temperature dependence and a high-temperature saturating resistivity[23]. With Co doping the system
in one way becomes a better metal as it has increased electron carriers as seen from a larger Hall
coefficient [27], but near the optimal doping the resistivity becomes almost perfectly linear to
temperature, making it a non-Fermi liquid. For detailed discussions of the band structure and Fermi
surface, see refs.[21], [22], [28], [29].

In Figure 2.2b we show a qualitative representation of the k, = 0 slice of the first Brillouin zone.
Starting with the 1-Fe unit cell (orange), we find that the bands crossing the Fermi surface create 2 hole
pockets at the I' point and 2 electron pockets at the X and Y points. We note that strictly speaking the X
and Y points are equivalent points in the tetragonal phase but become inequivalent below the nematic
transition or in the presence of a rotational symmetry-breaking field such as a strain field. Interestingly,
there are different symmetries at each point in the Brillouin zone corresponding to the symmetries of
different points within the structural unit cell. For instance, the I" point has a D, symmetry like the
body-centered Ba atom site, while at other points there is lower symmetry (these different symmetries
become important to consider in a discussion of topological features of a material). The 2-Fe unit cell is
twice as large as the 1-Fe unit cell in real space, and so correspondingly is half as large in reciprocal
space. Further, the 45 degree rotation places the electron pockets at the 2-Fe M point. The 4-Fe unit cell
is four times larger in real space compared to the 1-Fe and likewise is four times smaller in reciprocal
space, such that the electron pockets are outside the first Brillouin zone and are actually at the edge of
second Brillouin zone, which we now show has important consequences for the creation of magnetic
order.

The I" point hole pockets and X/Y point electron pockets have a similar size and shape, which
gives rise to an electronic phenomena called Fermi surface nesting [29], [30] in which a single g-vector
of fixed length and direction can connect many electron states from one Fermi surface to hole states of
degenerate energy on another Fermi surface. The collective interaction of these many particles can
create large anisotropic fluctuations that drive the system towards a Fermi surface-reconstructing phase

. . " 2 .
transition. In this case, a g-vector of length |g| = a—n along the k, ; ¢, axis connects the surfaces of the
or

X-electron and I'-hole pockets, with a matching rotated g-vector connecting the Y-electron and I'-hole
pockets. The length of this vector represents the momentum transfer of the interaction and is very
important to the physics of this system, as it is actually just the size of the 1-Fe Brillouin zone (kg 1 =

a—n) and so in real space this corresponds to a density wave along k, ;. with periodicity a,,.. This
or

implies that the Fermi surface nesting will result in the formation of a commensurate spin density wave
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that flips its sign between each Fe atom along the Fe-Fe bonding direction. Even above the magnetic
ordering temperature, the effect of this nesting is to create a strong antiferromagnetic interaction
between spins along the 1-Fe X and ¥ directions. This creates strong spin fluctuations along these two
directions and thus is a leading candidate for the source of the in-plane rotational anisotropy that
ultimately impact other electronic and structural quantities.

Figure 2.3 DFT calculation of the Fermi surfaces of nonmagnetic overdoped Ba(Fe 9Co 1(),As, in the 2-
Fe first Brillouin zone. Two electron-like surfaces (red, yellow) and three hole-like surfaces (purple, blue,
green) extend as warped cylinders along the k, direction. Adapted with permission from [28] Copyright
2009.

2.4 The nematic and spin density wave transitions

We can now discuss two phases central to this thesis work, the electronic nematic phase and
the spin density wave phase. This introduction focuses on the phenomenology and symmetry of the
phases because the exact microscopic mechanism of both is still under debate[31], [32]. While a Fermi
surface instability towards an itinerant spin density wave phase describes many features of the magnetic
order[28], [33], the multiband nature of the Fe 3d orbitals appears to give some local moment character
to the magnetism[34], leading to models that use anisotropic nearest-neighbor interactions [35] and/or
non-Heisenberg biquadratic interactions [36] between local moments to describe features of the
magnetism. Therefore, the Fe moments are not considered to be well described as purely itinerant or
localized. However, there is overwhelming evidence that the anisotropy of spin fluctuations plays a
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major role if not the central role in understanding nematicity in the 122 iron pnictide materials [37], and
so it is necessary to treat the two phases together.

The nematic transition was first understood as a tetragonal-to-orthorhombic structural
transition in which the Fe atoms distort from a square lattice to a rectangular lattice (Fig.2.4a). For this
brief introduction we can consider a single domain state in which the orthorhombicity is aligned along
the X axis, with the X aligned lattice constant becoming larger than the ¥ aligned lattice constant, apy, >

or

. . -b . .
by, with an orthorhombicity value of € = for—Por, Later, it was shown that the nematic phase

aortbor

transport anisotropy was much larger than the lattice orthorhombicity, leading to an understanding of
nematicity as an electronically-driven phase in which the structural transition is a mere byproduct of
strong electronic interactions [38], [39]. From this, we can define a phenomenological nematic order
parameter Y, where ¥ > 0 indicates nematic order with a director along the X axis (Fig.2.4a) and Y <
0 indicates nematic order with a director along the ¥ axis. At the time of writing, the exact microscopic
definition of the nematic order parameter in this system is not yet determined, but there is substantial
evidence that it is related to strongly anisotropic spin fluctuations that arise in the orthorhombically-
distorted unit cell[40], [41], leading to the spin nematic model[3] discussed next. From a material-
independent symmetry perspective, a nematic transition can be described as a transition that breaks
rotational symmetry but not translational symmetry[42]. In our crystal, this results in the nematic phase
being represented by the 2-Fe unit cell with a diagonal distortion (Fig. 2.4a, black). Somewhat
confusingly, in the literature the nematic phase structure is often represented with a 4-Fe conventional
unit cell to emphasize the square-to-rectangular distortion of the iron atoms; however, a doubling of the
real space unit cell would require a translational symmetry breaking that does not occur at the nematic
transition. Still, it is convenient to use the 4-Fe cell and this will often be the choice in figures in this
thesis, while keeping in mind this nuance.

In this phase, the four-fold (C4) rotational symmetry is lowered to two-fold (C,) rotational
symmetry and the Fe-As mirror plane reflection symmetry is broken, while the horizontal mirror plane
reflection and inversion symmetries are preserved. This gives the nematic phase a total symmetry of
D5y, and when using the 4-Fe unit cell it belongs to the space group Fmmm (where the F indicates a
face-centered unit cell which occurs from the choice of having Ba atoms occupy all corners of the 4-Fe
unit cell)[43]. Within the nematic phase, there is no long range static magnetic order and so time
reversal and 0(3) spin-rotational symmetries are still present [31], [44]. However, spin fluctuations are
found to be strongly enhanced along the nematic axis and suppressed transverse to it [40], which breaks
the Z, spin symmetry (see ref.[44]). Considering the electronic structure upon entering the nematic
phase, the hole pocket at the I" point is deformed from a circular shape to an elliptical shape along
either X or Y, and the 1% Brillouin zone 4-fold rotational symmetry is lowered to a 2-fold rotational
symmetry. This electronic structure anisotropy effectively results in a transport anisotropy, but is not
necessarily the main source of transport anisotropy, as anisotropic elastic and inelastic scattering (from
spin fluctuations or disorder scattering etc.) can also contribute. However, as the size of the unit cell
doesn’t actually change (no translational symmetry breaking) the Fermi surfaces are deformed (change
of shape) but not reconstructed (change of topology, i.e. change in number of electron and hole
pockets, and/or change in the size of the first Brillouin zone).
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In contrast, the spin density wave (SDW) transition does reconstruct the Fermi surface, resulting
in a halved size of the first Brillouin zone and a doubling of the real space unit cell. Within the nematic-
phase orthorhombic structural domain, spin fluctuations become much stronger along the long lattice
constant axis compared to the in-plane transverse direction, and further increasing the orthorhombicity
(via cooling or applied strain) further enhances both the magnitude and the anisotropy of fluctuations.
Therefore, the orthorhombic lattice distortion plays a role in stabilizing the SDW transition. The SDW
transition can happen within 1K below the nematic transition in the parent BaFe,As, and can be as
much as 10K lower at certain Co doping values [45], while in a narrow doping range near optimal doping
a nematic transition occurs but no SDW occurs. In this SDW phase, Fe magnetic moments align
antiferromagnetically along d,,- and ¢ and ferromagnetically along BOr. This arrangement of spins is
often referred to as a stripe-type antiferromagnet or a C-type antiferromagnet [32] (Fig.2.4b). As
mentioned in the introduction of this section, the magnetism in this system has both local and itinerant
features and so defies a simple description as a nesting-driven SDW transition. Nonetheless, the SDW
transition results in a nesting of the hole and electron pockets, and the 2-Fe first Brillouin zone rotates
by 45 degrees and shrinks by half so that the X; electron pockets coincides with the new 4-Fe T point.
Structurally, diagonal-adjacent Fe atoms which had been equivalent in the tetragonal and nematic
phases become inequivalent by having opposite spin alignment. This results in a doubling of the unit cell
(i.e. a translational symmetry breaking), such that the 4-Fe unit cell is the smallest with all correct
symmetries. The formation of the SDW order reconstructs the Fermi surface such that the Fermi surface
sheets become mostly (but not fully) gapped. This partial gapping results in the SDW state still being
metallic while also being magnetic. As this transition does create long range spin order, it breaks time
reversal symmetry and the 0(3) spin-rotational symmetry [46]. Spins are pseudovectors and are even
under inversion, and so this antiferromagnetic alignment actually does still preserve the inversion
symmetry as well. The orthorhombic 4-Fe unit cell belongs to the space group Fmmm, but the magnetic
order takes the system into the Cymca magnetic space group [47].
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Figure 2.4 (a) Nematic phase and (b) spin density wave phase of BaFe,As,. (a) the nematic crystal
structure for the orthorhombic domain aligned to the [1 0 0], direction (X), with a representation of
the nematic order parameter 1 and its X-aligned director in magenta. The 2-Fe unit cell (black) is still the
correct nematic unit cell, but the 4-Fe is often used for convenience. (b) Spin density wave phase has
same orthorhombic structure as the nematic phase and also features a stripe type antiferromagnetic
order of Fe spins, with easy axis aligned to the orthorhombic longer lattice constant. To have correct
translational symmetry the 4-Fe unit cell must be used.

2.5 Symmetry-breaking order parameters and their fluctuations

We now can define the order parameters of the nematic and spin density wave phases, working
in the 4-Fe unit cell coordinate basis. The spin density wave order parameter P = dDOe‘ﬁ'Feie has a
magnitude @ (which gives the size of the itinerant Fe moment and is proportional to the energy gap
Aspyw opened by the SDW order), a wavevector ¢ (which gives the direction and wavelength of the
ordering) and a discrete phase 8 = nm (which picks between two antiphase domains, discussed next).
Considering the in-plane component, the g-vector can have two directions, either g; = (;Tn, 0)org, =

r

2 . . . . . . o a
(O,a—n) which orient the antiferromagnetic easy axis along the 4-Fe unit cell X or y direction,
or

respectively. The SDW order is always aligned with the longer lattice constant of the orthorhombic
structural domain, which along with other evidence led to the development of the spin nematic model
of iron pnictide nematicity [3], [37], [48], [49] in which the anisotropy of spin fluctuations themselves
defines the nematic order parameter .
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We sketch out here a basic version of the spin nematic model (see ref.[37] and the supplement
of [40] for a more detailed description). We can define Ay as a spin density wave order parameter with
reciprocal-space propagation vector (1, 0), which in real space corresponds to the magnetic moment on
each Fe atom aligned along the X axis and flipping sign at alternating Fe sites (see Fig.2.4b). Similarly,
we can define Ay as the SDW order parameter with reciprocal-space propagation vector (0,7), and real
space moment alignment along the J direction. Above or within the nematic phase, there is no long
range magnetic order and the expectation value of each is zero, (Ay) = (Ay) = 0. However, when
considering the instability of the Fermi surface towards the SDW order, there are strong spin
fluctuations along the £ and y directions even in the absence of long range magnetic order, which
implies (A)Z() >0, (A%) > 0. Therefore, we can simply define the nematic order parameter as the
difference in these expectation values, ¥ o (A%) — (AZ), with (A%) = (AZ) and ¥ = 0 above the
nematic transition, (A%) > (A%)and ¥ > 0 below the nematic transition in an £ oriented orthorhombic
domain, and (A%) < (A%) and i < 0 below the nematic transition in a 9 oriented orthorhombic domain.
These definitions give the nematic order parameter the correct C, rotational symmetry observed in the
nematic phase. In this mean-field definition, the value of (Af() - (A%) is taken to be identical at every Fe
atom, and so the nematic ordering wavevector is zero, ¢ = 0. Finally, as ¥ can take one of two discrete
values, this makes Y an Ising nematic order parameter (a system in which the nematic order parameter
that can have an arbitrary direction in the xy plane is referred to as an XY nematic).

An important subtlety of the nematicity is that the order parameter v is defined not as a vector,
but as a second rank tensor, and its spatial representation is a director which can be drawn as a double-
headed arrow with no tail (Fig.2.4a, magenta). This implies that the nematicity generates an anisotropy
between the X and ¥ directions but makes no distinction between +x and —X. Therefore, a vector field
(i.e. a first rank tensor field) cannot couple linearly to the nematic order parameter but instead can only
couple quadratically or in higher even powers of the vector field. A second rank tensor field such as a
strain field can couple to the nematic order linearly, but only if it also has the same symmetry as the
nematic order; otherwise again it must couple with higher powers. This is discussed in detail in Chapter
5, as the different ways that strains of different symmetry can couple to nematic order is important for
understanding how to tune the nematicity. In contrast, an individual spin is a pseudovector that can
couple to a (pseudo)vector field, namely an applied magnetic field. The spin density wave order
parameter is also a pseudovector, but due to the antiferromagnetic alignment of spins, the coupling to
an applied field along the ordering direction is zero, and so an applied magnetic field tends to suppress
the spin density wave order by reorienting magnetic moments via canting. As a pseudovector order
parameter, the SDW also does distinguish between +X and —X as well as between X and y. Within a
single X-aligned structural domain, a given stripe can have a spin direction along either +X or —X, and
so either of two antiphase domains can spontaneously form in the structural domain [50]. To visualize
this, consider the SDW-ordered orthorhombic unit cell of Fig.2.4b and flip the head and tail of every spin
to create the other antiphase domain. These domains are not often discussed due to their relative
inaccessibility, but recent advancement in x-ray resonant magnetic scattering (XRMS) techniques have
enabled the direct imaging of antiphase domain boundaries [51]. Finally, the SDW order parameter has
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a nonzero ordering wavevector (q > 0) while the nematic order parameter (and its associated
fluctuations) have a zero ordering wavevector (g = 0). This allows nematic fluctuations to couple to
superconducting orders of different symmetries and is an important detail in theories of nematic
quantum critical enhancement of superconductivity [4].

We can now discuss nematic fluctuations above the nematic transition. Considering again the
high-temperature nematically-disordered tetragonal phase, the d,, and d,,, -origin bands are equally
occupied and the hole pockets at the I' point have a C, symmetry. The lattice constants of the 4-Fe unit
cell likewise have an equal length, a,, = b,,.. However, anisotropic spin fluctuations aligned to the 4-Fe
X and ¥ directions locally break the C, symmetry down to C, symmetry in small volumes and for short
times before dissociating[52]. As the temperature is lowered towards the nematic transition
temperature, these fluctuations grow in strength with a Curie-Weiss (mean-field) temperature
dependence, which results in a divergence of numerous measurable quantities such as the shear
modulus[43], [46], [53], [54], the elastoresistivity [6], [55], the 7>As NMR electric field gradient [52], and
the elastocaloric effect [56]. Below the nematic transition, the C, symmetry is spontaneously broken to
a C, symmetry, and all 4-Fe X and ¥ aligned quantities spontaneously become anisotropic, including in-
plane lattice constants[45], the magnetic susceptibility [38], the optical reflectivity (birefringence)[39],
[57] and the resistivity [38], [39].

The lowering of the rotational symmetry results in a choice for the nematicity to align along
either the X or ¥ directions. This results in the formation of twin domains, where different volumes of a
macroscopic crystal become nematically ordered along the two directions[57]. These domains are in
every way identical and only differ by a 90 degree rotation. Considering first a domain with nematic
order aligned to the £ axis of the 4-Fe unit cell (i.e. along [1 0 0], = [1 1 0]7), the d,,,-origin band is
slightly lowered in energy and correspondingly more occupied than the d,.,-origin band, the electron
and hole pockets become elliptical with the long edge along k,, and the X aligned lattice constant
becomes larger than the 7y aligned lattice constant, ay, > bg,. Now, spin fluctuations become strongly
aligned with the x-axis and increase in magnitude strongly with decreasing temperature and the
accompanying increasing orthorhombicity. At the SDW transition, these spin fluctuations freeze into
long range static magnetic order, and two antiphase domains occur in each of the two structural
domains (i.e. 4 total SDW domains across 2 structural domains). With further cooling, the nematic and
spin fluctuations actually decrease in magnitude as the static order parameters enhance, until at base
temperature both the nematic and SDW order parameters achieve their maximum saturated value.
With this overview of the electronic nematic and spin density wave orders complete, we finish out this
introduction with a discussion of the superconducting transition.

2.6 Unconventional Superconductivity

Essentially, a superconductor can be thought of as a charged superfluid which results from the
formation of an electron condensate made from the bound states of pairs of electrons called Cooper
pairs. The symmetry of this pairing process determines the symmetry of the superconductor, which is
the main focus of this section. Before discussing the details of this pairing symmetry, | will make a quick
digression into the classification of superconductivity as a phase transition following refs. [58], [59].
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It is commonly said that a superconductor breaks gauge symmetry. The root of this concept is
due to the form of the complex BCS superconducting order parameter A, = |Ay|e~?, which has a
magnitude |A,| representing the (real) energy gap (i.e. the energy reduction from forming the
condensate) and a phase ¢(7') which is spontaneously chosen upon entering the superconducting state.
In BCS theory, this phase has a specific coupling to the electromagnetic field such that when the
electromagnetic vector potential undergoes a gauge transformation as A, - A4, + d,a the phase
transforms as ¢ = ¢ + 2ea. Two concepts now appear to be in conflict. First, according to Maxwell
electromagnetism, any choice of gauge refers to the same physical system, i.e. there is gauge invariance.
Second, an order parameter must refer to a specific spontaneously-broken symmetry state such that a
specific value of ¢ defines a specific value of Ay and describes a single physical state. Therefore, it would
seem that making an arbitrary change of gauge would change the order parameter and thus the physical
state of the system. To reconcile these two concepts, one could posit that upon entering the
superconducting state a specific value of ¢ is attained and gauge invariance is “broken”, such that you
can no longer make an arbitrary gauge change. However, this discussion has left out the influence of the
electromagnetic field, which has a specific form of coupling to ¢. When taking this coupling into
account, a gauge transformation actually does not result in a change to any physical observables, and so
effectively any choice of gauge results in the same quantum state. To be clear, ¢ is useful for describing
the behavior of the system; for instance, a supercurrent can be represented by a gradient of ¢ induced
by an electromagnetic field. The better interpretation of ¢ is just that every possible gauge-transformed
value of ¢ is an equivalent description of the same quantum state as long as the electromagnetic field is
also transformed equivalently. For this reason, “gauge symmetry breaking” is something of a misnomer
[58]. What’s more, as the BCS order parameter is complex it doesn’t actually represent a real physical
observable, and only the magnitude can actually be measured. A more modern treatment of
superconductivity identifies superconductivity as a topological phase and not a symmetry-breaking
phase [59]. One way to understand this is that all spontaneous symmetry breaking transitions result in a
local order parameter, which means that in a macroscopic sample, different local volumes will choose to
break the symmetry in different ways resulting in the formation of domains, such as the nematic
structural domains or the SDW antiphase domains. In contrast, the above-defined BCS order parameter
results from an all-space integral and so is actually a globally-defined order parameter, i.e. it requires
knowledge of both the bulk and the edges of the system as all topological phases do. Thus, in a
macroscopic superconducting state and in the absence of any applied electromagnetic fields there is a
single uniform superconducting order.

Now we return to the iron pnictides and the symmetry of the pairing mechanism that leads to
the superconductivity. As the superconducting order parameter varies in phase through real space, it
also varies across the 1t Brillouin zone and can take specific values at the different Fermi sheets. In
classical s-wave superconductors (Fig 2.5a), the electron-phonon interaction causes an effective
attraction between electrons, resulting in a superconducting energy gap A, with the same sign
everywhere in reciprocal space. In contrast, superconductivity in the iron-based materials is widely
thought to result from a repulsive interaction between electrons at the Fermi surface. The trick here is
that if the sign of the superconducting order parameter flips between the hole and electron Fermi
surface sheets, then the repulsive interaction also gets a sign flip, and a net attractive interaction results.
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This is referred to as an s*~ pairing symmetry. Early investigations of the band structure of doped

BaFe, As, indicate that exactly this kind of sign flipping is possible, with positive A, at the I' point hole
pockets and negative A, at the X/Y pockets (Fig. 2.5d) [28]. This multiband anisotropic pairing
mechanism has similar features to the other classes of high-temperature superconductors, such as the
cuprates with a single-band d-wave symmetry (a sign change across a single Fermi sheet) and MgB, with
two-band s-wave symmetry (two Fermi sheets with the same sign of A,) [60] (Fig. 2.5b,c).

& &
A &R

Figure 2.5 Four symmetries of superconducting energy gaps, represented in reciprocal space. (a) single

band s-wave symmetry as found in many classical superconductors such as aluminum. (b) single band d-
wave symmetry as found in cuprate superconductors. (c) two band s-wave symmetry as found in MgB2.
(d) two band s symmetry as expected for iron-based superconductors. In all cases, the height of the
‘rubber sheet’ is proportional to the magnitude of the order parameter (including its sign). Adapted
with permission from [60] Copyright 2010.

For our BaFe,As, crystal, the wavevector connecting the I and X/Y pockets for superconducting
pairing is exactly the same as the Fermi nesting vector that plays a role in forming the spin density wave.
Thus, electrons at the Fermi level need to make a choice between whether to order magnetically or
superconductively. This competition can be seen from the evolution of the transition temperatures (Ty
and T,) for the two phases. For the parent compound BaFe,As,, electrons develop a SDW order with a
large Fe magnetic moment of about 0.9u [32]and shows no indication of superconductivity down to 2K.
This implies that the SDW order decreases the system energy more than the SC phase. However, it has
been shown through very many doping series that this relative difference in ordering energies can be
tuned by chemical doping [20]. We here consider the Co-doping series (Ba(Fe;_4Coy),As,), where we
can consider replacing some percent of Fe atoms with Co (see Fig.1.2). With increasing Co-doping, the
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SDW transition temperature Ty gradually decreases, and between 3% and 5.5% Co-doping
superconductivity appears at low temperature below the SDW transition[27]. In the range 5.5%-6.8%
Co-doping, the SDW phase disappears completely, and superconductivity appears below the nematic
transition temperature. The superconducting transition temperature monotonically increases up to
about 6.8% Co-doping (the “optimal doping”). Beyond the optimal doping, the nematic phase disappears
and T, decreases, and eventually superconductivity also disappears near 12% Co-doping. Besides the
comparison of transition temperatures, the competition between the phases can be seen directly in that
the onset of superconductivity actually reduces the magnetic moment size of the SDW order [61]. This is
somewhat unexpected as antiferromagnetic order generally persists in a classical superconductor [62].
Even more surprising, for dopings with only a nematic phase and no spin density wave order, the onset
of superconductivity also reduces the orthorhombicity and so effectively suppresses the nematic order
as well [63]. Finally, the use of both tensile and compressive applied stress has been shown to enhance
the orthorhombicity (and thus the nematicity) while suppressing the superconductivity in underdoped
Co-doped samples [8].

From these observations it is clear that superconductivity competes for the same electrons that
create the nematic and spin density wave phases. For this exact reason, it becomes very important to
understand this nematic phase and its associated nematic fluctuations in the high temperature phase in
order to gain more insight into the unconventional superconductivity of iron-based high-temperature
superconductors.
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Chapter 3:
Thermodynamic Nematicity and the Landau Free Energy

This chapter introduces the formalism of Landau continuous phase transitions and how it has
been applied to the iron pnictides to make predictions about the magnitude and/or temperature
dependence of quantities like the heat capacity, shear modulus, structural orthorhombicity, and
enhanced nematic transition temperature. | have a paper in preparation for publication which develops
a new relation between the above 4 quantities using this formalism, and the second half of this chapter
describes combining published data from several papers confirming the numerical accuracy of this new
relation. Beyond this new paper, the results of this section lay an essential foundation for understanding
the results of the following chapters as it describes the phenomenological nematic-elastic coupling.

3.1 Introduction

In 1937, Lev Landau published a paper titled “On the theory of phase transitions”[64], which
approached the problem of continuous thermodynamic phase transitions by considering the formation
of a symmetry-breaking order parameter. In this theoretical framework, we define a phenomenological
order parameter which is zero above the transition and becomes nonzero below the transition. This
order parameter need not have an exact microscopic description; instead, all it needs is to have the
same symmetry properties as the ordered state. This allows for a symmetry-focused thermodynamic
description of phase transitions which can be used to make specific predictions about such quantities as
the temperature dependence of both the order parameter fluctuations above the transition and the
onset of order below the transition, as well as the shape of the heat capacity through the phase
transition. It also allows for other quantities of the same or different symmetry to couple to the order
parameter and induce other changes to the system; one such quantity is the conjugate field which
couples linearly (at lowest order) to the order parameter and can enhance or suppress it.

A familiar example of an order parameter is the net magnetic moment in a ferromagnet, which
is zero in the high-temperature disordered phase and becomes nonzero below the ferromagnetic
transition temperature. In addition to breaking time reversal symmetry, the continuous spin rotation
symmetry present in the disordered phase is also broken, as a single direction is spontaneously chosen
for the net magnetic moment to point in. In an isotropic Heisenberg spin Hamiltonian, any given
direction would have been equally energetically favorable for the moments to align along, and so the
ordered phase exhibits lower symmetry than the underlying Hamiltonian. This is an example of a
continuous to discrete transition, and so it results in a zero-energy (long-wavelength) Goldstone boson,
which for this case is a spin rotation operation. A rotation of all spins by the same angle costs zero
energy, which is a major reason why a uniform applied magnetic field can easily reorient a
ferromagnetic moment in materials without significant symmetry-breaking magnetocrystalline
anisotropy.
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Another class of order parameters result from a transition from a higher to lower discrete
symmetry state. One example is a tetragonal to orthorhombic structural transition. For a high-
temperature tetragonal unit cell with in-plane lattice constants a, and a,, and out of plane lattice
constant ¢, and assuming a,, = a,, < ¢,, the structural transition results in a relative change of a, and
a,, such that the orthorhombic unit cell has either a, < a, < c, ora, < a, < c, (in this section we
will refer to these two cases as the A domain and the B domain, respectively, see Fig.3.1). For this

structural transition, the order parameter is the orthorhombicity, € = % A key point to emphasize is
xRy

that from the form of ¢ it is clear that the order parameter is sensitive to the X and J directions but not
to the Z direction. More technically, it is defined to be within the same symmetry channel as the
rotational symmetry which is broken by the structural transition. Within the tetragonal phase, the in-
plane rotational symmetry is conserved and so € = 0. Below the rotational symmetry-breaking
structural transition, € spontaneously becomes nonzero and the system chooses between either € >

0 and € < 0. Indeed, for a macroscopic sample, different choices will be made in different local volumes
of the sample such that both the A and B domain form with equal probability. This results in the
phenomena of “twinning”, where a sample cooled below a structural transition forms structural
domains. As a note, since this is not a continuous to discrete transition, it does not exhibit a Goldstone
boson, which means that it does cost energy to change the A domain to the B domain and vice versa.
This domain swapping is accomplished for instance by applying a stress h along the X or ¥ axis to directly
change the values of the lattice constants. This should not be confused with the concept of a
“continuous phase transition”, which simply means that € changes from zero to nonzero continuously at
the transition temperature.

|
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Figure 3.1 The square lattice above the structural transition and the two orthorhombic domains below
the transition.

To describe the continuous formation of a nonzero order parameter, Landau developed a theory
which defined a free energy density (now named the Landau free energy) in a power expansion of the
order parameter. He reasoned that for temperatures very close to the transition, the order parameter
will be zero or arbitrarily small, and the key details of the behavior of the system can be understood
from just the lowest order terms of the order parameter. From symmetry and stability arguments, he
could also remove certain terms and define the sign and temperature dependence of the relevant
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coefficients. For our purposes here, we use the most straightforward form of the Landau free energy,
which only includes the quadratic and quartic powers of the order parameter. Again, this is not to say
that the underlying Hamiltonian includes terms that are quadratic and/or quartic in any quantity, but
only that thermodynamically the order parameter can be expressed effectively in this way near the
transition. Importantly, the defined quantity is really a free energy density (i.e. units of energy per
volume) and it is assumed that this free energy density is the same in every unit cell of the crystal.
Further, it is assumed that the experienced local fields are identical for every unit cell, so that each unit
cell can be considered to have the same value of order parameter everywhere in space. This makes the
Landau free energy (density) a mean-field theory.

3.2 The nematic free energy

We now discuss the nematic free energy which as defined below is appropriate for discussing a
second-order continuous nematically-disordered to nematically-ordered phase transition. We could also
explicitly include terms to capture the physics of the spin-density wave transition and/or the possibility
of a first-order nematic transition all in one model (see e.g. [65] and the supplement of [66]), but this is
unnecessary for the work in this thesis. Here, the thermodynamic nematic order parameter v is treated
as a phenomenological quantity with no direct connection to the microscopic interactions that create it.
We continue to discuss the nematic transition as a tetragonal to orthorhombic structural transition as
above and keep the same definition of the structural order parameter &, with the main difference being
that the nematicity drives the transition and the nematic-elastic coupling then causes the structural
transition; this is referred to as a pseudo-proper ferroelastic transition [43], [67]. Hence, 1 is considered
to be the primary order parameter, and ¢ is the secondary order parameter. In this case, Y an “Ising
nematic” order parameter as it has 2 possible values, ¥ > 0 and i < 0, just like for €. Both order
parameters belong to the same symmetry channel which allows them to be linearly coupled, and we
define A as the linear coupling energy density between the two order parameters (See Chapter 5 for a
discussion of nematic coupling to strains of different symmetries). Just as for Y we do not make a
microscopic description of A, though different microscopic models can be used to describe how nematic
fluctuations couple to the lattice (e.g. [53]). Experimentally, we do not have access to the true
thermodynamic conjugate field to the nematic order parameter as we cannot even definite it without
defining Y microscopically. Therefore, we can treat € as an effective conjugate field to ¥ through the
linear coupling term Aye. This high-utility term will be used both to determine nematic-driven changes
to structural quantities and strain-induced changes to the nematicity. We also include the applied stress
h as the conjugate field for € and note that it can only interact with ¥ indirectly through its coupling to
€. Finally, we can write down the free energy as

x
F =wlp2 +21/J4+@€2 — Ay — he.
2 4 2
Here, T* is the “bare” nematic transition temperature, meaning the temperature at which the nematic
transition would attain with zero nematic-elastic coupling, while a, and b are phenomenological free
energy parameters associated with nematicity; again, a, and b are not assigned a microscopic
description. The only purely-structural energy density term is the “bare” shear modulus Ceg o, which is
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the material-dependent value of the shear modulus in the absence of nematic coupling. For very
overdoped Ba(Fe;_4Coy),As, samples with very weak nematic fluctuations, Cgg o is roughly
temperature independent, implying that this crystal structure does not have a significant phonon-driven
softening in this channel [68].

We can solve this equation to extract the temperature-dependent behavior of several
guantities, including the ordered-phase nematic and structural order parameters and the disordered-
phase shear modulus. We can also get information about nematic fluctuations by deriving the nematic
susceptibility, discussed in detail below. The linear nematic-elastic coupling causes an enhancement of
the nematic-structural transition temperature (from T* to Tg), and at the transition itself there is a jump
in the heat capacity which can be expressed in terms of other free energy parameters as well. We will
work through the derivation of all of these quantities in the next section. In the following section, we
will do a comparison between experiment and theory and show that measured data of all of the above-
named quantities agree with each other surprisingly well within this framework for underdoped
Ba(Fe;_4Coy),As, samples.

3.3 The nematic order parameter and nematic fluctuations

We begin by considering the effects of nematic fluctuations in the high-temperature disordered
phase. In this phase, there is no static nematic order ((¢)) = 0), but the nematic order parameter can
spontaneously become nonzero for short periods of time such that ()?) > 0; this is a nematic
fluctuation. In the thermodynamic description, it is common to take advantage of the fluctuation
dissipation theorem in order to discuss the magnitude of spontaneous fluctuations of an order
parameter in terms of the susceptibility of that order parameter to an applied field. We first define the

“bare” nematic susceptibility, y = . This quantity describes how strongly the nematicity would

_r
ao(T-T%)
respond to an applied “true” nematic conjugate field, which we lack access to. However, due to the
linear nematic-elastic coupling this susceptibility becomes coupled to the lattice, resulting in the “strain”
Do d . . . ay . . o .
susceptibility d—f. In this thesis we will refer to d—f simply as the nematic susceptibility, because in

. . d d
practice we always use applied stress to probe d—f and do not have access to y. We can solve for d—f by
minimizing the free energy first with respect to 1 and then to ¢ and taking the ) = 0 limit:

ay A

— =y =—.
From this result we see that the nematic susceptibility has a Curie-Weiss temperature dependence and
diverges towards the “bare” nematic transition temperature T* and not to the actual structural
transition temperature T (derived below). This is an important point because a measurement of the
susceptibility using a methodology that controls the strain directly (e.g. the modified Montgomery
method and applied biaxial strain, as commonly used in elastoresistivity measurements [55]) probes the
dynamics of nematicity and not the lattice-coupled dynamics. To make this point clearer, we could

. - Do d S ) .
consider determining the “stress” susceptibility d—f by minimizing the free energy first with respect to

and then to h and taking the i = 0 limit:
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dy _ A
dh a0Ce6,0 (T —Ts) -

The presence of the shear modulus as well as the (nematic-elastic coupling enhanced) structural
transition temperature T indicates that a stress-tuning methodology probes the nematic-elastic
coupled dynamics and not the purely nematic dynamics.

A further consequence of the nematic-elastic coupling is the divergence of the renormalized

shear modulus Cgg, Which we obtain by minimizing the free energy with respect to € and then to ¥ and
an _ dedn _ Coo
dy ~ dpde (%)’

dh _ Coe = C Adlp =C 1 AZ
dS T 766 ™ 660 dS — 660 a0C66’0 (T - T*)

using resulting in

Essentially, the nematic fluctuations soften the lattice such that a small applied stress yields an
increasingly large lattice distortion on approach to the nematic transition temperature. This process
enables measurement of the temperature dependence of Cgg o to extract 7. The softening of the shear
modulus towards Cgq = 0 enables an infinitesimal stress to induce a stable lattice distortion, resulting in
the onset of the nematically-driven structural phase transition. We see that Cs¢ = 0 when the term in
parentheses equals zero, and this is found to occur not at T* but at an enhanced structural transition
temperature Ts, with the enhancement AT given by:
AZ
AT =Tg—T"'=y=——. (3)
aoCee,0

From this result it is clear that the lattice acts as a polarizable medium for the nematic fluctuations, not
dissimilar to how a paramagnetic medium can be polarized by an embedded magnetic moment. By
comparing the divergence temperature T* and the actual attained structural transition temperature Ty,
and with knowledge of the high-temperature value of the shear modulus C¢¢ o, One can ascertain the

. 22 . . . . .
value of the ratio - which will be used in the next section. We note that for Ba(Fe;_,Coy),As,, AT is
0

often found in the range 20K-50K depending on the experimental probe used, but in other materials
described by this pseudo-proper ferroelastic formalism it can be significantly larger, for instance up to
230K in BiVO, [69].

Having defined the nematic-structural transition temperature, we now derive the temperature-
dependent values of the order parameters in the ordered phase. As these order parameters become

oa.n
S

spontaneously nonzero, we use an subscript to denote their zero-stress value, taking h = 0 for the

rest of this section. We start by considering some temperature within the nematic phase where the
nematic order parameter s and the (spontaneous) orthorhombicity & are already nonzero.

Minimizing the free energy with respect to ¢ yields the magnitude of the orthorhombicity, &5 = ﬁl[)s.

In words, this equation shows that the size of the structural order parameter driven by the nematic
order parameter depends on the balance between the nematic coupling to the lattice and the stiffness
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of the lattice, an idea we will return to shortly. Subbing € = C—l/) into the free energy and minimizing
66,0

with respect to Y, we obtain

AZ
l/)[a0<T—T*——>+bl/)2] =0
a9 Ce6,0
As the second term in the brackets is always positive (since b > 0 is required for stability), we find i
AZ
QAole6,0
value of the structural transition temperature. After solving the bracketed equation in terms of i, we

may only have a nonzero value for T < T* + = Ts, which is an alternative route to identify the

find that the zero-stress spontaneous nematic and structural order parameters grow with a mean-field

Ys = \/%(Ts - T)%
A

temperature dependence as

1
&= ¢ Ys =& (Ts — T)2
66,0
o A Ao
§= —.
Coso\N b

Here we choose to define the magnitude of the orthorhombicity & explicitly because a measurement of
€ using x-ray or neutron diffraction can only yield its magnitude and the temperature dependence,

1
which alone cannot separate out the magnitude of the nematic order parameter (y = /% (T — T)2)

from its proportionality to orthorhombicity (c_)’ nor can it assess the enhancement of the transition
66,0

temperature AT. However, £ is a second measurable quantity which depends precisely on ay, b, and 4,
which we can combine with AT as discussed next. Importantly, a precise measurement of the
temperature dependence of the orthorhombicity just below the nematic transition can be used to

determine the critical exponent of the transition, which in a mean-field treatment must be > As we will

show, the critical exponent is indeed very close to 5 within experimental uncertainty for a range of Co-

doping values of underdoped Ba(Fe;_4Coy),As,, further validating this mean-field thermodynamic
description of the phase transition.

With the thermodynamic order parameters and susceptibilities determined, we can briefly

introduce the (non-thermodynamic) transport coefficient of the same symmetry channel, the resistivity

Pxx—Pyy

anisotropy n = , Which is assumed to be linear coupled to the nematic order parameteras n =

PxxtPyy
k. Given this coupling, we can determine analogous transport quantities for the spontaneous nematic

order parameter, here named the spontaneous resistivity anisotropy, ns = ks, and the nematic

Do d d L S . e
susceptibility d—z = kd—f , Which in the zero stress limit is equivalent to the 2mgg elastoresistivity

.. . d
coefficient, i.e. 2mgg = d—z le=o -
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3.4 Thermodynamic equivalence between heat capacity and nematic pressure

We now have the opportunity to reformulate the Landau free energy in terms of purely nematic
or purely structural quantities. This reformulation method and its relation to the heat capacity is an
original idea of mine that is at the heart of one of my currently in-preparation papers. Here is how it
works. Within the nematic phase, we can use the mean-field spontaneous nematic order parameter and

the linear proportionality of nematicity to orthorhombicity (e, = C—ll)s) to rewrite the free energy as
66,0

Ce6,08”
4AT

ag
F(T <Ts) = —E(TS—T)Z == (Ts —T)? .
The magnitude of the first form depends only on the purely nematic parameters of the free energy, a,
and b, which are not directly measurable, while the magnitude of the second form depends on Cgg o, €
and AT which can all be directly measured. Importantly the magnitudes of both forms are unaffected by
coupling to the lattice, as the A term only appears in the enhanced transition temperature and not in the
magnitude.

In a second order phase transition, the entropy S is continuous at Ts but its temperature
R . . . ds . . .
derivative undergoes a discontinuous jump A (E) which can be seen directly from comparing the
Ts

second temperature derivative of the free energy above and below the transition. This is directly
measurable as an equivalent jump in the heat capacity ACy, normalized by Ts, which yields the central

A(dS) _ (d*F d’F\  ACy  Ceepé®  aj
dT/r,  \dT?) . \dT%?) _  Ts ~ 2AT  2b’
Ts Ts

Thus, we demonstrate that in a 2" order phase transition driven by a primary order parameter, the
heat capacity discontinuity can be directly related to thermodynamic quantities derived from the

theoretical result:

secondary order parameter. This result is generally true in any Landau model with bilinear coupled
order parameters but is typically unnecessary to consider in a system in which the primary order
parameter is directly accessible, and so we believe this formulation has not been considered previously.

. AC Co6,08> .
In Figure 3.5b we show a very strong agreement between T—V and % for the underdoped side of the
S

Ba(Fe;_4Coy),As, phase diagram, confirming the validity of this result. We explore the implications of
this result in section 3.6. We first review a broad set of previously reported data to extract precise

values for % , & AT and Cgg o across the underdoped side of the Co-doping phase diagram.
S

3.5 Comparison of experimental data and theoretical prediction

We first discuss evidence of a mean-field orthorhombicity within the nematic phase. Early
characterizations of the structural transition using x-ray diffraction found a continuous onset of
orthorhombicity at T with either a first-order jump in orthorhombicity at Ty for the parent compound
and dopings up to ~2.2% Co, or a continuous orthorhombicity with a change in slope at Ty at higher
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dopings [45], [63]. Typically, the temperature dependence of the orthorhombicity has been considered
over a large temperature range across both the purely nematic phase (Ty < T < Ts) and the
antiferromagnetic phase (T < Ty), with power law fitting used to describe the temperature evolution
[63]. However, the formation of static antiferromagnetic order is expected to contribute additional
effects to the temperature dependence of orthorhombic order, and within the SDW phase the
orthorhombicity should not be interpreted as perfectly linear proportional to the nematicity as it can be
within the paramagnetic nematic phase [65]. Therefore, we extract the mean-field magnitude of the
orthorhombicity by considering only the orthorhombicity within the nematic phase, in a window of ~4K-
10K below the transition.

We reexamine the x-ray diffraction data for Co= 0.018 and 0.047 in reference [45],
supplemented with our own previously unpublished data for Co=0.025 and 0.040 . In Fig.3.2a-b the

1
orthorhombicity within the nematic phase is well fit to (Ts — T)z in agreement with the mean-field
prediction, despite the discontinuous jump at Ty for the Co=1.8% sample and the decreased slope for
the Co=4.7% sample at T);. To more quantitatively assess the critical exponent of the orthorhombicity

I . . Ts—T) .
within the nematic phase, we plot the data on a log-log scale using the reduced temperature ( S‘T ) in
S

Fig.3.2c. We find that for the 4 considered dopings, the nematic phase orthorhombicity can indeed be
well described with a critical exponent of%, with R? > 0.99 for all dopings. This ensures that the

orthorhombicity within the nematic phase is well described by a mean field model. We extract the

1
orthorhombicity amplitude from fitting the data to ¢ = & (Ts — T)z . In Fig.3.5a (red squares) we find
that &€ smoothly decreases as the nematic phase is suppressed with doping.
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Figure 3.2 The orthorhombicity vs temperature for two Co-doped samples as determined from x-ray

1
diffraction. The orthorhombicity is well fit to € = € (Ts — T)z within the purely nematic phase (between
the grey bars). Plotting four samples on a log log scale using the reduced temperature shows the

orthorhombicity is well fit with a critical exponent of%with R? > 0.99. Values of & across the doping

phase diagram presented in Fig.3.5a.

Next, we seek to extract the bare nematic transition temperature T* from measurement of the
diverging nematic susceptibility. The Curie-Weiss temperature dependence of the nematic susceptibility
and the enhanced transition temperature have been widely observed across a diverse set of
measurements, including elastoresistivity [55], [70], electronic Raman scattering[71], [72], and a variety
of shear modulus measurement paradigms [43], [46], [53], [54], [73]. We focus here on elastoresistivity
measurements which directly probe the conduction electrons at the Fermi surface, i.e. the electrons
that form the nematic order. As discussed in Chapter 6, the 2mg elastoresistivity constant is directly
proportional to the nematic susceptibility as

dy _

2m66 - 2m66’0 = k_ = (

kl) 1
de

ag/ (T =T
Where 2mqg o is @ material dependent background elastoresistivity unrelated to nematicity. In Figure
3.3 we present 2mgg data for a Co=2.5% sample from ref. [55], which follows a Curie-Weiss fit over a

range 100K-200K, with R?>0.99. From this fit we extract the value of T*. The structural transition
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2
temperature T is defined from the peak in % which coincides with the formation of the orthorhombic

lattice distortion [45], and from these two points we define the temperature enhancement AT = Ts —
T*. In Figure 3.5a we show values of AT across the underdoped side of the phase diagram, which shows
a gradual increase from ~20K at 0% to ~25K by 4.7%. Note that this increase happens along with a ~70%
decrease in €. Meanwhile, the high-temperature limit of the shear modulus, Cs o, remains relatively
constant across this doping range (data from ref. [68]).

T" Ts Ba(Fe 955C0 025)2As>
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|
|
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Figure 3.3 The elastoresistivity coefficient 2mgg vs temperature for a 2.5% Co-doped sample from ref.
[55]. For a ~100K temperature range above Ts , we fit the elastoresistivity to a Curie-Weiss dependence
as 2mgg < (T — T*)™ ! (red line) and extract a value of T*. From this, we determine the temperature
enhancement AT = Ty — T*. Values of AT across the doping phase diagram presented in Fig.3.5a.

The heat capacity was measured for 5 samples of Ba(Fe;_,Coy),As, with dopings x=0, 0.016,
0.025, 0.036, and 0.061 in reference [27] and one sample of x=0.043 in ref. [43]. In the parent
compound, any second-order discontinuity in the heat capacity at Ts is washed out by the large first-
order latent heat of the antiferromagnetic transition at Ty, which occurs within 1K of Ts (similarly, the
continuously-ordering orthorhombicity that forms at Ts is overwhelmed by the discontinuous jump at
Ty, preventing a mean-field comparison of heat capacity to orthorhombicity for the parent compound).
With Co-doping, the temperature splitting between Ts and Ty, increases, allowing the heat capacity
features of each transition to be cleanly separated and analyzed. Doping rapidly diminishes the jumps in
heat capacity at both transitions, such that by x=0.061 the nematic transition no longer shows a definite
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jump. However, this makes the x=0.061 sample useful as a measure of the background phonon
contribution. This background is subtracted for x=0.016, 0.025, and 0.036 to reveal the discontinuity in
the heat capacity at the transition (Fig.3.4). Due to the doping inhomogeneity of the sample, the
discontinuity is spread across a small temperature range. We average data in a ~2K window above and
below the transition and take the difference as ACy, (Fig.3.4, shaded dots used for the average). The
enhanced nematic transition temperature Ts is taken at the middle of the jump. For x=0.043, the
discontinuity is very small and AC, is taken as the offset in a linear fit to the heat capacity above and

below the transition (see Supplementary Figure Al in ref. [43]). The quantity ATﬂ for each sample is
S

presented in Figure 3.5b (blue dots).
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Figure 3.4 Heat capacity with background phonon contribution subtracted for 3 doping values. The

step-like increase AC,, at T is determined by averaging the shaded points above and below the
A

transition and taking the difference. Extracted values of T
S

in Fig.3.5b.

Cv across the doping phase diagram presented
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3.6 Conclusions

Cs,0&?
2

(red) are in excellent
AT

Figure 3.5b presents the main result. The quantities % (blue) and
S

agreement with each other. From this result, we conclude that the purely nematic phase transition in
this doping range is very well described by Landau mean-field theory. While numerous points of
evidence have separately suggested a mean-field transition, the presented data are also self-consistent
with each other within this framework, strengthening the foundation of this definition of

phenomenological mean-field nematicity.
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Figure 3.5 (a) The doping dependence of the orthorhombicity magnitude &, the temperature
enhancement AT , and the bare shear modulus Cgg o (taken as the high temperature limit of the
measured shear modulus in ref. [68]). (b) The values of the thermally normalized heat capacity
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agreement with each other. Here we use the averaged value of C¢g o Which is essentially constant with
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Chapter 4:
X-ray Techniques Review

4.1 Introduction

In 1901 Wilhelm Conrad Rontgen was awarded the first ever Nobel prize in physics for his
discovery of x-rays. Since then, there have been at least 10 Nobel prizes in physics and many more in
chemistry awarded for either developing our knowledge of x-rays themselves or using them in frontier
science for characterizing everything from crystal structures to molecular and biological compounds,
including the discovery of the double helix shape of DNA as first measured by Rosalind Franklin. Indeed,
x-rays were crucial to proving that regular crystals are formed from a periodic arrangement of atoms,
which set the stage for the quantum theory of solid state physics.

An x-ray is a photon with an energy in the approximate range of 100eV to 100 keV. This energy
range overlaps with the electron excitation energies for core level transitions in all but the very lightest
elements. Therefore, core electron transitions are associated with the absorption and emission of x-rays,
which can be used to identify elemental compositions (Section 4.3, EDX) as well as characterize element-
specific magnetization (Section 4.4, XMCD). These energies correspond to photon wavelengths in the
approximate range 0.1A to 100A. As atoms in a crystal are typically a few angstrom apart, x-rays are just
the right size to scatter from planes of atoms and constructively interfere, and the wavelike nature of
photons gives rise to x-ray diffraction off of static charge order like the crystal structure itself as well as
charge density waves (Section 4.5, XRD). When taking into account second-order scattering processes, it
is even possible to scatter x-rays from static magnetic order (Section 4.6, XRMS). Finally, photons can
also individually scatter to create quasiparticles like phonons and magnons and induce intraorbital
transitions, giving rise to inelastic scattering (Section 4.7, RIXS).

In this chapter we will review the theoretical basis for x-ray interaction with electrons and will
discuss 5 x-ray techniques | used during my thesis work, including data | collected at beamlines 4-ID-D,
6-ID-B and 27-ID-B at the Advanced Photon Source at Argonne National Laboratory.

4.2 X-ray interaction with electrons.

The original mathematical description of x-ray diffraction involved classical electromagnetic
fields interacting with planes of fixed atoms. We briefly recall the results of the Young’s double slit
experiment from 1801, in which monochromatic light passing through two slits creates a wave
interference pattern on the detector, with areas of increased and suppressed light intensity appearing at
specific angles from the slits due to the constructive and destructive interference of the light waves
generated at each slit. This result led to a general understanding that light was fundamentally a wave
phenomenon. Analogously, one way to describe the x-ray diffraction process is to consider x-rays
scattering off each diffraction plane of atoms with each plane acting like a slit generating a new source
of x-ray waves. The many sources of waves will generally destructively interfere except at the specific
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angles given by the Bragg diffraction condition, 2d sin(8) = nA, with d being the real-space distance
between atom diffraction planes and A the x-ray wavelength.

In the early days of quantum mechanics, several key developments led to the demonstration of
the particle-basis of light. For instance, Einstein’s photoelectric effect predicted quantized packets of
light with fixed energy (i.e. photons), as did the Bohr model of the atom to explain the fixed energy
absorption/emission lines. The most direct evidence came from Compton’s x-ray-electron scattering
experiments in 1927 which showed that light could inelastically scatter like a single particle. In this same
era, it was realized that a single particle of light passing through a double slit apparatus could apparently
interfere with itself to yield the same interference pattern generated by a bright light source. These
results led to the development of the quantized electromagnetic field theory and single photon
interactions with matter, eventually giving rise to quantum electrodynamics. In this framework, a single
photon passing through a crystal can be thought to scatter off many planes of atoms and constructively
interfere with itself to yield the same Bragg diffraction condition originally developed for a classical
electromagnetic field. Further, this theoretical development predicts other types of interactions
between photons and matter, such as resonant scattering and inelastic scattering.

Here | will review the basics of an electron’s interaction with a beam of incident x-rays by writing
out the Hamiltonian of z electrons on one atom in the presence of the quantized electromagnetic
radiation field, following refs.[74], [75]:

N

p,+- A(r)]

Z

Z mec2 z [p] A(U)'*'A(?}) P]]

= AH, + AH, + 9(p2)..

Here, the scattering term given by AH; is quadratic in A with no dependence on the electron’s
canonical momentum p’. The AH, term is linear in both A and p and will be involved in resonance
phenomena. We use this Hamiltonian to connect an initial state |a, Aiw; ) and final state |b, Aiwy,), with
electron orbital states a and b and incoming and outgoing photon momenta k and k' respectively. From
this we can write out the Fermi golden rule scattering rate:

2
'|AH, In)(n|AH;|a, hwy)
Ea + fl(l)k —

2m (b, hw,

W =22 (b, hoy A, la, hog) + z 8(E, — Ep + hwy, — hary)
n
The first term describes Thomson scattering, an elastic scattering process in which the energy of

the photon is unchanged, but its momentum direction can be changed. This term will only be nonzero
for |a) = |b), meaning the electron remains in the same orbital state through the scattering process.
Further, the photon linear polarization will be unchanged after the scattering. This term is the main
contributor to structural x-ray diffraction (XRD).
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In the second term, the interaction AH, can connect two electron states |a) and |n) with
energies E, and E,, and can describe both elastic and inelastic processes. Importantly, the state |n) does

not include a photon and so this transitory state represents the absorption of the incident photon. The
hw

second term amplitude is smaller by a factor due to the two evaluated matrix elements, and so is

mc?
generally several orders of magnitude smaller than the first term for arbitrary x-ray energy. However, for

a specific photon energy hw;, = E,, — E,, the denominator vanishes and this term can become a
significant source of x-ray scattering. A photon of this energy causes a transition between two orbital
states in the atom, with the transition energy called a resonance. This resonance energy is very
important for a variety of techniques, including most described here: EDX, XMCD, XRMS and RIXS. The
Thomson scattering is always the dominant scattering contributor when present, but for many
techniques there are tricks to reduce or eliminate its presence, including by choosing structurally
forbidden reflections and by using a polarization dependent analyzer crystal.

4.3 Energy Dispersive X-ray Spectroscopy (EDX) for elemental characterization

Energy dispersive x-ray spectroscopy (known equivalently as EDX or EDS) is a material
characterization technique used to find the relative composition of different elements in a sample. It is
accessible to UW researchers through the Molecular Analysis Facility on campus and was the first x-ray
technique | learned early in my PhD work to characterize samples grown in our lab. In an EDX
measurement, the sample is hit with an electron beam which generates electron core transitions and
emits x-rays. The energies and relative intensities of these x-rays are characteristic to each element; for
instance, in Eu the transition between the 3d and 2p orbitals emits an x-ray of energy 5.85 keV, and so
when scanning the electron beam across a crystal sample that contains Eu, an emission peak will occur
at this energy. For a sample with multiple elements present, a large number of x-ray emission peaks at
different energies will occur. As the emissions for each element are well characterized, the relative
intensities of each peak can be used to find the relative proportion of each element in the sample (note
that this is a surface dependent technique and so can be very affected by surface oxidation,
contaminants, vacancies etc.). Thus, the EDX spectra acts like a “fingerprint” for the composition of a
sample. This is very similar in spirit to the use of absorption lines in optical spectroscopy to identify the
chemical composition of stars, a technique which was developed by Cecilia Payne at Harvard as the core
of her thesis work and which revealed for the first time that the Sun was primarily composed of
hydrogen and helium (as she was a woman in the early 1900s, she was denied a PhD from the all-male
university, and she instead received the first astronomy PhD from Radcliffe College, the all-women’s
college then associated with Harvard [76]).

In Figure 4.1 the EDX spectra is shown for a sample of nominal composition Fe;GeTe, for a
single electron beam spot on the crystal surface. The intensity vs emitted x-ray energy shows many
peaks corresponding to each element. The relative abundance of each element at this spot is shown in
the inset box. The spot size of the electron beam is very small, allowing a characterization of the
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chemical composition homogeneity across the whole sample. The table displays the average and
standard deviation across 4 total spots on the sample. | took this data to confirm the stoichiometry of
samples grown by my labmate Paul Malinowski, and samples from this growth were used in a
collaboration with the research group of Prof. Xiaodong Xu and his then-post-doctoral research scientist
Zaiyao Fei. This material is among the first discovered exfoliable van der Waals materials that exhibits
intrinsic 2D itinerant magnetism, and this work led to the first publication that | was credited on [77].

Fe;GeTe,
- 4 spot average -
Fe = 49.75% + 0.35%
Ge = 18.36% + 0.18%
Te = 38.89% 4+ 0.44%

Figure 4.1 EDX spectra of Fe;GeTe,. Spectra shown for a single location on crystal surface. Note the
presence of carbon (C) due to carbon SEM tape affixing the sample during the measurement. Single
location measurement shown in inset box. Four locations were used to yield the averaged values with
standard deviation after removing C.

4.4 X-ray Magnetic Circular Dichroism (XMCD) for magnetization characterization

Beyond simply characterizing the elemental composition of a material, there is additional
information about the orbital and spin polarization state of atoms that can be gleaned from x-ray
absorption and emissions. In this section we discuss x-ray magnetic circular dichroism (XMCD) which as
the name implies involves circular polarized x-rays which give information about magnetism. What’s
more, as this is a resonance technique it has elemental specificity and permits the separation of
magnetic contributions from different elemental species in one sample. The XMCD signal is essentially
the normalized difference between the x-ray absorption spectra (XAS) of a right and left circularly
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polarized x-ray beam and corresponds to the spin polarization of the density of states along the beam
direction.

First we discuss the response of a sample containing Eu that has zero spin polarization to a beam
of circular polarized x-rays incident along the +Z direction and tuned to the energy of the Eu L;
absorption edge (6.97 keV). This energy corresponds to an electronic transition from the totally
occupied 2p3, orbital to the 5d orbital. If the beam is left circular polarized, it will cause excitations of
both spin up and spin down electrons, but due to the photon angular momentum it will preferentially
couple to the spin up electrons such that roughly 63% of the excited electrons are spin up and 37% are
spin down. Conversely, a beam of right circular polarized photons excite transitions with the opposite
spin probabilities. Importantly, these transitions preserve the spin orientation. As the receiving 5d
orbital is not spin polarized, it has an equal number of available spin up and spin down states, and either
spin orientation of the 2p excited electron will be equally likely to make the transition. Therefore, the

absorption intensities uf?S and u&bS of the left and right circularly polarized beams will have the same
value in the sample. We can define the XMCD as the difference in these intensities u#?S — uPs, which

here is just zero.

Next we consider every Eu atom in the sample being weakly magnetized along the +Z direction.
This could be due to an applied magnetic field along 42, an internal Eu ferromagnetic order aligned
along +2, or as a result of a different element in the crystal having a net magnetization (or all of these at
the same time). Now, spin up states in the Eu 5d orbital will be slightly more occupied and spin down
states will be slightly more available. From Fermi’s golden rule, the spin down electrons will be slightly
more favored to make the transition than the spin up electrons. Therefore, we would expect that the
absorption of right circular polarized beam to increase and the left circular polarized beam to decrease.
Now the XMCD signal uf?S — u&Ps becomes nonzero, indicating a net magnetization over all Eu atoms in
the sample (really, within the spot size of the beam and within a characteristic x-ray penetration depth,
which for this energy is about 5 um).

Finally, we consider the XMCD signal from an antiferromagnet, in which half of the local Eu
moments are aligned along +2 (with m = +m2) and half along —Z (with 1 = —mZ2). Now, the XMCD
signal is positive for the +m2 aligned atoms and negative for the —m2 atoms, such that over the
sampled volume the average XMCD signal is zero, i.e. (m - 2) = 0. If the beam had instead been incident
along the X direction, on each atom there would be no preference between +X and —X spin polarization
and each individual atom would contribute a null XMCD signal, resulting in 771 - £ = 0 for each individual
atom and (m * &) = 0 across the whole sample.

From this discussion it is clear that the total XMCD signal is only sensitive to the net
magnetization of a sample (really, the net spin polarization of the density of states) and not to the local
moment size. This stands in contrast to the magnetic scattering technique (XRMS) discussed in the next
section, in which the periodicity of long range magnetic order allows for g-dependent diffraction from
the magnetic lattice and so can be used to characterize diverse antiferromagnetic orders. Nonetheless,
by applying a magnetic field along different crystal axes, the field dependence of the XMCD signal can be
used to work out details of the magnetic structure of the sample. Further, as the value of the XMCD

38



corresponds to the net magnetization of the sample, the slope of the XMCD to applied magnetic field
corresponds to the magnetic susceptibility of the sample, which is less directly measurable by XRMS.
Finally, XRMS is generally much more difficult to use for characterizing ferromagnetic order than XMCD
due to the dominant charge diffraction from the crystal lattice itself.

In a transmission mode XMCD measurement the absorption of each circular polarized beam is
determined directly by measuring the transmitted beam intensity. However, this only works well for
very thin samples (roughly 10 um or less). For thicker samples and samples mounted on a stress device,
it is necessary to instead measure the intensity of photons that are reemitted after absorption; this is
fluorescence mode XMCD. After an electron is excited to the 5d orbital, a hole is left behind in the 2p
orbital which is rapidly filled in by other electrons in the atom. For each orbital state with an allowed
transition to this 2p hole, there is some probability of the transition occurring and a photon of the
corresponding energy difference is emitted in the process (note that the presence of the “positively
charged” hole shifts the transition energies between orbitals). In this example, the 3d electrons have the
most spatial overlap with the 2p state and so has the highest transition probability, with a photon of
energy 5.85 keV being emitted (called the L, emission line). Thus, the largest fluorescence mode XMCD
signal in this case is found by measuring the intensities of the L, emission line for the two circularly
polarized incident beams. After self-absorption correction and a normalization procedure, we define the
emission intensities as y; and ug, with the XMCD defined as u; — tg and the x-ray near-edge
absorption spectra (XANES) as u; + ug (the term XANES is used for incident beam energies close to the
absorption edge).

Figure 4.2 shows a typical set of fluorescence mode XANES and XMCD data for EuFe,As,, with a
1T magnetic field applied in-plane along the beam direction. In a real measurement, the energy of the
incident beam is scanned from below to above the absorption edge to map out the full energy
dependence of the XANES and the XMCD. The large nonzero value of the XMCD at the absorption edge
energy indicates a net magnetization of the sample. Incident x-rays with less energy than the L; edge do
not cause the 2p-5d transition and so the XANES signal is zero in this range (aside from background
sources). Incident x-rays tuned to energies beyond the edge kick core electrons out of their atoms, and
so past the absorption edge the XAS is nearly constant up to the next absorption edge (small oscillations
in the XAS over this range can give information about ejected electron backscattering using a technique
called EXAFS). Different shapes of the XANES give information about the oxidation state of the probed
element and for instance has been used to observe element-specific oxidation changes under physical or
chemical pressure [78].

As stated above, the field dependence of XMCD with applied magnetic field can be used to work
out details of the magnetic order and its response to field. For instance, in Figure 4.3 the same sample of
EuFe,As, is strain-detwinned and aligned with the applied field such that the incident beam (and thus
the probed magnetic polarization direction) is along the Eu AFM easy axis. For zero applied field, the
signal is approximately zero, indicating no net magnetic polarization in this direction. For increasing field
the signal is still very small as the moments are unable to cant towards the field direction. At B=0.48T,
the XMCD signal suddenly jumps to a nearly full saturation, indicating a metamagnetic spin flip
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transition. This is a key result to my paper “Strongly anisotropic antiferromagnetic coupling in EuFe,As,
revealed by stress detwinning” , ref.[9] , discussed in detail in Chapter 7.
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Figure 4.2 XANES and XMCD spectra of EuFe,As,. ug and y; correspond to the normalized emitted
intensity for right and left circular polarized incident x-rays. Data taken at T=7K and 1T of in-plane
applied magnetic field. Note that as a shorthand, the peak value of the XMCD is often also just referred

to as the XMCD.
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Figure 4.3 The crystal and magnetic structure of fully ordered EuFe,As,. A field is applied along the Eu
AFM easy axis. The XMCD value versus applied field indicates a metamagnetic spin flip transition at
0.48T.

4.5 X-ray Diffraction (XRD) for charge distribution and structural characterization

X-ray diffraction is a powerful technique for determining the crystal structure of a material. A
temperature dependence of the crystal lattice constants is often an early measurement done in the
characterization of a new material, as it shows how the structural symmetry changes at each phase
transition, yielding insight to the symmetry of the electronic, magnetic or structural driver of the
transition. In Figure 4.4a, the temperature dependence of the tetragonal (2 2 12) reflection XRD is
shown for a sample of Ba(Fe 94C0 y4),As,. The splitting of the structural peak indicates a tetragonal to
orthorhombic structural phase transition and the formation of orthorhombic twin domains. A major
focus of my thesis work is using XRD combined with uniaxial stress to precisely detwin a material with
twin domains. This will be discussed in detail in Chapter 6. As a preview, Figure 4.4b shows the
detwinning results for the same sample at T=66K, which shows the relative intensities and positions of
the two peaks changing with tension and compression. The lower panel shows the relative intensity
corresponding to the A domain, which indicates a smooth strain detwinning between the B and A
monodomains, discussed in the figure caption.

Besides the lattice constants of the ideal unit cell of a material, XRD can also be used to find
other periodic modulations of charge such as in charge density waves. This section will focus on XRD at
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arbitrary energy and not at a resonance energy (resonant x-ray diffraction can be used to measure the
spacing of specific atoms within a unit cell, for instance to measure the As height above the Fe plane in
BaFe,As, [79]). One type of x-ray diffraction measurement is a simple rotation of the sample (by )
simultaneous with a rotation of the detector (by 26), called a “theta 2 theta” scan. For a given structure
(e.g. cubic, orthorhombic etc.) there will only be diffraction peaks at specific angles corresponding to
satisfying the Bragg condition. This can be used to determine the structure of a new material. It is also
used as a first characterization of a sample to see the sharpness of the peaks (the “mosaicity” or how
perfect the crystallinity of the sample is) and as part of an initial calibration lineup of the sample. In
Figure 4.5, | show room temperature XRD data for a single crystal sample of ErTe;, which | scanned over
a 6 range of 45 degrees as part of an initial lineup of the sample to calibrate the alignment of the sample
relative to the beam. The multiple structural peaks were at the expected angles, indicating the structure
and lattice constants of the sample matched literature values. The real goal of the ErTe; measurement
was to observe the charge density wave that forms below T;py = 265K and attempt to change its
intensity by applying strain. In Figure 4.6, | show the XRD data at the (1 15 0.73) reflection where a CDW
peak forms. Here, we applied voltage to a strain device and were able to decrease the amplitude by
about 30%. This was a proof-of-principle measurement done in collaboration with Prof. lan Fisher’s
group at Stanford. For more information on strain tuning charge density waves in this system see
ref.[80].

42



(@) 5.61 )
— = 5.61
0.5 D‘SJ
B 56 =
g 8 56
8 2
b S
g @
E 5.59 B o
i T
- 4
5.58 5.58
60 65 70 75 80
Temperature (K) Mluu%
i =
H Nray (22 12)y B domain =
L — o s
c & % =
s \ ; . ) \ © g
E ® ﬂ.“ =
E “ . 3’ A domain 509% -C?
o© E
— = 5 e |7 =
by a by (}?} : & g
H p o 2
£ 4 @ Fe As [e)
H i 0 B
: g | ba [o10] — . é
g E ' a, 0%
- i
H [110]p k .
T i -4 2 0 2 1
ay H [100];

£19™ (x10°)

Figure 4.4 (a) XRD vs temperature of a sample of Ba(Fe 44C0 44),As; held in a zero nominal strain state.
The measurement is at the tetragonal (2 2 12) reflection (direction indicated by red arrow), and the
raw XRD data has been converted to the [1 1 0] lattice constant by subtracting the c-axis component
from a separate measurement of the temperature-dependent (0 0 14) reflection. Above T = 74K, the
(2 2 12) reflection shows a single peak indicating only one value of the lattice constant in this
direction. Below Ts = 73.8K the single peak splits into two, indicating a tetragonal to orthorhombic
structural phase transition and the formation of orthorhombic domains (A and B). In this nomenclature
this reflection is sensitive to the longer a lattice constant of the A domain and shorter b lattice constant
of the B domain. Conversely, a measurement along the [1 0 0] direction would not see a peak splitting,

asy/a2 + b? = /a + bk . AtTy = 64K a spin-density wave transition occurs; as this transition does
not induce a change in structural symmetry, but instead breaks spin rotation symmetry, it does not
make an obvious appearance in the XRD measurement (it can, for instance, manifest as a change in the
temperature dependence of a lattice constant, but the spin order does not impact the XRD
measurement itself). (b) For the same sample and reflection at 66K, the relative intensities of the a4 and
bg peaks can be strongly tuned by applied tension or compression (2™ > 0 or 2™ < 0 respectively).

The A domain population is here defined from the intensities of the peaks (14 and I) as % , Which
ATIB

varies smoothly from 0% to 100%, i.e. from the B to A monodomain.
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Figure 4.5 (a) schematic of a structural characterization measurement. In a real measurement the
incident x-ray beam is held fixed while the sample is rotated, and at specific angles 8,, the Bragg
condition is satisfied, allowing constructive interference. (b) A 8 rotation scan in ErTes at room
temperature was performed to characterize the sample. Each intensity peak corresponds to an (h k )
diffraction peak, specifically a (0 k I) peak (i.e. h is fixed at O while k and [ change with 6).
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Figure 4.6 (a) ErTe; sample XRD of the (1 15 L) reflection at 180K. At L=1 a large structural Bragg peak is
present. Below the CDW transition at 265K, a small charge density wave peak appears near L=0.73. The
amplitude of this peak is found to decrease by ~30% with the application of 30V to the strain device.

4.6 X-ray Resonant Magnetic Scattering (XRMS) for static magnetic order characterization

With the development of very bright highly monochromated x-ray beams from synchrotron
sources such as the Advanced Photon Source, it has become possible in the last 30 years to observe the
elastic scattering of x-rays off static long-range magnetic order. This is commonly called X-ray Resonant
Magnetic Scattering (XRMS) (confusingly, at least two other acronyms for the same technique are in use
in the literature, RMXS and MRXS, which are simple commutations of the same terms). This technique
offers several advantages over magnetic neutron diffraction, such as being sensitive to the magnetic
order of a specific element (via choosing the resonance energy), it can be drastically faster to collect
data, and it is usable in much smaller sample sizes. Further, while neutrons are sensitive to the square of

the magnetization (|771|?), XRMS is sensitive to 71 - k', where k' is the momentum of the outgoing
photon, and so it becomes possible to measure the phase of an antiferromagnetic structure and identify
antiphase domains[51]. Conversely, the energy specificity means that soft x-ray sources are needed for
lower energy resonances like the L edge of Fe, while hard x-rays are used for the bigger energy k edge
of Fe and for heavier elements like Eu and Ir. XRMS was used in ref.[81] to determine the A-type
antiferromagnetic structure of Eu moments in EuFe,As,, one of the two materials | have focused on in
my thesis work.

When [ first learned of XRMS, | assumed it involved the magnetic field component of a photon
interacting with the magnetic moment of electrons. In actuality, it is still the electric field component
interacting with the charge of electrons, but the presence of a periodic electron magnetic order causes
additional sets of initial and final scattering states to be connected through the quantized photon field
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Hamiltonian described above, such that the effective scattering can be described as a scattering from
the magnetic lattice[75]. For an arbitrary x-ray energy this magnetic scattering process has a very small
scattering cross section; however, the second-quantization formulation of photon-electron interaction
shows that at an elemental resonance energy, the scattering intensity can be raised by several orders of
magnitude, enabling measurement of magnetic scattering. Whereas charge structure scattering does
not induce a phase change in the scattered x-rays, magnetically scattered photons have a 90 degree

III

rotation in their linear polarization. This allows a polarization-sensitive “analyzer crystal” to separate out
photons originating from structural vs magnetic scattering such that a detector becomes sensitive to
only one source. To further confirm the magnetic origin of the scattered photons, one often picks a
specific incident beam polarization and/or a structurally-forbidden reflection in which a magnetic peak is
nonetheless allowed to scatter. A key detail in this measurement paradigm is that XRMS does not
measure the magnetic moment at a single site but does measure the magnetic lattice formed by the
moments. A decrease in XRMS intensity could then result from a decrease in the moment size itself,
such as from increasing thermal fluctuations when warming the sample towards the magnetic transition
temperature, or as an applied field reorients moments away from the original magnetic structure but

doesn’t change the moment size. For more information on magnetic scattering see refs.[74], [75].

In Figure 4.7 | present XRMS data from a sample of Sr,Ir0O,. This work was done in collaboration
with Professor Jian Liu at the University of Tennessee — Knoxville, and is a continuation of XRMS work in
the same material discussed in ref.[82]. This material is a perovskite with an Ir-driven antiferromagnetic
order which forms two structural-AFM domains, AFa and AFb, with easy axes along [1 0 0] and [0 1 0],
respectively. These structural-AFM domains are similar to those the iron-pnictide materials but with a
more complicated arrangement of Ir magnetic moments. At zero magnetic field, the XRMS intensities
are similar for the AFa (red) and AFb (blue) domains, implying that each has a similar total volume of the
sample. A magnetic field is applied along the [1 1 0] direction which couples to the spins and redirects
them towards a ferromagnetic (FM) alignment with the field, suppressing the antiferromagnetic order.
This results in both the AFa and AFb intensities approaching zero beyond 1000 Oe while an emergent
FM intensity (black) reaches near saturation beyond 1000 Oe. However, the applied field was slightly
misaligned such that the AFb moments were able to cant towards the field more effectively and thus
reduce their energy compared to AFa moments. This resulted in a modest magnetic field detwinning of
the AFa domain towards the AFb domain as seen from the increase in AFb intensity for small applied
field. This data demonstrates the power of XRMS to precisely characterize changes in magnetic orders in
a complex system.

46



XRMS Intensity
o o o e b
] [ e (47] [=2]

o
e

0
-3000 -2000 -1000 0 1000 2000 3000
H(Oe) (approx.)

Figure 4.7 XRMS intensity at 210K of the (1 0 22), (1 0 20) and (1 0 21) reflections corresponding to the
antiferromagnetic AFa (red) and AFb (blue) domains and the ferromagnetic order (FM, black),
respectively. Magnetic field is applied along the nominal [1 1 0] direction.

4.7 Resonant Inelastic X-ray Scattering (RIXS) for quasiparticle and intraorbital transition
characterization

Finally, we discuss inelastic x-ray scattering, which simply means the x-ray changes its energy
slightly after interacting with the sample. This can happen from a photon losing energy to create a
quasiparticle (such as a phonon or a magnon) or by generating an intraorbital transitions such as
between two different d orbitals (called d-d excitations) which are not allowed in elastic scattering.
When the incident photon is near a resonance energy, its scattering cross section increases dramatically,
opening the door to studying element-specific magnetic fluctuations and d-d excitations. Of note, as this
is a photon-in photon-out measurement, it can be used to measure magnetic field induced changes to
the band structure unlike in ARPES measurements (where the outgoing charged electron is affected by
an applied field). Further, this allows for measuring changes in, for instance, the spin fluctuation spectra
as the magnetism in a sample is tuned with temperature, applied field, or strain. Finally, an advantage of
RIXS over inelastic neutron scattering is that very small samples can be measured.

One common methodology of the RIXS measurement is to use incident photons at one fixed
energy and scan the angle of an x-ray analyzer and x-ray detector to measure how many photons are
scattered at a particular energy and momentum change. This is then repeated over a range of incident
energies to construct an energy transfer plot. Again, this scattering is not from diffraction off a long
range charge or magnetic lattice like in XRD or XRMS, nor from an interorbital transition like in EDX and
XMCD, but instead is scattering off a single (or sometimes multiple!) quasiparticle (similar to Compton
scattering of a photon off a freespace electron) or from a charge transfer between two states within a
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single orbital. In the previous discussed scattering techniques, when the sample is aligned to an allowed

diffraction reflection there is always some inelastic scattering but it is dwarfed by the much larger elast
scattering intensity. By aligning the sample off a diffraction peak, the elastic scattering intensity
decreases enough to observe the inelastic scattering. Among several difficulties with the technique is
that there are many potential sources of inelastic scattering for one photon, and so every measuremen
requires a good theoretical analysis to determine which sources may have contributed to a measured

inelastic scattering peak.

As an example of RIXS data, in Figure 4.8 | show data from a sample of EuFe,As, with incident
beam energies near the Eu L; edge. The sample is oriented at an arbitrary angle where no Bragg
diffraction occurs. A large peak is seen near 0 eV loss, which corresponds to elastic scattering events. A
second scattering peak is present near 4 eV energy loss, which indicates an inelastic scattering event.
This peak is present for 6.973 keV incident photons and gradually shifts into a broad shoulder with
increasing incident energy. This is a first RIXS measurement at this energy in this system, and it is
assumed that this peak corresponds to an intraorbital charge transfer scattering event as observed in
EuBs [83]. A future goal for this project is to see how the charge transfer evolves with field and strain

tuning of the system.
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Figure 4.8 RIXS data of EuFe,As,. Each line corresponds to a different energy loss scan at fixed incident

energy from 6.973 keV to 6.979 keV. The data is characterized by a large zero-energy loss elastic peak
and a smaller inelastic peak. The inelastic peak likely corresponds to an intraorbital excitation.
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Chapter 5:
Strain and Magnetic Field Coupling to Nematicity and Magnetic Order

Quantum phases are eminently tunable through the coupling of their order parameters to an
applied field. The symmetry of the order parameter and field sharply define the way that these two
quantities interact. Here | outline 2 sets of combined strain and XRD measurements and one combined
strain, magnetic field, and XMCD measurement, which provide useful examples of symmetry breaking
field interactions with quantum phases.

5.1 Structural symmetry channels

In this section | will define three strain terms from different symmetry channels that correspond
to three irreducible representations (“irreps”) of the D4n point group, which are relevant for the
tetragonal phase of BaFe,As, and EuFe,As,. These strain terms essentially describe three different
ways the lattice can be distorted in-plane and they determine the symmetry change (or lack of change)
of each kind of distortion (Fig. 5.1). These distortions can occur spontaneously, for instance by an
intrinsic nematic order, and can also be induced by applied hydrostatic pressure or in-plane uniaxial or
biaxial stress.

We can determine the €A1g17 EB1g and €, strain terms corresponding to the A1, Big and Bog

irreps of the Dan point group by using the xyz coordinate system aligned with the 2-Fe unit cell as a basis
(note that in Chapter 6 the x-y coordinate plane will be rotated 45 degrees from this definition when
using the 4-Fe unit cell). We can define four in-plane lattice constants: a; and by correspond to the unit
cell length along the [1 0 0] and [0 1 0] directions (the Fe-As bonding directions), while a,, and by,
correspond to the unit cell length along the [1 1 0] and [—1 1 0] directions (the Fe-Fe bonding

directions), respectively. In the undistorted state, ap, = by, = V2ar = V2by (the undistorted values

. . . 0 . . Aa Ab
will hereafter have a 0 subscript). Next we define the unidirectional strains: €,, = a—T  Eyy = b—T , and
T,0 T,0

1(Aa Ab 1(apgr—>b . . . T .
£y = = (=2 ——2) == =Z—2) . Finally, we can choose combinations of these unidirectional
2\aoro boro 2 aor,o

strains that have the correct symmetry properties as the corresponding irrep name: a1 =

1 1 .
> (sxx + syy), €p,, = E(Exx - syy) and €p,; = Exy-IN the tetragonal zero-stress state, all three strain

terms are zero. Any arbitrary in-plane distortion &;,14ne from any internal or external source can be
decomposed to &ippigne = A1€4,,, T A28p,, + A38p, (hence why these terms are called “irreducible”).

When an in-plane stress is applied to the sample, the induced lattice distortion will usually be a mix of
Ac

these different strain terms, as well as an out of plane 4,4 strain, Ehrgy = €2z = o
Now we discuss the symmetries of the three irreps expressed through the strain terms. To
review, the D,; point group has the following symmetries: a 4-fold rotational symmetry about the z axis,
four vertical mirror plane reflection symmetries, horizontal mirror plane reflection symmetries, and
inversion symmetry (see Chapter 2.2). An A, 4 ; distortion is an absolute change in the in-plane lattice

constants with no relative change between them, and this distortion breaks no symmetries (likewise,
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the Ay, distortion breaks no symmetries). The B4 and B, distortions involve relative changes of in-
plane lattice constants and so both lower the C, in-plane rotation symmetry to C,. A B; 4 distortion
breaks the Fe-Fe mirror plane symmetries while preserving the Fe-As mirror plane symmetries, and vice
versa for the B, distortion. The g subscript of all three irreps indicates that these distortions preserve
the inversion symmetry.
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Figure 5.1 The undistorted FeAs plane outlined by the 2-Fe unit cell (black) and the 4-Fe unit cell (blue).
The distortions of both unit cells due to the A;g 1, Bz and By, strains are demonstrated as dotted lines,

with Fe-As mirror plane (green) and Fe-Fe mirror plane (magenta) preserved symmetries marked as solid
lines.

At the nematic transition temperature, a B, orthorhombicity €, is spontaneously created,
which was an early indicator that the nematicity itself has B,, symmetry (this was later demonstrated
further in a variety of elastoresistivity and Raman [71] measurements). As stated above, externally
applied stress can generate strain in all three symmetry channels. Now we define how these three
strains couple to the nematic order parameter 1, using a phenomenological description which is very
useful for understanding how different strains can tune nematicity and the accompanying resistivity
anisotropy. To do so we write out the strain-dependent change AF of the Landau free energy (see
Chapter 3) that explicitly includes the lowest-order symmetry-allowed coupling to the three different
strains,

_ 2 2 2
AF « AAlg'lsAngl/) +ABlg£BlgIIJ ABzgsgzglp.

Here, the A terms are phenomenological energy densities for each coupling and are defined as positive
constants with the sign given explicitly for the coupling in Ba(Fe;_,Coy),As, based on measurements
from ref. [84]. As 1 and £p,, are in the same symmetry channel they can be linearly coupled at lowest

order. The energy of the system is reduced when y and €, have the same sign, and so an applied
stress that induces a positive (negative) value of €8, will also induce a positive (negative) value of Y.

Another way to say this is that a particular sign of €, gives the system a preference in which sign of ¢

50



to induce. Conversely, a B;4 orthorhombicity is in an orthogonal symmetry channel to the B,
nematicity, and so a particular sign of €, ,, cannot give a preference to a particular sign of 1. Therefore,
their lowest order coupling is quadratic in both €, and Y. As an A, 4 distortion does not break any
symmetries, a particular sign of €Ay, likewise cannot give a preference between the two signs of 1 on

symmetry grounds, and so the lowest order A;4 coupling term must be quadratic in ¢. However, a
change in the relative size of the in-plane square lattice can change the relative energy cost of nematic
ordering, and so the A; 4 coupling at lowest order can be linear in eAlglwith either sign of coupling. A

biquadratic A, 4 term of the form AA1g VAL 152Algllp2 is allowed by symmetry, but this term likely does
not need to be considered explicitly as it was shown in ref. [84] that the ABlg coefficient is at least 100

times larger than the ’1Alg VAiga coefficient for a sample of 2.5% Co-doping.

As a final note, the zero-stress nematic transition is sharply defined at a specific temperature Ts
where the C, rotational symmetry and the Fe-As mirror plane symmetries are spontaneously broken. A
stress applied along X will induced strains in the B, 4 and A, 4 channels. While this lowers the rotational
symmetry to Cs, it still preserves the Fe-As mirror plane symmetries, and so the nematic transition is still
sharply defined at the (B;4, 414 strain-tunable) temperature where the Fe-As mirror plane symmetries
are broken. At this temperature, the nematic order parameter value goes from zero to nonzero
spontaneously, and so it is still described as a thermodynamic phase transition. Conversely, a stress
applied in the B, channel induces a B, strain which breaks all of the symmetries broken by the
nematicity and so induces a finite nematic order parameter even at temperatures far above the zero-
stress nematic transition temperature. In this case there isn’t really a phase transition when cooling
below T, but instead a crossover happens where the nematic order parameter may become much
larger. This distinction becomes very important in measurements involving applied stress because small
nonzero values of B, strain can induce large values of 1) and create anisotropies in many measurable
guantities even far above the nematic transition temperature.

5.2 Enhancement of nematicity with Byg strain

In Chapter 6 | discuss the results of my paper, “The transport-structural correspondence across
the nematic phase transition probed by elasto-x-ray diffraction” [5]. This paper involves applying in-situ
uniaxial stress along the Fe-Fe bonding direction above the nematic transition to induce nematic order.
The lattice distortion is measured with x-ray diffraction. Here | demonstrate the decomposition of the
lattice response into its Earg1r EArg, and €p,, components.

In Figure 5.2 | present representative data at T=74K, just 0.2K above the nematic transition
temperature Ts where the lattice is considerably softened by large nematic fluctuations. Strain was
ramped from maximum compression to maximum tension and back, and this loop was repeated a total
of three times to measure the a,,, b,,- and c lattice constants. From these terms we can define the

Qor Abyr

. . . A Ac . . .
unidirectional strains, €, = ,E€p = and g, = —. Finally we define three strain terms, g5, =
Qor,0 bor,0 Co 29
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1 1 . . .
3 (€a — 1), Ea1g0 =5 (eq + &p) and €Ay, = Ec which correspond to three irreps of the Dy, point

group. The unidirectional lattice constants show the general expected behavior, with ¢, increasing
(decreasing) and &5, and &, decreasing (increasing) under tension (compression). However, at this
temperature near the nematic transition temperature the nematic fluctuations significantly soften the
Cg6 shear modulus, resulting in a strongly nonlinear strain transmission and induced strain response to
uniaxial stress. This is further visible in the large slope of the €, term and the negligible slope of the

€4,4, t€rm about zero nominal strain. This demonstrates the importance of simultaneous lattice

characterization measurements such as XRD to monitor how the lattice is actually responding to large

stresses.
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Figure 5.2 Sample of BaFe,As, at T=74K. Uniaxial stress is applied along the tetragonal [1 1 0]; which

Qor

.. . A Ab, Ac .
creates uniaxial strains ¢, = & = b—‘” and g, = — of the a,,, b,, and c lattice constants,
0 0 0
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respectively, with ay = by = 5.5948 A and c, = 12.9297 A. XRD measurements of &4, &, and &, are
. . 1 1
used to determine the strain terms g, = - (ea — &p), €191 =5 (g4 + &) and €4,,, = &c- Data

plotted against the nominal strain £™°™ measured from the stress device.
5.3 Intermission: Co-doped EuFe,As;

We next discuss unpublished data which demonstrates strong strain and magnetic field tuning
of superconductivity in a single crystal sample of Eu(Fe; g5C0g 15),AS,, a doped iron pnictide material
with the same crystal structure of BaFe,As, but with Eu atoms instead of Ba between the FeAs planes.
Four phase transitions occur in this material, and a clear signature of each transition is apparent in the
resistivity vs temperature data from a freestanding sample (Fig.5.3). The sample forms nematic
structural domains below Ts = 66K, and spin density wave order sets in at Tg, spyy = 60K. At
Tsc onset = 20.5K, the sample begins a transition into a superconducting state; however, it does not
reach a zero resistance state until Tsc o = 2.5K. Instead, at Tgy, pyy = 16.9K the Eu moments
ferromagnetically align along the c-axis. Below this temperature, the nascent superconductivity must
compete with both the nematic/SDW order as well as an intrinsic and antagonistic ferromagnetic order.

This makes the superconductivity in this temperature range especially tunable with either applied strain
or magnetic field.

We discuss both forms of tuning in one single crystal sample mounted to a uniaxial stress device
and characterized with x-ray techniques. In the next section we show the suppression of nematicity and
accompanying enhancement of superconductivity by uniaxial stress-induced B, 4 orthorhombicity
imaged with XRD. In the following section we show an unusual enhancement of superconductivity with
applied magnetic field that can be understood from the reorientation of Eu FM moments to lie along the
FeAs planes which is measured with XMCD. The same sample was used for the freestanding resistivity
measurement and the XRD and XMCD measurements at APS beamlines 6-ID-B and 4-ID-D, respectively.
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Figure 5.3 Resistivity vs temperature data of freestanding sample with four phase transition
temperatures marked by dashed lines.
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5.4 Suppression of nematicity with B1g tension

The sample was prepared as a thin bar with transport wires and mounted on a stress device
exactly as described in Chapters 6.3 and 7.3 but with the bar cut along the FeAs bonding direction such
that uniaxial stress induces B, 4 orthorhombicity instead of B,, orthorhombicity. This means that an
applied stress does not detwin the nematic orthorhombic domains but can instead indirectly control the
B, 4 orthorhombicity magnitude through their mutual coupling to nematicity. In Figure 5.4, resistivity
and x-ray diffraction of three lattice constants is presented at T=13.5K. Uniaxial stress was ramped from
maximum compression to maximum tension and back (data only collected during tensioning half of the
loop), and this loop was repeated a total of three times to measure three reflections. The spontaneous

Aor—bor
Qor+bor

the same analysis method as discussed in Chapter 6. The stress-aligned a; lattice constant was

B, 4 orthorhombicity €p,y = was measured from the split peak of the (1 1 8) reflection using

measured from the (1 0 8) peak. The transverse-to-stress by lattice constant is equal to a; under zero

. L . . ar-b .
stress, but without measuring it directly we cannot precisely determine €p,, = aT+bT as a function of
T T

strain. However, the response to strain of by is expected to be smaller and negatively proportional to ar

-b A A
as Aby = —nAar, where 0 <7 < 1. Therefore, &5, = Z:er; = 2:&27’) (;az) and so G)f < &g, <
) 0

Aar . .. L . .

% , indicating that the B; 4 orthorhombicity is of the same order of magnitude as the unidirectional
To

strain of the inline lattice constant. By this same logic, tension is always expected in create a positive

1

value of Ea1pr = E(

A Ab )
a—aT b—T> The out of plane c lattice constant was measured from the (0 0 8)
T,0 T,0

reflection and used to remove the out of plane components of the above two peaks.

From Figure 5.4, the out of plane lattice constant c is reduced by about 0.085% at maximum
tension (and so €A1y, < 0) while the stress-aligned lattice constant ar is increased by about 0.05% at
maximum tension (and so €p,, > 0). As discussed in Chapter 3, below the nematic transition the

Ap
spontaneous nematic order parameter drives the spontaneous B, 4 orthorhombicity as €p,, = 24

Ce6,0 ¥,

where Cgg o is the bare shear modulus. The measured nonzero value of €, implies a nonzero value of
the nematic order parameter 1. Compared to its zero-stress value of 0.145%, €, is suppressed by

about 0.04% at maximum applied tension, which likewise implies a proportional suppressed value of .
The suppression of nematicity benefits the superconductivity, as demonstrated by the large decrease in
resistivity to ~20% of its zero stress value at maximum tension. As this is a resistivity measurement in
the B;; symmetry channel this is not a resistivity change from domain detwinning (as discussed in
Chapters 6 and 7), but instead can be attributed to the enhancement of superconductivity with a
suppressed nematicity. Conversely, the resistivity and the B, orthorhombicity are not similarly
decreased with compressive stress, which are both consistent with a maintained nematicity and
suppressed superconductivity. It is presently unclear why compression does not result in a similar
suppression of €B, g but the lattice response to tension and compression are only strictly equivalent in

the zero stress limit in the undistorted state, and so structural effects independent of the above
discussion may also be at play.
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Figure 5.4 At T=13.5K the sample shows two nematic/SDW twin domains (the A and B domain). The
sample is oriented on a stress device so that uniaxial stress does not detwin between the two domains
but can change the orthorhombicity magnitude (blue and red dotted lines for tension and compression
respectively). p,, and XRD measurement of three lattice constants (converted into strain terms) plotted
vs nominal strain.

5.5 Reorientation of Eu ferromagnetic order parameter with applied magnetic field

Below the Eu ferromagnetic ordering, Co-doped EuFe,As, exhibits the rare phenomena of field-
induced superconductivity, in which an in-plane applied field decreases the resistivity [85]. This is
hypothesized to occur due to reducing the flux from Eu moments through the FeAs superconducting
planes by reorienting Eu moments to lie along the FeAs planes. As demonstrated in the previous section,
applied stress can tune the competition between superconductivity and nematicity to the benefit of
superconductivity. In this section we show that similar strain tuning does not appear to tune the field-
induced superconductivity or the susceptibility and magnetization of Eu moments. We continue the
study of the same sample discussed in the previous section. Here, we use a magnetic field applied along
the tetragonal [0 1 0] direction to reorient the ¢-axis aligned ferromagnetic moment of the Eu layers to
lie in-plane along the field direction, i.e. in-plane perpendicular to the [0 1 0] strain axis and at
approximately 45 degrees to the[1 1 0], Fe nematic and SDW direction (Fig.5.5a). This is accomplished
by an in-plane applied magnetic field along [0 1 0]. The in-plane Eu moment size is measured with
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XMCD on the Eu L; edge using the same experimental setup as described in Chapter 7. XMCD is a
powerful tool to study ferromagnetic superconductors as it is really an element-specific electronic
transition rate measurement and so it bypasses any diamagnetic shielding from the superconductivity.

Figure 5.5c shows XMCD results under 5 strain states over a magnetic field range from 0T to
0.8T. The Eu in-plane moment is initially zero with zero applied field. An increasing field linearly
increases the in-plane moment towards saturation at 0.27T. There is no apparent strain-induced change
in either the saturation field value or saturation XMCD value (i.e. the saturated magnetization). This can
be further understood from considering the half-filled Eu 4f orbitals responsible for the ferromagnetic
moments, which have no orbital component (L=0) and so should have an isotropic response to field with
minimal response to distortions in the crystal lattice.

Despite the indifference of Eu magnetic order to strain, the resistivity is substantially changed
with strain and field. In Figure 5.5b, strain tunes the zero-field resistivity but does not put the system
into a superconducting state. For each strain state, an applied field reduces the resistivity substantially
with a minimum at 0.27T, before increasing at higher fields. This minimum in resistivity thus
corresponds to the full saturation of Eu moments in-plane. For the highest tensile strain state, the
resistivity reaches a zero-resistance state at 0.21T up to 0.5T. Therefore, through a combination of
magnetic field and uniaxial stress, superconductivity could be induced at a higher temperature than
could be attained by either tuning parameter alone (at least at these achieved strain and magnetic field
ranges). This demonstrates the power of multiple simultaneous tuning parameters to create new states
in a complex quantum material.
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Figure 5.5 (a) Schematic of the A and B nematic domains and Fe moments (red) after a full saturation of
Eu moments (blue) in-plane. Eu atoms are coordinated directly above and below As atoms and so we
represent the Eu moments on the usual As sites. (b) Resistivity vs applied magnetic field for 5 fixed
strain values at 10K. For the highest tensile state (purple) the sample has zero resistance between 0.21T
and 0.5T. (c) Simultaneous Eu in-plane XMCD value for the 5 strain states. Dotted line shows saturation
field, solid line is a guide to the eye.
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Chapter 6:
The Transport-Structural Correspondence to Nematicity

6.1 Abstract:

This chapter covers the topics from my first first-author paper, “The transport-structural
correspondence across the nematic phase transition probed by elasto-x-ray diffraction”. The key idea of
this project is to examine whether the transport coefficient associated with nematicity, the resistivity
anisotropy, really does act as an effective proxy for nematic order, especially below the nematic
transition where the nematic order parameter becomes large spontaneously (i.e. in the absence of
applied fields). | discuss details of the experiment which involve the combination of applied in-situ
tunable uniaxial stress, transport measurements, and x-ray diffraction. In both the purely nematic phase
and in the high-temperature disordered phase | measure one transport quantity and one structural
qguantity and show that the transport-structural ratio is relatively constant across temperature and
across phase. This implies that the nematic coupling to both the conduction electrons and to the lattice
remains constant across this temperature range and phase transition. Finally, | show a comparison of
elastoresistivity and shear modulus data from two previously published papers across the underdoped
side of the phase diagram to show that this transport-structural nematic coupling actually diverges
towards the optimal doping, which has implications for the nematic fluctuation enhancement of
superconductivity.

6.2 Introduction: Thermodynamic order parameters and transport coefficients

If you were to ask many people what they think is the single most defining feature of a
superconductor, the vast majority would say that it is the zero resistance state. Indeed, this is the
feature that gives the phenomena its name. A handful of condensed matter physicists may instead say
that the defining feature is the Meissner effect, in which magnetic fields are expelled from the bulk of
the material. These two features are interesting to those of us who live outside the superconducting
crystal and try to interact with it externally. However, if you were to ask the conduction electrons living
inside the crystal this same question, they would say that what defines superconductivity is the
presence of an electron condensate formed by Cooper pairs. In fact, in their ground state the electrons
aren’t even aware of the concept of resistivity, which (ignoring exactly quantized topological transport)
is really a macroscopic effective quantity that only comes into play when an applied field or thermal
gradient moves the system into a nonequilibrium state and causes an electric current to flow in
response. Further, resistivity is not a thermodynamic quantity, and it does not enter into the electron
Hamiltonian or the free energy. It is important when thinking about any phase transition to remember
that electrons do not interact to form new phases in anticipation that a conjugate field may someday be
applied to them, and they certainly do not form new phases with plans to have specific transport
properties. Fundamentally, phase transitions occur as the system attempts to lower its internal energy,
with specific transport properties and responses to applied fields resulting as unintended byproducts.
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However, from the field tuning and transport behavior we can learn many details about the nature of
the phases and how measurable quantities couple to the thermodynamic order.

To understand the results of this chapter, it is crucial to differentiate between the true
thermodynamic order parameter, its conjugate field, and its associated transport quantity. We briefly
review the definitions of each in the context of nematicity in iron pnictide materials. First, as discussed
in Chapter 3, we do not have a definite microscopic description of the nematic order parameter and
instead represent it as a phenomenological order parameter ¢ with B, symmetry. Its true conjugate

field is likewise undefined, but through the nematic-elastic coupling the in-plane By, lattice

orthorhombicity € = z—;z acts as an effective conjugate field, with a and b defined as the lattice
constants of the 4-Fe unit cell. The transport quantity is the resistivity anisotropy n = %, with p, and
pp, defined as the resistivities along the a and b lattice directions (Figure 6.1b). We assign a
phenomenological linear coupling between the resistivity anisotropy and the nematicity as n = ki, so
that whenever the nematicity becomes nonzero a resistivity anisotropy is also induced. We also need to
consider the nematic coupling to the lattice, but this relationship is different in the two phases. Below
the transition, the nematic ordering drives the spontaneous orthorhombicity, with a relationship as € =
y)
C66,O
linear nematic-elastic coupling induce nematic order; we express this with the nematic susceptibility,
aw_ 2
de  ao(T-T*)’
transport coefficient; you cannot “create” a transport anisotropy which then induces nematic order, but

1. Above the transition we consider applying stress to induce a lattice distortion and then via the

This nuance makes clear one major difference between the conjugate field and the

you can create an orthorhombic lattice distortion by applying stress which does induce nematic order.

A major focus of this chapter is to demonstrate that the nematic-transport proportionality
coefficient k is constant across temperature and across the nematic transition, implying that whatever
the nature of nematic coupling to conduction electrons, this coupling is unchanged with temperature
and between nematically ordered and disordered phases. This strong correspondence could be assumed
in the disordered phase on symmetry grounds but is not guaranteed to occur below the transition when
the order parameter becomes large. As the nematic order parameter 1 and the resistivity anisotropy n
belong to the same irreducible representation of the high symmetry point group, they are linear
proportional in the infinitesimal strain limit [86]. Nevertheless, the resistivity is not a thermodynamic
variable and depends on extrinsic properties such as disorder[87]-[90]. While numerous studies using x-
ray and neutron diffraction have seen the continuous onset of nematicity via structural diffraction
peaks, the (zero-stress) spontaneous resistivity anisotropy has never been precisely measured through
the transition. Therefore, a key and very general question is to what extent a transport coefficient can
represent the order parameter beyond the infinitesimal limit. This question is especially important for
2D systems such as graphene where thermodynamic measurements are difficult [91].

In this chapter we examine this question in a model system for the study of nematic phase
transitions, the iron pnictide superconductor [4], [92]. Because of the electron-lattice coupling, the
nematicity in iron-pnictides has been clearly observed in both transport anisotropy and structural
thermodynamic variables (schematically displayed in Figure 6.12a). Above the phase transition, the
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diverging nematic susceptibility can be seen in the Curie-Weiss temperature dependence of both the
2mgg elastoresistivity coefficient[55] and the softening of the shear modulus[53] Cg¢. Below the phase
transition, the nematic order parameter also generates a large spontaneous resistivity anisotropy g
[39], [93] and a spontaneous structural distortion &g [45], [63]. Each of these four quantities are usually
measured separately due to incompatible sample preparation needed for standard techniques, which
makes a quantitative comparison difficult. In particular, the spontaneous resistivity anisotropy 7ng is
notoriously difficult to measure close to the phase transition, because the stress required to detwin the
sample always induces additional resistivity anisotropy due to the softening of Cgq and the divergence
of 2mge. To our knowledge, no study of iron pnictides has ever reported any two of the above
quantities within a single sample. In this work, we perform measurements of 2mgg, Cge, s and & using
the technique of elasto x-ray diffraction all within one single crystal sample of Ba(Feg9C0¢ 04)2AS2,
located on the underdoped side of the phase diagram with T = 73.8 K, Ty = 64 K and T, = 13 K (Fig.
6.1a). With our unprecedented multi-modal measurement, we show the four quantities perfectly
follows a mean-field temperature dependence. Furthermore, the ratio of transport to structural
guantities is a constant across the phase transition, suggesting that the resistivity anisotropy behaves
just like a thermodynamic variable even for large values of the nematic order parameter. While the
2mgg, Ceq, Ns and &5 can be well described by the Landau free energy framework, two unexpected
findings stand out. First, using the Cgq and 2mgq data from the previous studies[55], [68], we discovered
a strong doping dependence of the ratio between transport and structural quantities, increasing by
more than fivefold towards optimal doping. Second, when driving the system deep into the non-linear
regime with large uniaxial stress, we found that the resistivity anisotropy shows a non-saturating
behavior that is drastically different from the dampened response of the lattice. Possible implications of
these two unusual phenomena are discussed.
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Figure 6.1 Nematic-elastic-transport coupling. (a) x-T phase diagram of Co-doped BaFe;As,. Inset is a
representation of the nematic order parameter Y (magenta) aligned with the in-plane orthorhombicity €
(black). (b) Schematic of the sample measurement geometry and strain device. Uniaxial stress is applied
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along the tetragonal [1 1 0] direction. Inline resistivity p,, measures p, of the A domain and p;, of the
B domain.

6.3 Elasto X-Ray Diffraction

In order to simultaneously assess the electronic and structural response to stress in a single
crystal sample, we have developed a new experimental platform, the elasto X-ray diffraction (elasto-
XRD), that combines electrical transport with in-situ uniaxial stress tunability via a Razorbill CS-100 strain
device[94] fully integrated with x-ray diffraction (XRD) measurements at beamline 6-ID-B at the
Advanced Photon Source (Fig.6.2). This platform allows us to measure the lattice constants,
orthorhombic twin domain populations, and electrical resistivity simultaneously while the uniaxial stress
is continuously tuned to detwin the sample and enhance the orthorhombicity. Here we review details of
the sample preparation.

Figure 6.2 Pictures from the experiment at Argonne National Laboratory. (left) The Razorbill CS-100
mounted to a cold find cryostat. (right) the single crystal sample mounted on titanium plates.

Single crystal samples of Ba(Feg4C04),As, were grown from an FeAs flux as described
elsewhere [55]. The primary sample used in x-ray measurements was prepared as a thin bar of
dimensions 2.0 x 0.57 x 0.07 mm and cut along the Fe-Fe bonding direction. Gold wires were glued with
DuPont 4929 silver epoxy underneath the sample to not obstruct the x-ray diffraction off the top surface
of the crystal. Measurements of the resistivity coefficient p,, aligned along the stress axis were
performed using a standard 4-point measurement and an SR830 lock-in amplifier. Uniaxial stress was
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applied along the tetragonal [1 1 0] direction (X). The nominal strain is defined as 2™ = %, where L,
0

is the size of the gap between two titanium plates on which the sample was glued with Stycast epoxy.
The displacement AL was determined from a capacitance strain gauge. The four-wire electrical contact
geometry enables the simultaneous resistance measurements along the stress axis.

X-ray diffraction (XRD) measurements were performed at the Advanced Photon Source,
beamline 6-ID-B, at Argonne National Laboratories. X-rays of energy 11.215 keV illuminated an area
500x500 um, fully encompassing a cross section of the middle of the crystal where strain transmission is
highest. The sample and strain device were mounted on a closed cycle cryostat. Gaussian fits to the
tetragonal (22 12)7, (—1114); and (0 0 14) reflections were used to determine the orthorhombic
lattice constants in the direction of applied stress (a for T > Ts; ag & by for T < Ts), in-plane transverse
to the stress (b for T > Ts; ag & b, for T < Tg) and normal to the plane (c), corresponding to the X, ¥,
and Z directions, respectively.

All data was collected following a single procedure. At fixed temperatures from 66 K to 140 K,
XRD and transport measurements were made by ramping strain from maximum compression to
maximum tension and back while measuring a single reflection (i.e. (2 2 12)+), then this strain loop was
repeated for each of the other reflections. The same device voltages were applied through each range.

During these loops, both the nominal strain £2¢™ and the resistivity p,, were measured. At all

temperatures, the p,, vs e22™ curves are nearly identical for multiple sweeps of voltage on the stress
device, implying repeatability of the attained strain state during the measurement of the 3 reflections

(Example: 74K Fig.6.3).

One concern with this methodology is that the sample may not actually return to the same
experienced strain state across the tension and compression loops or over many loops, resulting in
strain offsets between nominal and experienced strain states that would make it more difficult to
compare the XRD data between different loops. An alternative methodology would be to measure
multiple reflections while the sample is held at a single fixed nominal strain value, to ensure that all
lattice constants are determined in the same strain state. However, rotating the sample and detector to
reach multiple peaks at each strain step increases the time of each measurement substantially and also
introduces the issue of relocating the peak intensity lineup conditions upon return to each reflection, as
small misalignments can occur from repeated rotations. Therefore, the fixed temperature multiple
strain loop methodology was chosen.

We show now that the possible strain offsets between nominal and experienced strain states
must be extremely small. Our most sensitive gauge of the attained strain state throughout the bulk of
the sample is the resistivity; for instance, at 74K under compression the resistivity change to nominal
strain is about a factor of 40, while the in-plane lattice constant change with nominal strain measured by

XRD is about a factor of > Zooming in on this most strain-sensitive range of the data, we find that the

resistivity data is indistinguishable between the three loops, and all points reside within a tight 95%
confidence interval based on the combined data set (dashed lines, see Supplementary Information of
ref.[5] for more information).
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Figure 6.3 (a) Resistivity vs nominal strain at 74K. A, B and C refer to separate strain loops at fixed
temperature during the measurement of the (2212)y, (—1114); and (00 14); reflections,
respectively. (b) A small strain range of (a) showing the distribution of resistivity points. Solid line shows
a linear fit, dashed line a 95% confidence interval for the combined dataset.

6.4 Nematic fluctuation divergence: shear modulus and elastoresistivity

We focus first on the structural and electronic response to applied stress above the nematic
. . . . A Ab
transition, where there are no orthorhombic domains. We define ¢, = a—a and g, = 5 as the XRD-
0 0

measured strains of the inline ([1 1 0];) and transverse ([—1 1 0];) lattice constants, respectively (see

Fig.5.2). At 130 K the lattice constants show a nearly linear response to &2¢™, while just above the

transition at 74 K the response becomes strongly nonlinear, with an enhanced response at €™ =

d . - 1
% and the induced B,4 orthorhombicity & = E(Sxx - syy)

XX

becoming increasingly nonlinear with cooling (Fig.6.4).

This results in the strain transmission
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across several measured temperatures. For (b) and (c), data within nematic phase plotted only in the
high-strain fully detwinned regime.

de
The rate of change of the in-plane transverse strain to inline strain d—yy approaches a peak value

Exx
of -1 with cooling to Ts and decreases to its high-temperature value at large ¢ (Fig.6.5a). We extract the

de 1-v
shear modulus from Poisson’s ratio (v, = —?yylg:()) using Cee = (50.5 GPa)ﬁ , Where the
XX

magnitude is determined from other elastic modulus terms using ultrasound data from ref.[68] (see
Chapter 9.2). In Figure 6.5b, Cge diminishes to nearly zero at Ts (black dots). Fitting Cge with a Curie-
Weiss temperature dependence, Cgq = Cgg0 — A(T — T*)1 (red line, R? > .98), yields a fitted value
of the bare shear modulus Cg6 o = 38.8 = 4.7 GPa in agreement with the high-temperature ultrasound
data[68]. The extracted bare nematic transition temperature, T* = 50K + 8.3K is considerably larger
than the values obtained from several other shear modulus measurements[43], [46], [53], [54], where
Ts — T*~40K — 50K, yet as we discuss below it agrees well with the T *obtained from the simultaneous
elastoresistance measurement. We note that a major difference is that in the previously reported
measurements Cgg is reduced but nonzero at the transition, possibly due to local strain inhomogeneities
and resulting domain microstructures adding a small background signal near the transition[43]. Since
Cge Varies most rapidly near the transition, this difference may strongly influence the Curie-Weiss fitting,
hence the discrepancy in T™.
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Figure 6.5 (a) The rate of change of in-plane unidirectional strains — dzyy vs €. (b) The shear modulus Cgg
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£ = 0.18%. Red line in (b) is Curie-Weiss fit Cgs = Cos0 + A (=== with fit values: T* = 50.0K + 8.3K,

T-T*
A =—933+51GPaK, Cgqo = 38.8 + 4.7 GPa, RZ = 0.98.

We next turn to the resistivity response to strain. The resistivity p,, vs €22™ is increasingly

nonlinear with cooling (Fig.6.6a). In particular, near the phase transition p,, shows a kink-like behavior
as efX™ increases from zero to positive, and an inflection point at large negative values of ef™
Intriguingly, while still being nonlinear, the kink and inflection point of p,, vanish when plotted against
the simultaneously measured orthorhombicity & (Fig.6.6b), and p,, can be well fitted by a 2" order
polynomial (Fig.6.7). This stark contrast indicates that the anomalies observed in p,, vs €22™ are
artifacts of the nonlinear strain transmission, highlighting the importance of in-situ x-ray measurements.
The 2" order polynomial can be understood from a symmetry analysis by decomposing the inline

resistivity dependence on the By, orthorhombicity as

_ Bz2g B2g:B2g 2
Pxx (&) = po (1 + My, + My, € )

B . . . . . Byg.Bag . .
where mBEg = 2mge is the linear coefficient with (odd) By, symmetry and m, 9" is the quadratic
g

19

Byg,B
coefficient with (even) Ai;z symmetry. Consistent with previous work [95], mAf‘g % has a large
g

magnitude near the transition. As we cannot perform a simultaneous bidirectional transport
measurement with this setup, we isolate the B,; component and extract the 2mgq elastoresistivity

- . d (A
coefficient at each temperature using 2mgg = —( z’”‘
0

de
(Fig.6.6c). We analyze this temperature dependence with the same Curie-Weiss model as used for the
shear modulus and find it is well described with a similar T* = 48.9K + 7.1K (Fig.6.6¢, blue line, R? >
.95). Therefore, we demonstrate that both 2mes and Css within a single sample show the same mean-

)|8=0 , which diverges toward the transition
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field temperature dependence, confirming both have a linear proportionality to a common driver,
namely the nematic fluctuations.
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Figure 6.6 (a) Longitudinal resistivity p,, vs €22™ and (b) vs € . Inset to (b) shows the resistivity

anisotropy n = % and the derivative % at T=74K. (c) The 2mgq elastoresistivity
extracted from d‘;/gp" l¢=o . Grey lines in (b) show the 8 K zero-stress value of in-plane orthorhombicity,

£ = 0.18%. Blue line in (b) is Curie-Weiss fit 2mgs = 2meq,o + A (=) with fit values T* = 489K +
71K, A = 4237 + 330, 2mge = —14.3 + 8.5, R? = 0.95.
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Figure 6.7 The zero-stress normalized resistivity ::— vs in-plane orthorhombicity €. A quadratic fit is
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purple fit lines and colored bars) with fit magnitudes of the linear (2mg¢) and quadratic (mAlg) terms

largely stable over different fitting ranges (inset).

While the 2mgs and Cgs extracted near the zero-strain limit show good agreement with mean
field behavior, it is no longer the case in the large strain limit where nematic fluctuations are expected

to be heavily dampened. The Figure 6.6b inset shows the resistivity anisotropy n = Pxx(€)~Pax(€)
Prx(E)+Ppxx(—€)

(defined as the normalized resistivity difference at equal in-plane orthorhombicity between tension and

. . . .od . . .
compression) and its strain derivative d—z which corresponds to the induced nematic order parameter
a (Apxx
de \ po
near or below Ts, n shows no sign of saturation as ¢ exceeds 0.18% (the spontaneous orthorhombicity at

. - - . d
and nematic susceptibility at finite strain (note that d—z le=o = ) le=o = 2mgg). At temperatures

T = 8 K, which is also the maximum value of spontaneous orthorhombicity for this doping
concentration). This non-saturating behavior is in sharp contrast to the structural counterpart, where

deyy

A&y,

deyy

d . : . . .
. and d—z no longer simply relate to Cgg and 2mge, which are response functions defined in the zero-
XX

dampens rapidly towards its high temperature value (Fig.6.5a). Although in the large-stress limit

.. - . d dan . . . . .
stress limit, the striking difference between Z599 and d—z is unexpected. This peculiar finding will be

Exx

revisited in section 6.7.

6.5 Spontaneous Elastoresistivity and precision detwinning of orthorhombic domains

Next, we extract the spontaneous orthorhombicity € and spontaneous resistivity anisotropy 7ng
in the nematic ordered phase. We focus on the 10 K range below Ts but above Ty because the long-
range antiferromagnetic order induces shifts in the orthorhombicity [45], [63] and reconstructs the
Fermi surface leading to additional resistivity anisotropy effects [96]-[99]. Upon cooling the sample
below Ts = 73.8K, the single peak of the (2 2 12) reflection splits into two peaks corresponding to the
a, and bg orthorhombic lattice constants of the A and B domains, respectively, indicating the formation
of structural twin domains (Fig.6.8a). As is often done for a freestanding crystal [45], we define the

- bg . - . .
" bB in the zero-stress limit. Within the purely nematic phase, &
B

is well fitted to a mean-field ,/Tg¢ — T temperature dependence, with fit parameters ¢ = AV73.8 K — T
,A=.000290 +.0000006,R? = 0.99 (Fig.6.8f).

. . a
spontaneous orthorhombicity as eg = aA
A
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Figure 6.8 Spontaneous resistivity anisotropy and orthorhombicity. (a) Zero-stress x-ray diffraction of
the [11 0] lattice constants across the nematic (Tg) and antiferromagnetic (Ty) transitions. (b) The
zero-stress twinned state resistivity p,, (black) and the detwinned monodomain resistivities p, and p,,
(blue) extracted from the Dy = 90% and 10% points in (e). (c) X-ray diffraction of the [1 1 0] lattice

constants a, and bg with intensities I, and Ig. (d) The full-width half maximum (FWHM) of the Gaussian
Ia
Ia+ip

fit to the XRD peak for both a4 and bg. (e, right) Relative A domain population, Dy = . Grey bars at

Da = 15% and Dy = 93%. (e, left) Inline resistivity with monodomain resistivities p, and p;, at D, =
93% and Dy = 15%. (f) The spontaneous orthorhombicity &5 and (g) the spontaneous resistivity
anisotropy 7ns are both well fit to a \/Ts — T temperature dependence within the nematic phase with
Ts = 73.8K.

The presence of twin domains cause transport measurements to average over the resistivities
along the two domain directions. This presents a substantial experimental challenge to obtaining the
resistivity anisotropy of the orthorhombic unit cell, which we overcome by precisely strain detwinning
the sample. Figure 6.8c-e shows detwinning results for a representative temperature (66 K). The peak
positions and intensities (I, and Ig) are shown in Figure 6.8c. Strain homogeneity is confirmed by a

nearly constant Bragg peak width throughout the nominal strain range (Fig.6.8d). The relative volume
Ia

I4+g

and 100% with applied stress, i.e. between the B and A monodomains (Fig.6.8e, right). While the sample

fraction of the A domain is determined as Dy = ( )X 100%, which varies smoothly between 0%

is mostly detwinned over a relatively small strain range, the last 10% volume fraction of the minor
domain is detwinned over larger strain values where the inline lattice constant becomes highly
susceptible to applied strain. Therefore, we find that we can mostly, but not fully, detwin the sample
without inducing additional lattice distortions, which warrants consideration for the design and
interpretation of future experiments involving uniaxial stress detwinning of structural domains.
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Figure 6.9 Resistivity vs average A domain population. Edges of error bars show the two as-measured
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for clarity.
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69



Pa”Phb results from the different resistivities along
PatPp

The spontaneous resistivity anisotropy 15 =

the @ and b directions, p, and p;,. Due to the network of twin domains running at 45° to the length of
the sample [57], the current takes nontrivial paths which results in a nonlinear dependence of p,, on Dy
(Fig.6.9). We approach the problem from two directions. First, we start in a zero nominal strain state
and detwin the sample just until the lattice begins to deform (at 85% and 93% full detwinning to the
compressive B and tensile A domains, respectively; see Fig.6.10). This is the closest condition to a single
domain state without lattice distortion that we can achieve experimentally. The extracted p, and py

(Fig.6.8b) yield values of ng which are well fit to /Ts — T (Fig.6.8g).

Alternatively, we can extract ng by starting in the fully-detwinned regime and linear fitting the

resistivity anisotropy n down to &s. The resulting values of 7 are also well fit by m (Fig.6.11). The
7N obtained by these two approaches agree within 5%, suggesting that the remnant minor domain has a
minimal impact on the transport. This result stands in sharp contrast to earlier works using fixed-
strain/stress detwinning in a clamp or horseshoe device[39], [87], [93], [100]-[103], which generally
found a large resistivity anisotropy above Ts from the strain-induced 2mgg that mixes with the
detwinned domain 7ng below T, preventing a determination of the real mean-field development of 7.
Thus, our elasto-XRD technique allows for a precise measurement of a new transport coefficient, the
spontaneous elastoresistivity, defined as a resistivity anisotropy ns and structural order parameter &
driven by the system itself in the zero-stress limit. In the next section we describe the physical
interpretation of the spontaneous elastoresistivity and how it is related to 2mgg and Cge above the

transition.
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Figure 6.11 Nematic phase elastoresistivity. (a) The resistivity vs magnitude of orthorhombicity in the

fully detwinned (>99%) regime. (b) The resistivity anisotropy n = Pxx(E)=pxx(Z€) calculated from the

Pxx(E)+pxx(—€)
resistivities in (a). These values are used to linear extrapolate to &5 to extract i (squares). The error

bars here represent an uncertainty in the exact value of € when defined from the difference of the a and
b lattice constants taken from the (2 2 12); and (—1 1 14); reflections, where an instrumental

. . ... db
uncertainty offset of € +.02%. Note that this offset does not affect the derivative - used to extract the
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Poisson’s ratio. (c) The spontaneous resistivity anisotropy ns extracted from detwinning (blue) and from

1
fitting the high strain elastoresistivity (magenta) are both well fit to ng = A(73.8K — T)z.

6.6 Comparison of the nematic transport-structural coupling ratio across phase and
temperature

The shared mean-field temperature dependence of 15 and & below the transition echo the
shared Curie-Weiss temperature dependence of the 2mgg and Cg¢ above the transition, demonstrating
the one-to-one correspondence between the transport and structural coefficients. The remaining
guestion is whether this one-to-one correspondence is continuous across the phase transition. In Figure

Ceo

-1
6.12b we plot ? , the spontaneous elastoresistivity, and 2mgg (1 - ) . These two quantities are
S

66,0
the ratios between the dimensionless transport and structural coefficients below and above Tg,

respectively. We find that both quantities show almost no temperature dependence and their

temperature-averaged values are in strong agreement, with ?= 142.6 + 20.7 and 2mgg (1—
S

Ces

-1
) = 142.9 4+ 29.7 . This agreement suggests that for the entire temperature range of this study,

Cs6,0
the resistivity anisotropy behaves like a thermodynamic order parameter for all practical purposes. We

note that this relationship is valid even at the lowest measured temperature within the pure nematic
phase, 66 K, where the orthorhombicity reaches ~40% of its saturation value at base temperature, well
beyond the infinitesimal limit.

-1

C . . -

We now show that Z—S and 2mgg (1 -z g6 ) can be taken as the relative coupling of nematicity
S 66,0

to the conducting electrons compared to the lattice. We again consider the Landau free energy
discussed in detail in Chapter 3 that describes a nematic phase transition with a bilinear coupling to the

lattice:

ag(T—T7) b Co6,0
F = 2 — a4 )
2 L 41/) + 2
Minimizing the free energy below the phase transition, we obtain the primary nematic order parameter

g2 — e

Ps « /Ts — T which induces a secondary order parameter, the spontaneous orthorhombicity & =

2 . . . . kC .
. Combined with the linear nemato-transport relation ns = kibg, we get & = =% Minimizing
C s Ns s B 1
66,0 S

- . . . . e d 2
the free energy above the phase transition yields a Curie-Weiss nematic susceptibility d—f = wa—
(T

which results in 2mgg =k% and <e6 =12 L . From this we find 2myg (1—
ag(T-T%) Ce6,0 Ce6,0 ao(T-T")

. identical to 2 below the transition (Fig.6.12a). If we ignore Cgg, Which is a material

Es

-1
Ces ) _ kCeso
Ce6,0 A

specific parameter not related to nematicity, we have a simple physical interpretation of Z—S and
N
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-1

C . .

2Mgg (1 -z g6 ) — they measure the ratio of the nemato-transport coupling constant k and nemato-
66,0

elastic coupling constant A.
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Figure 6.12 Transport-structural ratio equivalence. (a) For T < T, the spontaneous nematic order

. . . - A
parameter s < /Ts — T drives the linear proportional spontaneous orthorhombicity &g = —1,[)5 and

spontaneous resistivity anisotropy ng = k s, yielding a temperature independent ratlo For T >Ts

the diverging nematic susceptibility d—f = (TA*_T) drives the diverging elastoresistivity 2m66 = k;

-1
and the softened shear modulus Cgg = Cgg9 — /'l— The ratio 2mgg (1 - CC 2 ) is thus also
66,0

temperature independent. If the nematic-elastic (1) and nematic-transport (k) proportionality

coefficients are constant across the phase transition, both ratios equate at Ts with a value Co6.0 . (b) The

Ces

-1
measured ratlos (gold) and 2mgg (1 ) (black) vs temperature.

66,0

6.7 Comparison of transport-structural coupling ratio across doping.

Extensive measurements of 2mge and Cgg have been made across the phase diagram of

Ba(Fe;_4Coy),As,. In Figure 6.13 we plot the fitted Curie constant (kai) for the 2mg4 data from
0
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ref.[55] and (L i) for the Cgg data from ref.[54], which demonstrates that while (k i) is enhanced
Ce6,0 Qo ao

. . A Ay . - . .
towards the optimal doping, (C— a—) is not similarly enhanced. This observation suggests that the
66,0 0

enhancement of 2mgg with doping is due not only to an enhancement of nematic fluctuations
themselves but also due to a relative enhancement of nematic coupling to conduction electrons over

-1

. . o kcC .

the lattice. Indeed, we find that 2mgg (1 - C“) , or ;6'0, increases by more than a factor of 5
66,0

towards the optimal doping. Given that Cg6 o Only shows weak doping dependence([68], the increase of

kC . . - .
—2%2% can only come from the relative increase of k over A, a condition which favors the

superconducting pairing by nematic fluctuations[104]. A similar conclusion was made in a recent work
comparing the doping evolution of the elastocaloric effect and elastoresistivity in this same system[56],
which found evidence for a diminishing value of 1 with doping towards optimal.

The efficacy of resistivity anisotropy as a representation of a thermodynamic order parameter
and its breakdown in the large stress limit has a profound implication to the microscopic mechanism of
nematicity. In the framework of Boltzmann transport theory, resistivity anisotropy is determined by the
anisotropy of elastic and inelastic scattering rates and Fermi surfaces. Several theoretical studies argued
that anisotropic spin fluctuations, the leading candidate of the microscopic mechanism of nematicity in
iron pnictides, generate anisotropy in both elastic and inelastic scattering[88], [89], [105]. This picture
provides a natural explanation for the non-saturating resistivity anisotropy in the large stress limit. The
large stress shifts the antiferromagnetic transition to a higher temperature, which increases the spin
fluctuations[40] and hence induces additional resistivity anisotropy. This is a non-linear effect that arises
from the intertwined nature of vestigial nematicity[48], which is not captured in the Landau free energy
discussed above. We note that this highly non-linear nemato-elastic coupling has also been observed in
a recent elasto-scanning tunneling microscopy measurement.[106]
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Figure 6.13 The Curie constants from Curie-Weiss fits to 2mg¢ (blue) and Cgq (red) across the
underdoped side of the phase diagram. Data from refs. [55], [68] (see main text). Dashed lines are a
guide to the eye, solid vertical line at optimal Co doping x,;,, = 0.067 &+ .02. Open symbols from this

work.

6.8 Conclusion

From the experimental perspective, the use of x-ray diffraction gives unprecedented detail in
the detwinning process itself and reveals a highly non-linear structural and electronic responses close to
the phase transition. While similar uniaxial stress approaches have been used recently to explore
interesting properties in iron pnictides and beyond [8], [40], [84], [107]-[112], this work highlights the
importance of in-situ microscopic measurement of structurally-complex quantum materials.

This project lays out several new methodologies that will be useful in future projects. First, we
demonstrated a new method to extract the shear modulus from x-ray measurements of two lattice
constants while applying strain. Second, we extracted the zero-stress elastoresistivity directly from the
measured orthorhombicity and resistivity, obviating the need for a strain gauge. Importantly, as this
method involved uniaxial stress and not biaxial strain, we do not add appreciable A;, symmetric strain
to the system as can occur from gluing sample directly to a piezo stack. Third, we stress tuned a single
crystal sample to a nearly-fully detwinned state to extract the spontaneous resistivity anisotropy. This is
the most precise measurement of the resistivity anisotropy that has yet been made. Fourth, this
methodology allows for multiple quantities to be measured across phase transitions, allowing
multimodal characterization of a single sample in both the infinitesimal and large order parameter
limits.
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Chapter 7:
Strongly Anisotropic Antiferromagnetic Coupling in EuFe;As;

7.1 Abstract:

In this chapter | present the first measurement of the metamagnetic spin flip transition in EuFe;As; using
a combination of applied uniaxial stress and the XMCD x-ray technique. From the form of this spin flip
transition and from measuring three critical fields, | determine that the spin Hamiltonian describing this
magnetic system must include both a non-Heisenberg biquadratic Eu-Fe coupling term and a strongly
anisotropic Eu-Eu antiferromagnetic coupling term. The latter was such a surprising find that it became
the title of my paper, “Strongly anisotropic antiferromagnetic coupling in EuFe,As; revealed by stress
detwinning” [9]. We posit that the Eu-Eu interaction has strongly anisotropic character due to the
anisotropy of the nematic conduction electrons of the SDW-ordered Fe-layer that mediate the
interaction, which is a new aspect of nematicity that has not yet been widely discussed.

7.2 Introduction: Magnetostructural coupling in EuFe;As;

Magnetism is the origin of a wide range of intriguing phenomena in iron-based superconductors,
including electronic nematicity and high temperature superconductivity [32], [34], [62], [99], [113]. In
contrast to the magnetism of the high-T, cuprates, the stripe spin density wave (SDW) ground state
breaks fourfold rotational symmetry and the spin dynamics are highly anisotropic [35], [112], [114],
[115]. Key to this highly anisotropic magnetism is a sizable biquadratic coupling that is not captured in a
simple Heisenberg model and likely arises from the dual itinerant-localized character of the Fe
magnetism[36], [116]. It has also been suggested that this biquadratic term is necessary for the
emergence of spin nematicity [37], [117].

Very recently, it was shown that a similar biquadratic coupling plays a role in the unusually large
magnetoelastic coupling in EuFe;As;, where the introduction of a magnetic lanthanide element adds
another layer of complexity into the magnetism of iron-based superconductors[118]. In addition to the
SDW order, EuFe;As; also hosts an A-type layered antiferromagnetic (AFM) order in the Eu layer, sharing
the same easy axis with the Fe-SDW. Like in other iron pnictides, the SDW in EuFe;As, creates
orthorhombic twin domains. In BaFe,As;, due to the strong coupling between the structural distortion
and the SDW, an applied field of order 25 T is able to fully detwin the structural domains [119].
Surprisingly, EuFe,As; can be fully detwinned with less than 1 T, and partial detwinning can persist even
after the field is turned off [120], [121]. Magnetization, NMR and neutron diffraction data show that
this structural detwinning coincides with the reorientation of Eu moments towards the applied field
direction, suggesting that the Eu magnetism and the associated large magnetic moments are
responsible for this drastic reduction of detwinning field [120], [122], [123]. Nevertheless, as no single-
ion anisotropy is present for the half-filled Eu 4f” electrons and no dipolar coupling between the Fe and
Eu layers is allowed by symmetry, it remained an open question how Eu moments even sense the
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orthorhombic direction. Recently, Maiwald et al solved this mystery by considering a biquadratic

coupling between Fe-SDW and Eu-AFM moments[118]. The biquadratic coupling of the form K(ﬂ- . ej)z,
where f; and e; represent the Fe and Eu moments, respectively, provides an effective single-ion
anisotropy that couples the Eu moment orientation with the Fe-SDW direction[118]. Therefore, while
the Fe-Fe biquadratic coupling generates the nematicity in the FeAs layer, the Eu-Fe biquadratic coupling
provides a pathway for the Eu magnetism to couple to the structural orthorhombicity and the
underlying nematicity.

This chapter discusses the discovery of another consequence of the higher order Eu-Fe coupling
in EuFe,As; — a highly anisotropic Eu-Eu interplanar coupling. The degree of anisotropy of Eu-Eu

interlayer exchange (%) is about 75 times larger than the structural orthorhombicity, which can only
xTJy

be understood by considering the influence of the Fe-SDW order. The anisotropy of Eu-Eu interlayer
exchange was overlooked previously because the field detwinning process masked the spin-flip nature
of Eu metamagnetic transition. We overcome this challenge by a direct measurement of the Eu
metamagnetic transition in a mechanically detwinned sample using a piezoelectric stress device, which
allows us to apply magnetic fields either parallel or perpendicular to the easy axis of Eu moments within
a single structural domain. Conventional magnetometry techniques are difficult to apply to a sample
mounted to a strain device due to the added size and background magnetization contributed by the
device. We therefore employ x-ray magnetic circular dichroism (XMCD) on the Eu L; edge to measure
the Eu-specific in-plane magnetization induced by an applied magnetic field. We show that we are able
to strain the crystal into a monodomain which exhibits either a large jump in magnetization, consistent
with a spin flip transition, or has a perfectly linear magnetization from continuous canting of Eu
moments (i.e., we are able to turn the metamagnetic transition on and off). From the measurement of
the critical field for the Eu spin flip and the field dependence of the spin canting, we determine the
energies of the Eu-Eu and Eu-Fe coupling and discover that the Eu-Eu interaction itself is directionally
dependent on the orientation of Fe moments. We then confirm this by first principles calculations. The
discovery of the anisotropic Eu-Eu interplanar coupling also sheds light on the evolution of the Eu
magnetism in doped EuFe,;As; which we reevaluate in section 7.12.

7.3 Sample preparation

The sample mounted to the strain device was prepared identically to the sample in Chapter 6.
Single crystal samples of EuFe,As, were grown from a tin flux as described elsewhere [124]. The sample
was cleaved from a large as-grown single crystal plate and cut along the tetragonal [1 1 0] direction into
a bar with dimensions 3.2 x 0.50 x 0.065 mm. These sample dimensions correspond to a
demagnetization factor of N=0.13 along the applied field direction [125], resulting in a small maximum
demagnetization field of only NMg,~0.005T. A piezo-actuator uniaxial stress device (Razorbill
Instruments, CS-100) was used to provide in-situ stress along the length of the bar which was affixed
with Stycast epoxy. The four-wire electrical contact geometry is illustrated in Figure 7.1, with wires
underneath the sample to not obstruct the x-ray fluorescence off the top surface of the crystal.
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Measurements of the resistivity coefficient p,, aligned along the stress axis were performed using a
standard 4-point measurement and an SR830 lock-in amplifier.

Figure 7.1a shows the fully magnetically ordered unit cell at T=7K and zero applied magnetic
field. Eu moments are aligned ferromagnetically within each plane and antiferromagnetically between
planes. The Fe spin density wave ordering results in a small structural orthorhombicity and the
formation of structural twin domains that are identical up to a 90-degree rotation. Within each domain,
the Eu AFM and Fe SDW easy axes are aligned with the longer orthorhombic a lattice constant [81],
[126]. We use a geometry with the X and y axes aligned to the orthorhombic a and b directions, and
tensile or compressive stress applied along the X direction detwins the sample toward the A
monodomain (a lattice vector along X) or B monodomain (b lattice vector along X), respectively
(Fig.7.1b). Once in the A (B) monodomain state, the measured resistivity p,, becomes sensitive to the
anisotropic resistivity p, (pp) along the orthorhombic a (b) direction. Magnetic field is applied
perpendicular to the current/strain axis and at 10 degrees above the ab plane. Except for a change in the
strain state, the sample is not reoriented in any way during the experiment, ensuring identical effective
fields and XMCD-illuminated sample volumes. XMCD measures the induced Eu magnetic moment along
the field direction, which is fixed parallel to the incident x-ray direction in this study.
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Figure 7.1 (a) EuFe,As; unit cell at T=7K and zero applied magnetic field. Both Fe and Eu
antiferromagnetic orders are stabilized with easy axes aligned with the longer a lattice constant of the
orthorhombic unit cell. (b) Uniaxial stress is applied along the X direction aligned with the orthorhombic
a/b orthorhombic unit cell lattice directions such that tension (compression) detwins the sample to the
A (B) domain (orange/blue outline). Resistivity measurements along the stress axis measure p, (pp)
aligned with the a (b) lattice constant of the A (B) domain. A magnetic field is applied perpendicular to
the strain axis at 10° above parallel from the a/b plane, causing a reorientation of Eu moments to align
along the field direction. XMCD is proportional to the Eu magnetization along the applied field direction.
For simplicity, we collapse the 4 Eu atoms and 8 Fe atoms of the doubled orthogonal unit cell into 2 Eu
(blue arrows) and 4 Fe (red arrows) effective moments.
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7.4 Strain detwinning

At T=7K, the EuFe;As; By, orthorhombicity (s = %) is approximately 0.28%, while the maximum

nominal strain (e22™) applied to the sample is 0.3%. Naively we would expect to fully detwin the
sample. However, as discussed in ref. [5], pinned remnant domains persist up to large applied strains,
inhibiting a total detwinning. We can estimate the A domain population vs applied strain using
calibration data from refs. [5], [8], where the uniaxial strain detwinning was monitored with
simultaneous x-ray diffraction. In Figure 7.2 we show simulated detwinning data for EuFe;As,, adjusting
the detwinning for the difference in sample orthorhombicity. We find that at our maximum applied
strain (grey bars) that the sample volume should contain about 5% of the minor domain (evidence for
this remnant domain is visible in the small resistivity drop of the A domain at 7K in Figure 7.5a).
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Figure 7.2 Simulated detwinning data for EuFe,As; at T=7K based on x-ray diffraction detwinning data
from ref. [5]. Grey bars indicate the strain applied to create the A and B monodomains of Figure 7.5.

7.5 X-ray Magnetic Circular Dichroism

Here | discuss important methodology details of the XMCD measurement; for a theoretical
introduction to XMCD see Chapter 4.4. XMCD was measured at the Advanced Photon Source beamline
4-ID-D at Argonne National Laboratory. We probed the Eu L; edge using x-rays of 6.97 keV, which
measure the spin polarization of the Eu 5d band due to the magnetic moment of the 4f orbital.
Generally, the Eu L; edge XMCD signal can be taken as proportional to the 4f moment magnetization;
however, as the Eu 5d band has a significant hybridization with the As 4p orbitals [127], which
themselves hybridize with the Fe 3d orbitals, the exact value of the XMCD is expected to have some
dependence on Fe conduction effects. Nonetheless, we can use the sharp changes in XMCD signal to
mark the fields at which magnetic transitions and saturations occur at. A superconducting split coil
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magnet with a large bore was used to apply magnetic field. The sample temperature was controlled
using He flow. XMCD was collected in fluorescence geometry by monitoring the Eu L, line using a four
element Vortex detector integrated with the Xspress module to enable a larger dynamical range.
Circularly polarized x-rays were generated using a 180 microns thick diamond (111) phase plate.

The XMCD spot size illuminates the whole sample width across the y direction and is roughly
100 microns wide along the x direction (between the transport wires) and probes a depth of about 5
microns. The beam is centered on the middle of the crystal where strain is most transmitted and
homogenous. The transport wires are separated by about 1700 microns, and transport is sensitive to the
whole bulk of the sample. While the resistivity and XMCD are not measuring exactly the same volume of
crystal, the tight correlation between the two data sets suggests no major difference in crystal behavior
between the two sampled volumes.

The XMCD measurement uses a circularly polarized incident x-ray beam and measures the
helicity-dependent intensities ug o and u; o as a function of x-ray energy. To analyze these data, we first
sum ug o and p;, o and normalize by the jump in intensity at the L3 edge. Then we correct the data for
self-absorption to get pur and ;. In this case the XAS is the sum of the two intensities, ug + y;, and is
found to peak at E=6.975 keV, i.e. at the peak of the Eu L; edge as expected. The difference in intensity
Ugr — K, is the XMCD and is peaked at E=6.973 keV. Hence, the XMCD is already normalized by the total
intensity.

During the initial calibration it was found that the sample was not appreciably displaced by
applied field up to 1T; this means the same sample volume was probed by the XMCD measurement over
the whole field range. For this reason, it was unnecessary to do a full energy scan at every field point.
Instead, a much quicker measurement was performed using x-rays of energy E=6.970 keV, just below
the XMCD peak but with roughly half the peak intensity. At each field point the helicity-dependent
intensity measurement was made. At the maximum field value of +1T a full energy scan was performed
and used to normalize the E=6.970 keV data vs field by the peak XMCD value at 1T and E=6.973 keV.
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Figure 7.3 XANES and XMCD. Energy scan of incident x-rays of left and right helicity (normalized intensity
W and up, respectively) at a fixed applied field of 1T and at T=7K for the B domain (i.e. saturated
magnetic moment post spin flip). The sum of the normalized helicity intensities yields the XANES
(arbitrary units) while the difference yields the XMCD. Line shows energy at which field-dependent
intensity scans were made.

7.6 Paramagnetic Eu magnetization

First, we address the effect of the applied magnetic field at T=30K, below the orthorhombic and
SDW transitions (Tspy, = 187K), but above the Eu AFM ordering temperature (Ty = 19.1K). In the
Eu?* valence state, the 4f7 electrons have zero orbital angular momentum (L = 0), and as such are
expected to show an isotropic response to applied field. After detwinning to either the A or B
monodomain, we applied fields from 0 to 1 T and measured the XMCD and resistivity simultaneously in
0.02 T steps (XMCD data were not collected for the B monodomain for 0.8 T-1 T at this temperature).
We find an XMCD signal that is indistinguishable between the two domains, suggesting that at this
temperature and field range the Eu-Fe interaction is negligible compared to the Eu paramagnetic
coupling to applied field (Fig.7.4). We note that compared to the data presented next, the XMCD values
at 1 T and 30 K are roughly 3 times smaller than the 1 T XMCD saturation value within the Eu AFM
phase, consistent with a lower susceptibility in the paramagnetic phase. As in BaFe;As,, the zero-field
resistivity is considerably larger along the orthorhombic b direction than the a direction. Both p, and p,,
have a weak field dependence at 30K. The inset to Figure 7.4 shows the detwinned sample cooling
through the Eu AFM transition. As demonstrated previously in mechanically detwinned EuFe;As,, we see
no change in the Eu transition temperature between the tensile and compressive cooling data, nor do
we see any additional resistivity anisotropy induced by the Eu AFM ordering [128]. Indeed, the resistivity

Pb=Pa _ 0.084(2) is unchanged through this temperature range.

anisotro =
Py PptPa
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Figure 7.4 T = 30K single pass applied magnetic field sweep for the detwinned A and B domains (XMCD
data was not collected for B domain 0.8T-1T). XMCD above the Eu AFM ordering temperature shows a
nearly isotropic response to field. p,, vs applied magnetic field reveals a minimal magnetoresistance.
(Inset, left) p,, vs temperature for the detwinned A and B monodomains reveal no additional anisotropy
induced at the Eu AFM ordering temperature Ty g, = 19.1K. (Inset, right) The resistivity anisotropy n =
Pb=Pa (plack).

PbtPa

7.7 Antiferromagnetic Eu magnetization

We now discuss results from within the Eu AFM phase at 7K. We applied field througha 1 T
loop to each detwinned state and measured the XMCD and resistivity simultaneously in 0.02 T steps
(Fig.7.5). In the A domain (Fig.7.5a), the Eu moments are initially aligned with the AFM easy axis
transverse to the field direction. The linear growth of XMCD signal with field indicates that Eu moments
cant continuously to align with the field, with no observable hysteresis. Conversely, in the B domain
(Fig.7.5b) the easy axis is along the field direction, and so for fields below 0.4 T the XMCD is nearly flat as
no canting can occur. The jump in XMCD from 0.4 T to 0.6 T and accompanying hysteresis is a clear sign
of a metamagnetic spin flip transition between the Eu AFM and FM states. The weak linear field
dependence of magnetization in the pre- and post-spin-flip field ranges are due to the out of plane
magnetization induced by the small out of plane field component, which is assumed to equally
contribute to the A domain magnetization. We note that the observation of spin flip transition
contradicts the expectation from the spin Hamiltonian derived from ref.[118], which predicts a spin flop
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transition. As will be shown in section 7.10, this contradiction can only be resolved by including an
anisotropic interlayer exchange between Eu moments.

The resistivity is approximately linear in field for |ugH| < 0.4T and |ugH| > 0.6T for both
domains. For 0.4T < |ugH| < 0.6T, a large hysteretic drop occurs in the B domain resistivity, coinciding
with the jump in XMCD. A much smaller drop also occurs in the A domain, which also shows a small
hysteresis (Fig.7.5a, inset), and is likely due to a remnant B domain that was not fully detwinned and
which is not resolved in the XMCD measurement. For each domain, the resistivity returns to the initial
zero-field value after the field loop, indicating that there is no persistent field-detwinning in our setup as
is found reliably from previous studies of freestanding samples [120], [121]. Further, given the field and
current orientation, the sample in either strain state would be expected to detwin towards the higher-
resistivity B domain above ~0.5T, and so the drop in resistivity for both domains suggests that our stress

device is indeed preventing field detwinning. This is also strong evidence for a purely Eu spin origin of
the resistivity jump.
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Figure 7.5 Field sweep at T=7K in the fully magnetically ordered phase presented in Fig.7.1a. Applied
field ramped from OT to 1T, -1T and OT in each detwinned A (a) and B (b) monodomain states. Inset to
bottom panel of (a) shows the small magnetoresistance hysteresis visible near 0.5T in the A domain.

Both the XMCD and resistivity data show excellent agreement between positive and negative
field values. In Figure 7.6a, we plot the average value over positive and negative field sweeps of the
XMCD and the magnetoresistance. While we were unable to apply enough field to fully saturate the A
domain XMCD, we can extrapolate the field dependencies of each domain to estimate the saturation
field. Linear fits to the XMCD of the A and B domains at fields greater than 0.6 T are shown, with an
intersection at pyH;* = 1.17 T. Beyond this field, the Eu magnetic moment is expected to be fully
saturated in each domain, as seen in freestanding crystal magnetometry studies [118], [121], [122],
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[129]. To more precisely determine the B domain spin flip field Hglip we use the value at the center of
the field hysteresis. Figure 7.6b shows the difference between the increasing and decreasing field values
of the XMCD and resistivity. In the B domain, a sharp peak in both quantities occurs at unglip = 0.48T.
We will use these critical field values to develop an appropriate spin Hamiltonian to describe these
magnetization data, but first in the next section we will confirm that the data really does correspond to
a fixed-domain state by comparing to a 50/50 A/B twin domain state as well as to a freestanding
twinned crystal.

(a) e HE k) HE™
0.06t 7K ’
0.05}

® A domain i

odomsin |
0.02 ® omain T

0.04 |
0.03

XMCD

0.02 v,

0.01} # A domain

¢ B domain

0%

-5% [

-10% f

Paxx(0)
Apyy (12 cm)

-15%

pxx(H) — Pxx (0)

-20% t P

0 02 04 06 038 1 1.2
loH(T)| |oH(T)|

Figure 7.6 (a) Data from Fig.7.5a-b replotted as the average value of positive and negative field sweeps
of XMCD and the magnetoresistance against the absolute value of applied magnetic field for the
detwinned A (orange) and B (blue) monodomains. Linear fits (black lines) to the XMCD magnitude for
|uoH| = 0.6T to 1T indicate both values coincide at |ugH5*|~1.17T. The magnetoresistance for
positive and negative field are nearly identical and tightly overlap. (b) The difference in XMCD and p,.,
for increasing and decreasing fields yields AXMCD = XMCD (H;,.) — XMCD (Hg,.) and Ap,, =

DPsx(Hine) — Pxx(Hgec). For the B domain the peak values of AXMCD and Ap,, coincide at ,uOHglip =
0.48T.
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7.8 Fixed-length twinned sample prevented from field detwinning

In principle, the lattice distortions induced by the detwinning strain could cause a change in the
interaction strengths between Eu and Fe planes that could alter these critical fields. Here we show that

Hj“t and H,};lip are essentially unchanged by considering also a nearly zero-strain state, demonstrating
that the strain applied to detwin the sample does not appreciably affect the interplanar coupling
strengths. In Figure 7.7 we present data for the same sample tuned to a nearly-zero strain state in
which both A and B domains are present in approximately equal proportions at 7K, and then run
through the same field loop as the data measured in the fully detwinned states presented in Figure 7.5
(XMCD data was not collected for the first 0 to 0.6T range of the field sweep). Figure 7.7a shows the
XMCD and resistivity of the twin domain state (green) compared to the detwinned A and B domain data
from Figure 7.5. The resistivity returns to its zero-field value after the field loop, suggesting that no
persistent field detwinning occurs. In Figure 7.5b we plot the absolute value of the XMCD and the
magnetoresistance of the twin domain state against a linear combination of 51% A domain and 49% B
domain data from Figure 7.6a. We find the linear combination is an extremely good match to the
measured data, with R? > 0.97 and R? > 0.99 for the XMCD and magnetoresistance, respectively
(Fig.7.7b, black). This indicates the twinned state is indeed in a nearly equal domain population state at
zero field, which is maintained over the applied field range, and each domain responds nearly identically
to field as in the fully detwinned state. Further, this shows that the detwinning strains applied in this

work do not meaningfully alter the critical fields H§%* and Hg”p.
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Figure 7.7 (a) Data from Fig.7.5a-b for A (orange) and B (blue) detwinned monodomains, as well as a
nearly-zero strain twin domain state (green) run through the same field loop. Resistivity from a second
freestanding sample (violet) shows a substantially different field response to the fixed length sample
due to hysteretic domain detwinning. (b) Twin domain data (green) with a linear superposition of 51% A
domain and 49% B domain data superimposed (black) (absolute value of XMCD across field sweeps).

The behavior of the twinned sample held in the strain cell is in sharp contrast with the
freestanding sample (i.e. one not encased in epoxy or mounted to a strain device). We measured the
magnetoresistance of a freestanding sample in a Quantum Design PPMS at 7K with field applied
perpendicular to current and in-plane at 10 degrees above grazing incidence, identical to the conditions
of the strained sample. For a freestanding crystal in an initial zero-field equal A/B domain population
state, an applied field in this geometry would first detwin the sample towards the lower resistivity A
domain followed by a rapid detwinning to the higher resistivity B domain [118], [120], [121]. This
manifests in our freestanding sample as an initial decrease of the resistivity at low field followed by a
sudden jump at uoH = 0.44T, with a large hysteresis across the loop and a lower resistivity value on
return to zero field indicating the persistent domain detwinning (Fig.7.7a, violet). This clear difference in
behavior from the fixed strain sample further corroborates that fixed strain prevents field detwinning
and so the resulting magnetoresistance can be interpreted as purely the consequence of Eu moment
reorientation [121], [122], [130].
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7.9 Spin Hamiltonian derivation

In anticipation of the coming discussion, we define a spin Hamiltonian with an anisotropic Eu-Eu
interaction and calculate the critical fields and other quantities. We refer the reader to ref. [118] for a
detailed discussion of the spin Hamiltonian in this system. My contribution to the development of this

spin _Hamiltonian was to incorporate an Eu-Eu anisotropic exchange term W and determine its

consequences on the critical fields and saturation fields. We start by considering the doubled unit cell of

the fully ordered state (Eu,Fe,As,), and a fixed Fe moment orientation aligned along X (Fig.7.8). From
the symmetry of the magnetic ordering structure (Fig. 7.1a), the dipolar interactions of Eu and Fe
moments cancel each other and so do not contribute to the magnetic energy. The half-filled 4f7 orbital
of Eu?* has zero orbital angular momentum (L = 0) and negligible single ion anisotropy, but the posited
biquadratic coupling between Eu and Fe moments creates an effective magnetocrystalline anisotropy.
We define a biquadratic coupling energy K between the 8 inequivalent Eu-Fe moment pairs, with a total
Eu-Fe planar coupling energy 8K. We define the anisotropic coupling energy between the Eu AFM
sublattices to be directionally dependent, with [, =]+ W , |, =] —W , and W =W (e, ez, —
€1,y€2,y), Where e, = (eix, eiy) is the unit vector of the ferromagnetic moment of the Eu atoms in the 2
AFM sublattices. Finally, the magnetic energy is given by

E = 2yerer + 2yeryer, + 8K ) @ -9~ M Y H-7
i i

where (e, - 9)? is the biquadratic interaction between Eu and Fe moments (with interaction energy

K for each of the 8 Fe nearest neighbors to each Eu moment), H is the applied field with isotropic
coupling to the Eu moments (the moment size M of each Eu AFM sublattice is approximately 6.8 up at
T=7K), and the summations are over the two Eu planes. In the initial zero field case (Fig.7.8a) we have
e, =%,¢e,=—-%andE = -2J,.

We consider the evolution of the energy with a magnetic field applied along the 3 directions
used in the main experiment by symmetrizing the Eu moments about the field direction. First defining
& =cos 0 R+sinB§ in all cases, we define &, = —cos 6 R +sin8 § for H = H (Fig.7.8b), &, =
cos B X —sinB § for H = H# (Fig.7.8c), and e, = sin® & + cos 0§ for H=H (\%f + \/%37) (Fig.7.8d).
By substituting these moment definitions into the spin Hamiltonian, minimizing the energy with respect
to 8, and then solving for a fully saturated moment (6 = g, 0, and g, respectively) we arrive at the

saturation fields:

4] + 16K
Hsat —
A M
Hflop,sat _ 4] — 16K
B M
4/
Hsat ———
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From the form of these saturation fields, it is clear that the anisotropy between J, and ], are averaged

flop,sat
H B

over, resulting in the isotropic J and no explicit term W. However, the term refers to the

saturation field after a spin flop transition (which onsets at Hgloz"ons“ =% K(J — 4K) for W = 0),

while a key finding of our measurement is that a sharp spin flip transition occurs instead. Treating this
transition as an Ising spin flip, we have

i _2x_20+W)
B M M
For a spin flip transition to occur, the energy at the transition must be lower than the fully-saturated

spin flop phase, E(Hg”p) < E(Hgl‘)p’sat). Solving for each energy results in the condition

J

8K+W<1

. . . li .
As discussed in the main text, from our measurements of Hjat, Hg P and ngot, our experimentally

determined values of J, W, and K result in the spin flip condition being satisfied.
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Figure 7.8 The 4 Eu-Eu moment arrangements relative to a fixed Fe moment arrangement, with (a) Eu

AFM along X, (b) Eu FM along ¥, (c) Eu FM along X, and (d) Eu FM anng%(a? +9)

7.10 Measured critical fields and the spin Hamiltonian

We now relate the spin flip and saturation fields H,};lip and Hj“t to the microscopic interactions
in the sample using the spin Hamiltonian. We will start with the isotropic Eu-Eu case (J, =/, =, W =
0) and show that to explain the experimental results an additional anisotropic exchange term is needed.

Using the results derived above and following the usual treatment of spin-flip and spin canting
transitions we determine the critical fields as

Hl);lip — 2_]

M
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Hget = 4] + 16K — 9 (Hl];,l-p +%>
M M

For the B domain, Eu and Fe moments are aligned both before and after the spin flip, and so the

presence of the biquadratic coupling does not change the value of the spin flip field, but only serves to

provide the necessary magnetocrystalline anisotropy to enforce a sharp spin flip transition. For the A

domain, the biquadratic coupling provides an extra energy barrier that must be overcome by the field to

reach the fully saturated canted state. From the measured values uoH;% = 1.17 T and ,uOH,];lip =
0.48 T, and using the expected Eu moment M = 6.8 ug [120], [121], we obtain ] = 94.5 peV and 8K =

41.3 peV. Thus, the Eu-Eu and Eu-Fe planar coupling energies are comparable, i =2.3.

At this point we are facing an apparent contradiction: we observe experimentally a sharp spin
flip transition, but for i > 1 the spin Hamiltonian would actually be expected to result in a spin flop

transition, as shown in Fig.7.9. ( See ref. [118] for further discussion). This discrepancy has important
implications for correctly modelling the field detwinning process, which has been based on the (never
actually observed) spin flop transition. This apparent contradiction indicates that an additional term is
needed in the spin Hamiltonian. The simplest such term is a symmetric anisotropic exchange term
W(eixei+1,x — €iy€i+1,y), Where e;, and e;,, are the x and y components of the Eu moment in the ith
layer, using a notation with Fe moments aligned antiferromagnetically along X. This term then increases
(decreases) the interaction strength between Eu moments when aligned parallel (perpendicular) to the
Fe moments, and provides the additional anisotropy needed to enforce a spin flip transition. Although
other higher order terms could also be introduced to the spin Hamiltonian, they generally lead to non-
linear M-H curves which were not observed in the experiment. With this additional term, the criterion

< 1, and the critical fields are:

for a spin flip transition becomes /
8K+W

i _ 2 +wW)

B M
4] + 16K ; 8K — 2W
sat _ — flip
Hy —M 2 (HB + —M )
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Figure 7.9 The XMCD data of Fig.7.5a for the B domain normalized to the 1T mean value. Black
(magenta) line represents the T=0K metamagnetic spin flip (spin flop) transition calculated using the
anisotropic JKW (isotropic JK) model (see main text).

7.11 VSM magnetization measurement to yield 3 critical fields

The three parameters J, K and W cannot be uniquely determined by the two experimentally measured
values. Therefore, additional constraint is needed. This constraint can be provided by the measurement
of ngf, i.e. the field required to saturate the magnetization when the field is aligned 45 degrees to the
easy and hard axis, such that the field has an equivalent effect on both domains. It has the following
expression:

sat __ 4]

45°_M

As our strain+XMCD measurements have demonstrated the need for the W term, we now discuss the
extraction of J, K and W from a second sample from the same growth batch via magnetization
measurements using a vibrating sample magnetometer (VSM) in a Quantum Design PPMS. The sample
was cut into a thin octagon with surface area 2.18 mm? and thickness 0.0165 mm. The thin octagonal
shape of the sample also ensures that field applied totally in-plane along the [100]; and
[1 1 0] directions have an identical (negligible) demagnetization factor [125]. The sample was encased
in GE varnish so that the domain configuration is fixed to 50/50 and the field detwinning is prohibited.
As shown in Figure 7.9b, at T=2K for field applied along the [1 0 0] direction (blue curve), i.e. at 45° to
both domain easy axes, the magnetization exhibits continuous spin canting toward saturation at
sat _

UoH;z%: = 0.73 T. For field applied along the [1 1 0] direction (red curve) the M vs H perfectly overlaps
with the combination of the responses of A and B domains from the XMCD measurements (grey),

confirming the absence of field detwinning. We extract poH;* = 1.15T and ,unglip =045T from
these spin flip and saturation fields, which is in good agreement with the XMCD-measured values. Using
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these 3 measured values, we can uniquely solve for the interaction terms and find J = 71.8 ueV , W=

16.7 ueV and 8K = 82.7 ueV, with a ratio

Sk 0.72 < 1 satisfying the sharp spin flip criterion.

Therefore, we find that the Eu-Eu interaction is much stronger for Eu moments aligned parallel (J, =] +

W = 88.5 pueV) compared to perpendicular (J, =] —W = 55.1 ueV) to Fe moments. Further, the

normalized difference of the anisotropic interplanar interaction, % = 23.3%, is nearly two orders of
xTJy

magnitude greater than the corresponding normalized difference of in-plane lattice constants (the

orthorhombicity), Z—;Z ~0.28%, which strongly implies the Fe-SDW origin of the anisotropy.
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Figure 7.10 Octagon sample magnetization with field applied along the tetragonal [1 0 0]t (blue) and

[1 1 0] (red) directions. Critical fields marked by dashed lines. Magnetization normalized by 1T
saturation value along [1 0 0];. (grey) Average of the two domain XMCD data of Fig.7.6a, normalized by
the B domain saturated value at 1T.

7.12 DFT and proposed origin of anisotropic Eu-Eu coupling

To gain more insight, we used density functional theory (DFT) to calculate the exchange coupling
between Eu layers as the difference between ferro- and antiferromagnetically stacked Eu layers, for Eu
moments parallel and perpendicular to the Fe moments. We used the standard VASP package [131],
[132], and verified that the results were fully converged with respect to the Brillouin zone integration,
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plane wave cutoff, and the number of bands included in the diagonalization. We also varied the
effective Hubbard repulsion parameter for Eu f orbitals, U-J, between 5 and 7 eV, which had little impact
on the result. We find that for parallel Eu-Fe moments, J,=150-170 ueV, while for perpendicular Eu-Fe
moments, Jy is essentially zero. While this result seems to considerably overestimate the exchange
anisotropy (see ref. [118], Supplementary Materials Section 1A, for a discussion of the difficulties of DFT
calculation for noncollinear Eu-Fe moments, which we assume contributes to this overestimation), it
clearly shows that DFT calculations also support a strongly anisotropic Eu interplanar interaction.

The anisotropic interaction between Eu planes can be thought to result from the anisotropic
hopping of conduction electrons through the Fe plane. Considering a standard superexchange
interaction, conduction electrons with spins polarized along the Eu direction will generally have a larger
Eu-Fe hopping amplitude t when the Eu and Fe moments are parallel (J, =] + W) rather than
perpendicular (J,, = ] — W), which generates a stronger antiferromagnetic interaction for collinear Eu-
Fe moments. Further, the weak but finite ferromagnetic interaction between Eu planes is also mediated
through the Fe layer, and as the Fe moments have a much larger susceptibility perpendicular to their
ordering direction, the ferromagnetic interaction is stronger for perpendicular Eu and Fe moments,
which weakens their overall effective antiferromagnetic interaction (this can be considered an extreme
case of the RKKY interaction). In this sense, we can view this Eu interplanar interaction anisotropy (W) as
a generalized Eu-Fe biquadratic coupling independent of the previously investigated Eu-Fe biquadratic
coupling (K), where the square of Fe moments (fi’zx - fi_zy) couples the Eu moments above and below
the iron plane. We note that this picture is reminiscent of the Fe-Fe biquadratic coupling within the FeAs
plane that generates an effective anisotropic in-plane exchange of Fe moments J;, — J1p [36]. These
types of interactions have been long overlooked in the past, but are relevant to rare-earth and transition
metal intermetallic systems with multiple magnetic orders[133], [134].

A complete determination of the spin Hamiltonian in EuFe;As; also sheds light on the doping
dependence of Eu magnetic order, which has yet to be fully understood. As in other iron pnictides,
chemical doping in EuFe,As; rapidly suppresses the Fe-SDW and stabilizes superconductivity [135]-
[143]. In contrast, the doping has only a weak effect on the magnetic ordering temperature in the Eu
layer, but causes a smooth evolution from an A-type AFM order to a c-axis canted AFM order (c-AFM),
and finally to a c-axis ferromagnetic order (FM) [81], [85], [124], [126], [135], [143]-[146]. This doping
dependence can be naturally understood as the consequence of Eu moments lowering their energy by
aligning with the Fe-SDW, with this energy saving being gradually diminished as doping weakens the Fe-
SDW. Further, in the parent compound both the Fe-SDW and Eu-AFM are robust under moderate
hydrostatic pressure even as superconductivity develops [147], while in the underdoped case a
pressure-induced transition from c-AFM to FM occurs only after the SDW is nearly fully suppressed[148].
This suggests the SDW plays a role in both the orientation and the interaction of Eu moments. Future
doping dependence studies may provide more insight on how the Eu interlayer interaction is influenced
by the various orders in the FeAs plane, including by superconductivity[149].
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7.13 Conclusion

In conclusion, our sample environment allows us to approach the magnetic coupling and
magnetotransport properties of the EuFe,As; system in an unprecedented fashion. Through mechanical
stress we can prevent field detwinning and gain access to the meta-magnetism and the associated
magnetotransport behavior of a monodomain sample. From measurements of the spin flip and moment
saturation fields we are able to determine the strengths of coupling between Eu and Fe planes and
discover the presence of an anisotropic exchange term in the spin Hamiltonian. We emphasize again
that in a freestanding crystal, the rapid field-detwinning has prevented any previous determination of
the anisotropic Eu interplanar interaction in this system. This new technique not only deepens our
understanding of the EuFe;As; system, but can also be applied to a variety of systems to disentangle the
strongly coupled spin, orbit and lattice degree of freedom.
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Chapter 8:
Thesis Conclusion

This thesis set out to answer old and new questions in iron pnictide materials about how
nematicity, magnetism, and the crystal lattice are coupled, and how well the transport represents the
nematicity. To make progress in this effort, it was necessary to develop a new technique to enable in-
situ structural and magnetic tuning of a sample with structural and magnetic characterization via x-ray
techniques and electronic characterization via transport measurements. Over the course of my thesis
work | developed just such a system which has produced its first results. We have demonstrated that the
resistivity anisotropy can indeed be treated as a reliable proxy of the nematicity in a nonmagnetic
nematic ordered or disordered phase of Ba(Fe 95C0 (4)2As, and likely in a much broader range of iron-
based superconductors. This thesis presents a new methodology that can confirm this result across
materials and potentially discover new phenomena such as the dissociation between lattice distortion
and transport anisotropy under large strain. When incorporating magnetic x-ray techniques, we were
able to show that nematic conduction electrons mediate a large anisotropic coupling between localized
Eu magnetic moments, resulting in a metamagnetic spin flip transition in response to applied magnetic
field. This strain + field + x-ray methodology can likewise now be applied to a large class of materials
with diverse magnetic structures and strong magnetostructural coupling. This ability to perform
multimodal characterization of complex materials represents an important advancement in the tools
available to condensed matter physicists and is only at the beginning of its utility to the field.
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Chapter 9:
Appendix

9.1 Crystal Growth

Single crystal samples of Ba(Fe;_4Coy),As, were grown from an FeAs flux as described in ref. [55].
Single crystal samples of EuFe,As, were grown from a tin flux as described in ref. [124].

Single crystal samples of Eu(Fe gsCo ;5),As, were grown from a tin flux as described in ref. [124],
however, an FeCo rich growth was found to enhance superconducting properties, and the sample used
in Chapter 5 used a nonstoichiometric molar growth ratio of Eu:(Fe ssC0.15):As:Sn = 1:8:2:19.

As a service component of my UW Clean Energy Institute fellowship (2016-2017), | made a short video
detailing the steps of growing and preparing a 4-point measurement on a single crystal sample. Link

9.2 Extraction of Shear Modulus from Poisson Ratio.

We consider an applied uniaxial stress along the X direction 7, which induces a uniaxial strain &,
along the X direction in a single crystal sample. In response to the induced uniaxial strain, the two
transverse lattice constants also experience uniaxial strains €y, = —Vyy &xy, aNd €,; = —Vy,Exy, Where
Vv, is the Poisson’s ratio for each direction. In Chapter 6 we use the xyz coordinate basis of the 4-Fe unit
cell but continue to use the irreducible representation names appropriate for the 2-Fe unit cell, which
complicates the determination of v,,, in terms of the components of the elastic modulus tensor. The 4-
Fe uniaxial strains &y, €, and &,, compose the antisymmetric B,, and symmetric A, strains, defined
as

1 1

SBZg = E (gxx - Syy) = ngx(l + ny)
1 1

EAlg,l = E (Exx + gyy) = ngx(l - ny)

€a1g2 = €2z = —ExxVxz

The strain €, is equivalent to the in-plane orthorhombicity that is created by the nematic order (¢ in
the main text), i.e. the nematicity and €p,, are both in the B,, symmetry channel. The shear modulus
Cee is also in this By, symmetry channel and so nematic fluctuations effectively soften the shear
modulus. We may relate our applied uniaxial stress to the shear modulus through consideration of the
full compliance tensor. However, given our choice for the xyz coordinate system, we must also rotate

the compliance tensor from the tetragonal unit cell basis to our chosen xyz basis via a 45 degree
rotation.
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For a tetragonal crystal, the stiffness tensor takes the form

Ci G Cs 0 0
C» Ci Cs 0 0
Cs C3 Ci3 0 0
0 0 0 Cu O
0 0 0 0 Cp /
0 0 0 0 0 Cg

The compliance tensor is the inverse of the stiffness tensor, so we have

C =

SO O OO

—C13° + C11C33  +Cy3° — C15C53 Ci3

—_— 0 0 0
A A Bt
+Cy3° — C13C33  —Cy3° + Cy1Ca3 2 0 0 0
A A Bt
2 % —C11 + Gy 0 0
a1 Bt Bt B~
ST 0 0 0 - 0 0
Cyaq
0 0 0 0 - 0
Cyaq
0 0 0 0 0 !
Cos

where A= (Cyy — C13)(—2C15° + C33(Cyy + Cip) and BE = £(2C15° — C33(Cyy + C12)).
This matrix is in the basis of the tetragonal lattice. We rotate the in-plane axes by 45 degrees with

respect to this basis as

S'=KTSK™1
where K is the rotation matrix given by

c2 ¢2 0 0 0 2cs

c2 ¢ 0 0 0 —2cs
K = 0 0 1 0 O 0

0 0 0 ¢ s 0

0 0 0 —-s ¢ 0
—cs ¢s 0 0 0 c?—52

and ¢ = cos(45°),s = sin(45°).

This then gives the rotated compliance tensor:
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+ - =0 0 0
—2B~ " 4Cee —2B~ 4Ce BT
C 1 C 1 c
32 2y = 0 0 0
—2B~ 4Ce, —2B~  4Cee BT
c c C114C
ﬁ ﬁ 11+_ 12 0 0 0
Sl — B+ B+ B
= 1
0 0 0 0 0
2C44
0 0 0 0 0
2C44
0 0 0 0 0 2
Cll - ClZ

Finally, the Poisson ratios are given by

1
S —Cfs + 5 (C11 + C12)C33 — C33Cs6

. Eyy
xy = - T 1
Exx S11 —ChL + 7(611 + C12)C33 + C33C¢6
, &z _ Siz _ 2C13Ce6
xz =T T T o T 1
Exx S11 —C123 + E(Cll + C12)C33 + C33C66

We solve for the shear modulus Cgg in terms of the in-plane Poisson ratio vy,, as

1 CZ\ (1-v
Coe = <§ (C11 + Cip) — C_>< xy)

33/ \1 + Vyy
1—vyy

C66 = (50.5 GPa) 1 ny

We determine the magnitude from ultrasound data for an x=0.037 sample from ref. [68], using the
measured values of C;;, €1, and (33, and taking Ci3 = %Clz . The magnitude is nearly temperature-
independent over this temperature range, reflecting the small impact that diverging nematic
fluctuations have on the other elastic modulus terms. The exact value of the magnitude is not critical to
our analysis as it only changes the fit parameter “C¢6 o” and not the temperature dependence. Still, the
fitted value of Cgg o = 38.8 £ 4.7 GPa is in excellent agreement with the high temperature limit of the
measured Cq¢ presented in ref [68]. Using the values of v,,, extracted from Fig.6.5a, we calculate Cgq to
yield Fig.6.5b.

In principle, we could also determine the shear modulus from the divergence of the out of plane
Poisson ratio v,,. In this case, v,., approaches zero at Ts and so we encounter the difficulty of accurately
measuring a diminishing value. In contrast, v,,, approaches its maximum value of 1 at T, giving stronger
evidence that Cgg actually does approach zero at the structural transition.
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