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Abstract
Emerging evidence for the presence of strongly anisotropic electronic states in the
underdoped regime of both cuprate and iron-based high temperature superconductors
suggests the possibility of an important role for electronic nematic order in these
materials. The central theme of my thesis work has been the experimental study
of electronic nematicity in iron-based superconductors via measurement of resistivity
anisotropy. To do this, I have developed several new experimental techniques, on the
one hand enabling detwinning of sub-mm size single crystals in the broken-symmetry
orthorhombic state, and on the other hand revealing the nematic susceptibility in the
high-symmetry tetragonal state.
A major part of my thesis work has involved measurement of the elastoresistance;
that is, the change in the resistance of a material as a consequence of the strains that
it experiences. In this thesis, I will show how differential elastoresistance measurements can directly reveal the nematic susceptibility of a material in the tetragonal
state. I will introduce the appropriate tensor formalism necessary to describe these
measurements, and describe an experimental technique to determine these coefficients
using piezoelectric stacks to provide anisotropic bi-axial strain. Results in the tetragonal state of various underdoped families based on the parent compound BaFe2 As2
explicitly demonstrate that the tetragonal-to-orthorhombic structural transition in
these materials is fundamentally driven by an electronic nematic instability. These
results also suggest that the resistivity anisotropy in the paramagnetic orthorhombic
state is dominated by the Fermi surface anisotropy, rather than an anisotropy in the
scattering rate. Finally, similar measurements of a wide variety of optimally doped
v

iron-pnictides and iron-chalcogenides reveal that a divergence of the nematic susceptibility in the B2g symmetry channel appears to be a generic feature of optimally-doped
iron-based superconductors.
In addition to the above, I also employ a mechanical detwinning technique to reveal
the resistivity anisotropy in the orthorhombic state of the same Fe-based superconductors. For the isovalently-substituted material BaFe2 (As1−x Px )2 , these measurements
reveal a strong coupling between external stress and both the Néel temperature and
the superconducting critical temperature.
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the company website: http://vishaypg.com/docs/11054/tn504.pdf. In
practice, we used a linear interpolation of these data. . . . . . . . . .
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along the [110]T tetragonal crystallographic direction. Gold rectangles indicate position of electrical contacts for standard four-point
measurement. Actual crystal dimensions are typically 0.5 × 0.1mm.
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Chapter 1
Introduction
1.1

Electronic nematic phases and resistivity anisotropy in strongly correlated materials

The word ”nematic” was originally derived from the genitive singular of ”thread”
in ancient Greek. It was introduced at first to describe the morphology of liquid
crystals when rod-like molecules have no positional order but tend to point in the
same direction. Following the same idea, in strongly correlated materials, the term
”electronic nematic” is utilized to denote an electronic phase that spontaneously
breaks a rotational symmetry while keeping the translational symmetry invariant [1].
Two canonical examples are the ultra-clean half-filling quantum Hall states [2] and
the field-induced metamagnetic state in Sr3 Ru2 O7 [3]. Recently, signatures of large
in-plane electronic anisotropy have been observed in both cuprate [4, 5, 6, 7] and
iron-pnictide [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20] unconventional high-Tc
superconductors, which provokes questions about the existence and role of electronic
nematic order in these systems. In particular, a major unsolved problem is whether
electronic nematic fluctuations can provide an effective pairing interaction for highTc superconductivity [21]. Iron-based superconductors, which have been the focus
of my thesis work, provide an excellent platform to begin to address this problem.
Although we do not yet have a comprehensive answer, the experiments presented in
1
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this thesis definitively establish that the iron-pnictides do indeed harbor electronic
nematic order.
The microscopic mechanism for producing an electronic nematic phase largely depends on details of each material and is still under debate in most cases. However,
experimentally, physical properties which measure the anisotropy of the broken rotational symmetry of an electronic nematic phase can be assumed to be proportional to a
nematic order parameter (ψ) when the anisotropy is asymptotically small [22]. In the
scope of my research, I chose resistivity anisotropy N = (ρxx − ρyy )/[(1/2)(ρxx + ρyy )],
where x and y are the principle axes of a nematic phase.
I started with measurements of the intrinsic resistivity anisotropy in the broken
symmetry nematic state as the first step to understand the fundamental resistivity
properties in iron-based superconductors. Later, I moved on to measurements of
the strain-induced resistivity anisotropy in the high-temperature tetragonal state,
which provides a measure of the electronic nematic susceptibility. Measurement of
a divergence of the nematic susceptibility towards the structural transition provides
unambiguous evidence that the structural phase transition is driven by electronic
nematic order.

1.2

A brief introduction to Fe-based superconductors

Iron-based superconductors are a new family of unconventional superconductor discovered in 2008 [23]. It is a new system for research of superconductivity beside of
copper-oxide superconductors that were discovered more than two decades earlier in
1986. Even though experiments have proven that these two types of superconductors
are profoundly different in certain respects, on the other hand, they still share some
common features such as superconductivity in the proximity to magnetism, and the
presence of strongly anisotropic electronic phases in certain parts of their respective
phase diagrams, suggesting there might be general conditions for the emergence of
high-Tc in both iron-based superconductors and cuprates. At a more practical level,
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high and less anisotropic Hc2 as well as lower sensitivity of Tc to crystal quality of
iron-based superconductors, make them better alternatives to cuprates for certain
applications.
So far the maximum Tc for bulk samples is 55 K (SmFeAsO1−x Fx [24]) while Tc
values up to 100 K were recently claimed for monolayers of FeSe [25]. There are several
specific structure types in the broad family, including the oxy-pnictides typified by
LaFeAsO (colloquially referred to as the ”1111” structure type within the field), the
iron-arsenides typified by BaFe2 As2 (”122”) and NaFeAs (”111”), and the iron chalcogenides Fe(Te1−x Sex ) (”11”) and Kx Fe2−y Se2 . Other more complex structural modifications have also been reported, including Sr2 ScFePO3 [26], (Ca4 Al2 O6−y )(Fe2 Pn2 )
[27] and (Ca3 Al2 O5−y )(Fe2 Pn2 ), Pn = As and P [28]. As a characteristic of iron-based
superconductors, each of the structure type feature planar conducting layers of iron
atoms tetrahedrally coordinated either by pnictogen (P, As) or chalcogen (S, Se, Te)
ions that sit either above or below the center of the iron square lattice (Fig. 1.1).
The electronic structure of iron-based superconductors has been intensively studied both theoretically [29, 30, 32] and experimentally [33, 34, 35, 36, 37, 38, 39]. The
Fermi surfaces of most iron-based superconductors are quite similar. They are composed by Fe d-states hybridized with pnictogen or chalcogen p-orbital-derived bands,
and they in general consist of at least four quasi-2D electron and hole cylinders, two
concentric hole pockets at the Γ point and two electron pockets at the M point of the
Brillouin zone [29, 30]. Exceptions are found in the heavily doped case of Kx Fe2−y Se2
and related compounds for which the hole pockets near the Brillouin zone center are
absent [37, 38].
The stoichiometric parent iron-based compounds except for LaFePO, LiFeAs and
FeSe, exhibit an antiferromagnetic (AFM) ground state. In all cases, the antiferromagnetism is either accompanied or preceded in temperature by a structural transition that breaks a discrete rotational symmetry (C4 to C2 ) of the high-temperature
crystal lattice. Either by chemical doping/substitution or applying external pressure,
the antiferromagnetic state can be systematically suppressed. Furthermore, with
proper choices of doping elements, superconductivity might eventually arise. The detailed resulting x − T phase diagrams vary with parent compounds, doping materials

4
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and pressuring technique, but all seem to share the same generic feature.
In my thesis research, I have covered experiments in both iron-pnictides and ironchalcogenides. However, most of the studies focus on the system of BaFe2 As2 for
practical reasons that single crystals in this system are generally easier to be synthesized and the exact chemical composition of each crystal is relatively well controlled.
Whereas, excess of Fe elements and defects in the ’11’ system have been known to be
critical on determining the physical properties of this material and it is difficult to
systematically regulate the amount of extra Fe [40].

Figure 1.1: Schematic diagram illustrates the crystal structure of BaFe2 As2 in the
tetragonal state. The material has the body-centered tetragonal ThCr2 Si2 structure
type (space group I4 /mmm)

BaFe2 As2 parent compound at room temperature has ThCr2 Si2 -type (space group
of I4/mmm) crystal structure with two formula units in the unit cell as shown in
Fig. 1.1. It is tetragonal and paramagnetic. Upon cooling, at Ts ∼ 140K, the crystal develops a lattice distortion along [110]T which is equivalent to a shear strain of
xy and the crystal structure changes from tetragonal to orthographic with a and b
axes along the tetragonal [110] and [11̄0] directions respectively (and vice versa for
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Figure 1.2: Schematic diagram illustrates the structural transition and antiferromagnetic order of BaFe2 As2 expressed using a FeAs layer. Green dashed square is the
standard unit cell.

the structural twins) as shown in Fig. 1.2. To minimize elastic energy, dense orthorhombic twins form with twin boundaries parallel to [100]T below Ts . For the
parent compound, Ts occurs less than 1K above the Néel temperature, TN [41]. The
antiferromagnetic (AFM) ground state comprises stripes of ferromagnetically aligned
moments that alternate antiferromagnetically along the orthorhombic a axis. The
magnetic wave vector is (π/a, π/a) with reference to the tetragonal lattice (Fig.
1.2). And the Fermi surface is reconstructed below TN . With either chemical substitution or pressure, both the structural and the Néel transition temperatures decrease. For Co-, Ni-, and Cu-substituted crystals, Ts and TN are clearly separated
as shown in the representative phase diagram of Ba(Fe1−x Cox )2 As2 in Fig. 1.3. As I
show in my thesis (see Chapter 6), the orthorhombic-paramagnetic state between Ts
and TN corresponds to nematic state discussed earlier. However, for P-substituted,
K-substituted and pressurized BaFe2 As2 crystals, Ts ∼ TN across the underdoped
phase diagram. If doping concentration or pressure continuously increases, superconductivity essentially emerges from an orthorhombic-antiferromagnetic ground state.
Under the superconducting dome, the re-entrance of tetragonal symmetry [42] and
the diminishing of antiferromagnetism [43] suggest that long range nematic order
and antiferromagnetism competes with superconductivity. Equally, inelastic neutron
scattering for optimally doped compositions reveals a well-defined resonance at the
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Figure 1.3: Phase diagram of Ba(Fe1−x Cox )2 As2 . Each colored area represents a state
with specific structural and magnetic symmetries: white, tetragonal-paramagnetic
state; red, nematic state; green, orthorhombic-antiferromagnetic state; blue, superconducting state. Solid lines represent corresponding phase transition temperatures.
Uncertain transitions under the superconducting dome are drawn with dashed lines.

AF ordering wave vector for temperature below Tc , which has been interpreted as
evidence that spin fluctuations play an important role in the superconducting pairing
interaction [31]. Near optimally doped compositions, which is conventionally defined
as the composition with the highest Tc , the presence of at least one quantum critical
point has been inferred in BaFe2 (As1−x Px )2 [44, 45, 46, 47, 48]. Fig. 1.3 is a representative phase diagram of Ba(Fe1−x Cox )2 As2 . Phase diagrams of Ba(Fe1−x Nix )2 As2 ,
Ba(Fe1−x Cux )2 As2 and BaFe2 (As1−x Px )2 can be found in Chapter 3 and 4.
Turning to the iron-chalcogenides, parent compound FeTe at room temperature
has a Cu2 Sb-type structure (space group of P 4/nmm). Because stoichiometric FeTe
is not a naturally stable compound according to the Fe-Te binary phase diagram,
as grown FeTe crystals normally come with an actual composition of about Fe1.12 Te
with the excess Fe atoms positioned interstitially between FeTe layers. Therefore, an
extra annealing process is necessary to reduce the amount of excess Fe. For a close
to stoichiometric FeTe crystal, upon cooling, at around 70K, the structure changes
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Figure 1.4: Schematic diagram illustrates the structural transition and antiferromagnetic order of FeTe. Pink dashed square represents a unit cell in ab-plane.

from tetragonal to monoclinic where the lattice distortion in the ab-plane is along
[100]T (Fig. 1.4). At the same time, the structural transition is always accompanied
by a Néel transition from paramagnetic to a double stripe collinear AFM state with
a (π/a, 0) order vector (Fig. 1.4). When substituting Te with Se, FeTe1−x Sex , Ts
and TN are simultaneously suppressed and Ts = TN in 0 < x < 0.1. Above x > 0.1,
Ts/N seems to suddenly disappear. Filamentary superconductivity appears even with
only a small amount of Se doping and bulk superconductivity exists for 0.1 < x < 1
[40, 49]. Optimal doping occurs for x ≈ 0.4 (FeTe0.6 Se0.4 ). In higher doped regime
of about 0.29 < x < 1, a magnetic resonance is detected below Tc via inelastic
neutron scattering for the wave vector (π/a, π/a) [50], suggestive of a commonality,
to the ’122’ family of iron-pnictides for which a similar resonance is observed [31],
despite the different ordering wave vectors in the antiferromagnetic state. Because
the phenomenon happens right when higher Tc is established, it is suggestive that the
magnetic resonance along this direction might be related to the pairing mechanism
of superconductivity.
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1.3

A brief introduction to the experimental techniques used in this thesis

In order to probe the resistivity anisotropy and thus the electronic nematicity, I
have employed two different, but related, techniques. Each one, depending on the
magnitude and the type of symmetry breaking field (stress or strain), is suitable for
exploring resistivity anisotropy in different physical regimes.
The first one is a mechanical detwinning technique with which close to constant
uni-axial stress can be applied to a single crystal. The large external stress (at least
∼ 100 M P a) confines the formation of orthorhombic twins thus a clamped crystal
could end up with only one structural domain and in-plane resistivity ρa and ρb in
the orthorhombic state can be separately measured. The large stress can affect other
physical properties, including TN and Tc , as described in Chapter 4. However, since
the exact stress applied can not be accurately determined by our existing experimental
setup, only qualitative observations are achievable with this technique.
The large stress generated by the mechanical detwinning technique also breaks
the tetragonal symmetry at high temperature, leading to a resistivity anisotropy
N = (ρa − ρb )/[(1/2)(ρa + ρb )]. However, because the actual stress applied is unknown, it is difficult to systematically analyze the results. The second technique
with which the amount of strain experienced by a crystal is carefully controlled was
developed of desire of a more precise measurement. This novel technique involves
utilizing a piezoelectric actuator to generate asymptotic bi-axial in-plane strain and
measuring the change of resistance with strain simultaneously. The change of resistance with strain is called elastoresistance. By differentiating the elastoresistance
along [100]T and [11̄0]T directions (equivalent to a and b axes of the orthorhombic
state respectively), we measure the strain-induced resistivity anisotropy. As I will
show, this quantity is proportional to the nematic susceptibility. The temperature
dependence of the nematic susceptibility in the tetragonal state provides unambiguous evidence that the tetragonal-to-orthorhombic structural transition is driven by
electronic nematic order.

1.4. THESIS LAYOUT
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Thesis layout

In Chapter 2, I describe crystal synthesis procedures for all the materials that I
have measured, including Ba(Fe1−x Mx )2 As2 , M = Co, Ni, Cu, BaFe2 (As1−x Px )2 ,
Ba1−x Kx Fe2 As2 , and FeTe1−x Sex .
In Chapter 3, I describe the experimental methods for the mechanical detwinning
technique and present in-plane resistivity anisotropy data of Ba(Fe1−x Nix )2 As2 and
Ba(Fe1−x Cux )2 As2 . A non-monotonic doping-dependence of the in-plane resistivity
anisotropy as in Ba(Fe1−x Cox )2 As2 [9] was observed. Also, magentotransport measurements which suggest that the resistivity anisotropy is Fermi surface dominated
will be shown.
In Chapter 4, measurements of in-plane resistivity anitropy of BaFe2 (As1−x Px )2
using the same detwinning technique will be presented. In addition to a non-monotonic
doping-dependence of the in-plane resistivity anisotropy, distinctive change of both
TN and Tc with in-plane uni-axial stress was also observed in this material. The stress
effect on various transitions is discussed.
In Chapter 5, I describe the elastoresistivity (strain-induced resistivity change) in
detail. I show how the differential elastoresistance is related to the nematic susceptibility, and describe our novel experimental technique to measure this quantity.
In Chapter 6, I will present angle- and temperature-dependence of the elastoresistivity of representative Ba(Fe0.975 Co0.025 )2 As2 and discuss how the data elatoresistivity coefficient 2m66 can be related to a so-called nematic susceptibility whose
Curie-Weiss temperature dependence is a strong evidence of an electronic nematic
instability driven structural phase transition in BaFe2 As2 system.
In Chapter 7, elastoresistivity coefficient 2m66 of underdoped BaFe2 As2 with different degrees of disorder are exhibited. The insensitivity to disorder of elastoresitivity
in this regime strongly suggests that the resistivity anisotropy in ’Ba-122’ system is an
intrinsic effect instead of an extrinsic one caused by elastic scattering from anisotropic
defects.
In Chapter 8, I will show data of 2m66 of various optimally doped iron-based superconductors including electron-doped BaFe2 As2 (Co and Ni substitution), hole-doped
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BaFe2 As2 (K substitution) and FeTe1−x Sex . A divergence of the nematic susceptibility in the B2g symmetry channel was observed in all compounds. A downward
deviation from Curie-Weiss behavior at optimal doping except for BaFe2 (As1−x Px )2
implies a sensitivity to disorder of the nematic susceptibility in the quantum critical
regime.
The results presented in the thesis have been published in several references [13,
15, 17, 19].

Chapter 2
Material Synthesis
The experiments described in this thesis were performed on several different Fe-based
superconductors, including the electron-doped system Ba(Fe1−x Mx )2 As2 (M = Co,
Ni, and Cu), the hole-doped system Ba1−x Kx Fe2 As2 , the isovalently substituted system BaFe2 (As1−x Px )2 , and the chalcogenide system FeTe1−x Sex . In this chapter I
describe the methodology for synthesizing single crystals of these different materials,
and outline some of the basic methods used to characterize them. Purity and origin
of all elemental precursors used in my research are listed separately in section 2.5

2.1

Co, Ni, Cu substituted BaFe2As2

Single crystals of Ba(Fe1−x Mx )2 As2 , M = Co, Ni, Cu, were grown by slow-cooling a
FeAs self flux [51, 52]. The FeAs precursor was synthesized by reacting stoichiometric
Fe powders and As lumps. The mixture was placed in an alumina crucible and sealed
in an evacuated quartz ampoule, then underwent a long heating cycle. First, the
temperature was ramped from room temperature to 600◦ C just below the sublimation
temperature of elemental As, 615◦ C, at a speed of 25◦ C/hour, and then held at 600◦ C
for 24 hours. Next, it was ramped to 700◦ C at a speed of 10◦ C/hour, and then
held at 700◦ C for another 24 hours. Finally, it was ramped from 700◦ C to 900◦ C
at a speed of 20◦ C/hour, and then held at 900◦ C for 24 hours. After this heating
sequence the furnace was shut off and the ampoule was removed once the temperature
11
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Figure 2.1: Pictures of a standard single-sealed quartz ampoule (left) and a doublesealed quartz ampoule for K-substituted BaFe2 As2 (right).

was below 100 ◦ C. The purpose of long temperature cycles was to avoid rupture of
quartz ampoule by arsenic gas pressure. In order to reduce the risk of exposure to
the extreme toxicity of arsenic, the quartz ampoules were contained by secondary
stainless steal tubes, and the furnace was housed in an enclosure connected to a fume
hood ventilation system.
To synthesize Ba(Fe1−x Mx )2 As2 , M = Co, Ni, Cu, FeAs precursor and elemental
Ba with a molar ratio of 4:1 and additional Co, Ni, or Cu powder were placed in
an alumina crucible together. The mixture crucible and a cap crucible were then
single-sealed in an evacuated quartz ampoule as shown in Fig. 2.1. The growth was
first heated to about 1150◦ C at a speed of 100◦ C/hour, and held there for 24 hours.
Then, the growth was slowly cooled down to 800◦ C at a speed less than 5◦ C/hour. At
around 800◦ C, the remaining flux was decanted using a centrifuge outside the furnace.
The growth was cooled in air afterwards.
Single crystals of Ba(Fe1−x Mx )2 As2 , M = Co, Ni, Cu have a plate-like morphology,
with the c-axis perpendicular to the plane of the plates as shown in Fig. 2.2. Asgrown single single crystals were often contaminated by some residual flux at the
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Figure 2.2: Pictures of an as-grown Co-substituted BaFe2 As2 crystal (left) and the
same crystal after it has been cleaved along ab-plane (right).

surfaces (left on Fig. 2.2). Therefore, to have a good single crystal for our following
measurements, it was usually required to cleave the surfaces and cut the edges of
crystals in order to get rid of the flux. In the meantime, transport measurements
described later in the thesis were performed for bars oriented along either the [100]T
or [110]T orientations. Since BaFe2 As2 crystals have natural cleavage along [100]T as
shown in the right figure of Fig. 2.2, it was relatively easy to determine the actual
orientation of each crystal and then we could cut crystals along arbitrary in-plane
directions of our desire.
Generally, the largest crystal in a Co-substituted growth could be up to several
millimeters on one side. However, for Ni- and Cu-substituted growths, the largest
crystals are usually smaller, about 1mm in length at most. Nevertheless, it has been
observed that if the growth was held at the final temperature for an extra week
before decanting, pure and Co-substituted BaFe2 As2 growths yielded larger crystals
that were about 1.5 times the normal size. A longer temperature cycle was suggested
to be preferable for growing large crystals.
The doping (Co, Ni, Cu) concentration was measured by electron microprobe
analysis (EMPA) using pure BaFe2 As2 and elemental Co, Ni, Cu as standards. Measurements were made at several (about 3 ∼ 5) locations on each sample. The measured
values of x were close to but less than the nominal starting composition in all cases.

14
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The standard deviations for the Co, Ni and Cu concentrations measured on different
locations on a single crystal were generally below 8%, 10% and 14% of the absolute
values, respectively. Also, single crystal x-ray diffraction has been performed to make
sure a crystal has only one structural domain.
Transport and superconducting properties were characterized via standard fourpoint transport measurements and will be presented in subsequent chapters.

2.2

K-substituted BaFe2As2

Like electron-doped BaFe2 As2 , single crystals of Ba1−x Kx Fe2 As2 were grown from a
FeAs self flux method. However, due to the high oxidation rate of elemental K and the
high reactivity of K with quartz at high temperature, most of K in a growth would be
lost either during the preparation process or during the temperature cycle. Therefore,
for each growth of Ba1−x Kx Fe2 As2 , an excess of K was required to compensate what
was lost. Empirically, the ideal starting materials excluding the necessary extra K
were (K + Ba) : FeAs = 0.24 :0.8. The processes of weighing elemental K and loading
crucible into a quartz tube were performed in a glove box under N2 atmosphere.
The loss of potassium during the sealing was hard to control because it depended
on how fast a quartz necking work was finished. In contrast, that which is lost during
the temperature cycle was relatively standardized. In order to limit the K lost in
sealing, for Ba1−x Kx Fe2 As2 , after loading the mixture crucible and a cap crucible into
a quartz tube (ID: 14mm and OD: 16mm), instead of a standard necking procedure,
we put a quartz disk with diameter slightly smaller than 14mm directly on top of the
cap crucible (with some quartz wool in between) and sealed the growth by heating
up the tube around the disk under vacuum so that the tube and the disk melted
together. Because the growth was hooked up to the pumping line immediately after
being moved out from the glove box, the pure elemental K was only exposed to air for
about 10s. After this, the growth was sealed once again in a larger quartz tube (ID:
19mm, OD: 22mm) using the normal procedure. A picture of a sealed growth using
the new method is shown Fig. 2.1. Because the inner quartz tube would no matter
what be attacked by K vapor at high temperature and then crack due to the pressure
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difference, an outer tube was necessary as a secondary container to prevent further
loss of potassium. The attack from K on the secondary tube was never observed.
For each growth, the amount of K lost due to the reaction with quartz ideally should
be similar, therefore, the starting materials for a Ba1−x Kx Fe2 As2 growth would be x
plus a fixed amount of extra K as has been suggested in Ref. [53]. Empirically, for
the optimally doped crystal I have grown, I added extra 0.8g of elemental K in the
starting mixture.
The temperature cycle for K-substituted growth used was similar to the electrondoped growth as described earlier. However, since the growth was double-sealed,
decanting residual FeAs flux using a centrifuge was not feasible. The furnace was
directly shutdown at the final temperature of about 900◦ C.
The crystal morphology of Ba1−x Kx Fe2 As2 is very similar to the electron-doped
crystals. Single crystals of K-substituted BaFe2 As2 could be very large. A standard
size was about 2mm × 2mm. For the optimally doped composition (x = 0.417), the
EMPA data showed a standard deviation of K concentration of about 1.2% of the
absolute value.

2.3

P-substituted BaFe2As2

Single crystals of BaFe2 (As1−x Px )2 were also grown from a FeAs self flux method as
described in the previous section. However, instead of directly adding pure elemental
dopants, BaFe2 (As1−x Px )2 was made by melting Ba, FeAs, and FeP together. FeP
precursor was synthesized by the reaction of stoichiometric Fe powder and high purity
red phosphorous pieces. Pure red phosphorous was stored in a nitrogen glove-box
before being moved out for weighing. Because red phosphorous is highly reactive
and it is especially sensitive to friction, one should never try to cut a piece of it.
We weighed P pieces first and then Fe power the second. The heating procedure for
synthesizing FeP was exactly the same as for the FeAs synthesis.
To achieve better crystal quality, mixture of FeAs and FeP with proportionality
of desire was ground into fine powder together using a mortar and a pestle in a sealed
plastic bag. Elemental Ba and the FeAs/FeP mixture with a molar ratio of around 3:8
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were then placed in an alumina crucible and sealed in an evacuated quartz ampoule.
Unlike the electron-doped BaFe2 As2 , BaFe2 (As1−x Px )2 synthesis normally went
through a two to three week thermal cycle. The temperature was ramped from room
temperature to 1180◦ C with a heating rate of 48◦ C/hour, and then held at 1180◦ C
for another 18 hours. Next, the growth was slowly cooled down to 1090◦ C in 72
hours, and then cooled down to 990◦ C in 108 hours. Finally, it was cooled down to
890◦ C in 144 hours. After reaching 890◦ C, the furnace was shut down and the growth
was cooled in the furnace. Crystals grown by this method were normally covered
by residual flux. However, crystals and flux could be easily separated by applying
moderate external pressure.
BaFe2 (As1−x Px )2 crystals are also plate-like but the overall size is much smaller
than other types of doped BaFe2 As2 . The longest side of a single crystal was 400µm
in average. Also, the size tended to be even smaller with increased P concentration.
Besides, it should be noted here that especially for optimally-doped and overdoped
growths, single crystals of BaFe2 (As1−x Px )2 frequently contained inclusions in them.
When selecting samples, multiple cleaving was normally performed to have a thin,
absolutely inclusion-free crystal.
The doping concentrations were measured by electron microprobe analysis (EMPA)
using undoped BaFe2 As2 and elemental P as standards. Measurements were made
at several locations on each sample with standard deviations of about 10% of the
absolute values. The measured values were close to but less than the nominal starting compositions in all cases. Also, at a fixed FeP verse FeAs ratio, increase of the
relative amount of Ba increased the final P doping concentration. For example, the
starting composition of the optimally doped growth is Ba : FeAs : FeP = 0.35 : 0.42
: 0.28. If Ba is changed from 0.35 to 0.3, the resulting crystals change from being
optimally doped to being underdoped.

2.4

FeTe1−xSex

Single crystals of FeTe1−x Sex were grown from a stoichiometric melt method by mixing
pure Fe, Te and Se elements with a molar ratio of Fe : Te : Se = 1 : 1 − x : x together.
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Following the standard procedure of crystal growths, the sealed quartz ampoule with
an alumina crucible containing the element mixture was placed in to a furnace with the
following thermal cycles. Temperature was first ramped to 1000◦ C in 20 fours, then
held there for 12 hours. The cooling took 100 hours from 1000◦ C to 400◦ C. Finally,
the furnace was power off after reaching 400◦ C. Using this procedure, crystals with x
up to 0.4 could be grown.
As-grown single crystals of FeTe1−x Sex have a plate-like morphology with natural
cleavage along [100]T like BaFe2 As2 . However,as has been reported elsewhere [40], asgrown underdoped FeTe1−x Sex crystals (0 < x < 0.4) are not bulk superconductors
[40], therefore, a subsequent annealing process is required to increase the superconducting volume fraction. There are two possible ways of annealing. Limited by the
lab equipment setup, we chose to anneal FeTe1−x Sex crystals under Se atmosphere
by sealing the crystals and Se power together under vacuum in stead of under O2
atmosphere. After annealing at 400 ◦ C for one week, magnetic susceptibility values
below Tc showed bulk superconductivity for x ≥ 0.1 samples. Based on the results of
electron micro-probe analysis, the Fe concentration decreased after annealing, from
Fe1+y Te1−x Sex to Fe1−z Te1−x Sex where y ∼ 0.02 − 0.05 and z ∼ 0.015 − 0.035. At the
same time, Se concentration also increased after annealing that Fe1+y Te1−x Sex essentially became Fe1−z Te1−x−0.01 Sex+0.01 . The annealing process dramatically damaged
the crystal surfaces. Heavy cleaving and cutting afterwards were involved in order to
obtain nice single crystals with shiny surfaces. As a consequence, even though the
as-grown crystals could be as large as 4mm × 4mm, the actual crystals used for my
thesis research was smaller than 1mm × 1mm.

2.5

Purity and origin of elemental precursors

Fe: 99.998 %, Powders, Alfa Aesar
As: 99.9999 %, Lumps, Alfa Aesar
Ba: 99.2 %, Solids, Alfa Asear
Co: 99.9 %, Powders, Sigma-Aldrich
Ni: 99.996%, Powder, Alfa Aesar
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Cu: 99.999%, Powders, Alfa Aesar
P: 99.999%, Lumps, Sigma-Aldrich
K: 99.995 %, Solids, Alfa Aesar
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Chapter 3
Intrinsic Resistivity Anisotropy of
Electron-doped BaFe2As2
Below the tegragonal-orthorhomic structural transition temperature, iron pnictides
naturally exhibit in-plane resistivity anisotropy between ρa and ρb . However, the
formation of structural twin domains below Ts prevents macroscopic experimental
probes from measuring the intrinsic in-plane electronic anisotropy. In this chapter,
I introduce the technique of mechanical detwinning following the previous measurement of detwinned Ba(Fe1−x Cox )2 As2 [9], and present data of ρb and ρa for compositions across the phase diagrams of Ni-substituted and Cu-substituted BaFe2 As2
and compare them with the results in Co-substituted crystals. The electron-doped
Ba(Fe1−x Mx )2 As2 , M = Co, Ni, Cu all reveal strikingly large nonmonotonic doping
dependence of resistivity anisotropy, but with the maximum in-plane anisotropy occurring for different ranges of the dopant concentration. To get more insight as to
the origin of this phenomenon, magnetotransport measurements have also been performed on crystals of these three electron-doped BaFe2 As2 systems. For the two cases
of Co and Ni substitution, for which a direct comparison of the physical properties is
motivated phenomenologically, the onset of the large in-plane resistivity anisotropy
coincides with a suppression of both a large nonlinear contribution to the transverse
resistivity ρxy , and also of a linear term in the magnetoresistance, suggesting a common origin for the three effects. These results were published in Ref. [13].
19
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Figure 3.1: (a): Pictures of a mechanical detwinning device with a crystal held in ρb
configuration. The body of the device consists of anodized aluminum. The copper
cantilever (pointing upwards out of the page) is electrically isolated from the sample by a cigarette paper. (b),(c): Schematic diagrams illustrate the experimental
configurations for ρa and ρb measurements.

3.1

Experimental methods

Single crystals of Ba(Fe1−x Nix )2 As2 and Ba(Fe1−x Cux )2 As2 , were grown from an FeAs
self-flux described in the previous chapter. A mechanical detwinning device, with a
design similar to which was used in our earlier measurements of Ba(Fe1−x Cox )2 As2
[9] but modified to be suitable for somewhat smaller crystals of Ba(Fe1−x Nix )2 As2
and Ba(Fe1−x Cux )2 As2 , was used to mount the crystals for measurement of the inplane resistivity as shown in Fig. 3.1(a). Crystals were cut into rectangles with the
tetragonal a-axis at 45◦ to the sides of the rectangle, and with in-plane aspect ratios
of approximately 1:1.2. The crystals were placed on a horizontal platform on the
detwinning device, such that an Cu plate rested on the edge of the crystal. (Cu plate
and the sample are separated by a cigarette paper.) Uniaxial pressure was applied by
tightening the Cu plate against the edge of the crystal. A similar magnitude stress
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Figure 3.2: (a) Image of the surface of an unstressed single crystal of BaFe2 As2 at a
temperature below 10 K, obtained using polarized-light microscopy, as described in
the main text. Stripes of light and dark contrast are associated with different twin
orientations. Arrows indicate the orientation of crystal a and b axes. (b) Image of
an unstressed crystal of Ba(Fe1−x Nix )2 As2 with x = 0.014, also revealing horizontal
stripes corresponding to the two twin orientations, but with a significantly reduced
contrast. The jagged feature running from top to bottom of the image is due to
surface morphology. To better reveal the stripes, the intensity was integrated in the
horizontal direction and plotted as a function of vertical position, y (right-hand axis).
(c) Same region of the same crystal as shown in panel (b), but with uniaxial stress
applied in the direction indicated, revealing the detwinning effect of the uniaxial
stress. Note the absence of horizontal stripes in both the photograph and also the
integrated intensity plot. (d) In plane resistivity anisotropy expressed as ρb /ρa for
three different crystals of Ba(Fe1−x Nix )2 As2 with x ∼ 0.017, illustrating that the
measurements are reproducible.

was applied to all crystals studied, but absolute values could not be estimated for
the small cantilevers used in this study. On cooling through Ts , the uniaxial pressure
favors the twin orientation with the shorter b-axis along the direction of the applied
compressive stress.
The degree of detwinning was monitored for several representative crystals via
polarized light microscopy. Samples were positioned on the cold finger of a vacuum
cryostat. The samples were illuminated with ∼ 800nm light, linearly polarized at
approximately 45◦ to the orthorhombic a or b axes. The reflected light was passed
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through an optical compensator and analyzed by an almost fully crossed polarizer to
maximize the contrast in birefringence between the two twin orientations. Whereas
good contrast between the two twin orientations is possible for the parent compound
[Fig. 3.2] and for Ba(Fe1−x Cox )2 As2 for compositions across the phase diagram [9],
Ni and Cu substitution are found to rapidly suppress the contrast between the two
twin orientations. Representative images for a single crystal of Ba(Fe1−x Nix )2 As2
with x = 0.014 with and without uniaxial stress are shown in Figs. 3.2(b) and 3.2(c)
respectively. The application of uniaxial stress clearly results in a single twin domain
orientation over the field of view, in this case about 22 µm. The origin of the reduced
contrast relative to Ba(Fe1−x Cox )2 As2 is not known. The twin domain dimensions
seen in Fig. 3.2(b) are similar to those found for Ba(Fe1−x Cox )2 As2 , so it is unlikely
that the width of the domains for higher Ni concentrations fall below the resolution
of the microscope, although we cannot completely exclude this possibility. Although
the optical imaging was not possible for x > 0.014 for Ni-substituted samples, or for
x > 0 for Cu substituted samples, a clear change in the resistivity was observed as
a consequence of the applied stress for all underdoped compositions. Since we are
unable to independently determine the degree of detwinning for these compositions,
the observed in-plane resistivity anisotropy must therefore be considered a minimum
bound on the actual value. However, for several representative compositions, measurements were made with multiple crystals, in each case revealing almost identical
changes in the in-plane resistivity for stress applied parallel and perpendicular to the
current [Fig. 3.2(d), for example], providing evidence that even for the samples for
which optical characterization failing to verify the effect of detwinning, the samples
were essentially fully detwinned.

In-plane resistivity anisotropy was measured with standard four-point configuration by making electrical contacts onto deposited gold pads on the crystals. Depending on the relative orientation of the current and the applied stress (Fig. 3.1(b)(c)),
we measured either ρb (current parallel to applied stress) or ρa (current perpendicular
to applied stress) as a function of temperature once at a time. After the first measurement (ρb or ρa , usually ρb ), the crystal was released from the detwinning device
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and then stressed again with a 90◦ rotation such that we measured ρa or ρb . Measurements were made for several doping concentration through the phase diagrams of
Ba(Fe1−x Nix )2 As2 and Ba(Fe1−x Cux )2 As2 and for each composition, multiple crystals
were measured to ensure reproducibility of the results. The in-plane resistivity was
also measured for unstrained crystals in order to determine Ts for each composition
[52]. For several samples, the in-plane resistivity after straining was also measured,
and no change in either Ts or TN was observed.
Finally, both ρxx and the transverse resistivity ρxy were measured at the National
High Magnetic Field Laboratory (NHMFL) in Tallahassee in dc magnetic fields up
to 35 T and in Stanford in fields up to 14 T. The magnetic field was always oriented
along the c-axis and the samples were mounted using a six-point contact configuration.
Measurements were made for both positive and negative field orientations in order to
subtract any small resistive component due to contact misalignment.

3.2

Results: resistivity anisotropy

Results of measurements of the in-plane resistivity for representative single crystals of
Ba(Fe1−x Nix )2 As2 and Ba(Fe1−x Cux )2 As2 held under an applied uniaxial stress in the
detwinning device are shown in Fig. 3.3 and 3.4, respectively. For each composition,
ρa and ρb were measured on the same crystal. Nevertheless, the small crystals used
for these measurements are susceptible to damage while being repositioned in the
detwinning device, so the resistivity has been normalized by its value at 300 K in order
to avoid uncertainty arising from subtle changes in the geometric factors between
each measurement. For cases for which the applied stress is perpendicular to the
current, the data are labeled as ρa (green curves), whereas for cases for which the
applied stress is parallel to the current the data are labeled as ρb (red curves). As in
Ba(Fe1−x Cox )2 As2 [9], TN here is unaffected by the stress used to detwin the crystals
(which is different from the observation in BaFe2 (As1−x Px )2 as will be discussed in
Chapter 4), but the structural transition is rapidly broadened. Vertical lines in Fig.
3.3 and Fig. 3.4 mark TN and Ts under conditions of zero stress.
As found for the undoped parent compounds and for Ba(Fe1−x Cox )2 As2 [9, 10, 13,
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Figure 3.3: Temperature dependence of the in-plane resistivity ρa (green curves) and
ρb (red curves) of stressed crystals of Ba(Fe1−x Nix )2 As2 . Data have been normalized
by the value at 300 K. Values of x are labeled in each panel. Vertical lines mark Ts
(solid line) and TN (dashed line) determined from dρ(T )/dT for unstressed conditions.

54, 55, 56, 57], ρb > ρa for all underdoped compositions. The difference begins gradually at a temperature well above Ts , but there is no indication in either the resistivity
or its derivatives of an additional phase transition marking the onset of this behavior.
The temperature at which the difference becomes discernible depends on pressure [9]
and the effect appears to be associated with a large Ising nematic susceptibility which
will be discussed in detail in Chapter 6. For both series, ρb rapidly develops a steep
upturn with decreasing temperature as the dopant concentration is increased from
zero, similar to the behavior observed for Ba(Fe1−x Cox )2 As2 . However, although ρa
in Ba(Fe1−x Cox )2 As2 exhibits metallic behavior up to x = 0.035, ρa starts increasing
with decreasing temperature in both Ba(Fe1−x Nix )2 As2 (beginning at x ∼ 0.018) and
in Ba(Fe1−x Cux )2 As2 (beginning at x ∼ 0.012). This behavior is unlikely to be associated with partial mixing of the b-axis resistivity (for instance, due to incomplete

3.2. RESULTS: RESISTIVITY ANISOTROPY

Cu ) As

1-x

x

2

2

1.6

1.6

1.6

1.6

1.4

1.4

1.4

1.4

1.2

1.2

1.2

1.2

1.0

1.0

1.0

1.0

0.8

0.8

0.8

0.8

0.6

0.6

0.6

0.6

0.4

0.4

0.4

x=0
0

100

200

300

x=0.007
0

100

200

300

x=0.017
0

100

200

0.4

300

1.6

1.6

1.6

1.6

1.4

1.4

1.4

1.4

1.2

1.2

1.2

1.2

1.0

1.0

1.0

1.0

0.8

0.8

0.8

0.8

0.6

0.6

0.6

0.6

x=0.026
0

100

0

100

200

300

a

/

a

(at 300K),

b

/

b

(at 300K)

Ba(Fe

25

0.4

x=0.029
0

100

200

300

0.4

x=0.034
0

100

200

300

0.4

x=0.045
0

100

200

300

0.4

x=0.051
200

300

Temperatrue (K)

Figure 3.4: Temperature dependence of the in-plane resistivity ρa (green curves) and
ρb (red curves) of stressed crystals of Ba(Fe1−x Cux )2 As2 . Data have been normalized
by the value at 300 K. Values of x are labeled in each panel. Vertical lines mark Ts
(solid line) and TN (dashed line) determined from dρ(T )/dT for unstressed conditions.

detwinning) because ρa is found to increase with decreasing temperature even above
Ts for higher Ni and Cu concentrations (i.e., at a temperature for which there is no
twin formation).
The in-plane resistivity anisotropy, expressed as ρb /ρa , is shown as a function of
temperature and composition in Fig. 3.5. A linear interpolation between data points
has been used to generate the color scale images. Data points indicate values of Ts ,
TN , and Tc under conditions of zero applied stress. In both cases, ρb /ρa is found to
vary non-monotonically with increasing amounts of Ni, or Cu, which is the same as the
case of Ba(Fe1−x Cox )2 As2 [9]. For the case of Co substitution, the in-plane anisotropy
peaks at a value of nearly 2 for a composition 0.025 < x < 0.045, close to the onset of
the superconducting dome [9]. Uncertainty in the exact composition at which ρb /ρa is
maximal reflects the relatively sparse data density. In comparison, for Ni substitution,
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Figure 3.5: In-plane resistivity anisotropy ρb /ρa as a function of temperature and
doping for (a) Ba(Fe1−x Nix )2 As2 and (b) Ba(Fe1−x Cux )2 As2 . The color scale has been
obtained by a linear interpolation between adjacent data points. The same scale has
been used for all three panels. Black circles, squares, and triangles indicate Ts , TN ,
and Tc , respectively, determined for unstressed conditions. Tc for Ba(Fe1−x Nix )2 As2
was defined by the midpoint of the superconducting transitions, while it represents
the onset temperature of the transition for Ba(Fe1−x Cux )2 As2 .

ρb /ρa peaks for 0.012 < x < 0.022, approximately half the dopant concentration as
for Co substitution. In addition, a much weaker secondary maximum is found for
Ba(Fe1−x Nix )2 As2 centered at x ∼ 0.03. Measurements of multiple crystals confirmed
the presence of this feature. For Cu substitution, the in-plane anisotropy peaks in
the range 0.022 < x < 0.03.
Nevertheless, the intriguing part is, for electron-doped BaFe2 As2 , the resistivity
anisotropy is a non-monotonic function of doping, exhibiting a maximum near the
beginning of the superconducting dome, whereas the orthorhombic distortion, characterized by the ratio of in-plane lattice constants, has a maximum value for x = 0
at low temperature of (ab)/[(1/2)(a + b)] = 0.72% and decreases monotonically with
increasing cobalt concentration for example [58].

3.3

Results: magnetotransport measurements

To investigate the origin of the non-monotonic doping dependence of the in-plane
resistivity anisotropy, which is observed for all three dopants, we now turn to the
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Figure 3.6: Field dependence of the transverse resistivity ρxy at a temperature
T =25 K with B ⊥ c for (a) Ba(Fe1−x Cox )2 As2 , (b) Ba(Fe1−x Nix )2 As2 , and (c)
Ba(Fe1−x Cux )2 As2 . Compositions are labeled in the legends.

results of magnetotransport measurements, starting with the Hall effect (Fig. 3.6).
For the parent compound BaFe2 As2 , it has been well established that even in modest
magnetic fields the transverse resistivity ρxy is nonlinear [59]. Nonlinearity in ρxy is
expected in multiband systems in which at least one FS pocket is not in the weak-field
limit.
Substitution of Fe with either Co, Ni, or Cu [Figs. 3.6(a)(c), respectively] rapidly
suppresses the nonlinear behavior of ρxy . The rate at which the nonlinear field dependence of ρxy is suppressed with x is best seen by considering ρxy /B as a function
of x for different values of B. If ρxy varies linearly with B, ρxy /B yields a constant
value, which is just the Hall coefficient RH . Data for all three series are shown
in Fig. 3.7 as a function of x for T = 25 K, where ρxy /B has been evaluated for
representative fields B = 0, 2, 5, 9, and 14 T. (Data for B = 0 were evaluated by
considering the instantaneous slope of ρxy at B = 0.) For the available field range
(0 ∼ 14 T), ρxy /B becomes independent of field for x > 0.045, 0.025 and 0.018 for
Co, Ni and Cu substitution respectively. Clearly Cu substitution is more effective at
suppressing the nonlinear Hall behavior than Ni substitution, and Ni substitution is
more effective than Co substitution.
It is instructive to compare the composition dependence of ρxy /B with that of
the in-plane resistivity anisotropy ρb /ρa . Black data points in Fig. 3.7 show ρb /ρa
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Figure 3.7: Left axes: composition dependence of ρxy /B at 25 K for (a)
Ba(Fe1−x Cox )2 As2 , (b) Ba(Fe1−x Nix )2 As2 , and (C) Ba(Fe1−x Cux )2 As2 . Values of
ρxy /B were evaluated at 0, 2, 5, 9, and 14 T, as described in the main text. Right
axes (black data points): composition dependence of ρb /ρa at 25 K.

(referenced to the right-hand axis) also evaluated at 25 K as a function of x for all
three substitution series. Comparison of data for Co and Ni substitution reveals that
suppression of the nonlinear behavior of ρxy appears to be correlated with the onset of
the large in-plane resistivity anisotropy. That is, Ni substitution seems to be almost
twice as effective at both suppressing the nonlinear Hall effect, and also at yielding
a large in-plane anisotropy, than is Co substitution. This apparent correlation is less
pronounced for the case of Cu substitution, for which, despite an even more rapid
suppression of the nonlinear Hall effect, the resistivity anisotropy appears to peak at
a comparable range of compositions as found for Ni substitution.
To shed more light on the correlation of the nonlinear Hall effect and in-plane
resistivity anisotropy, the transverse (B parallel to c axis) magnetoresistance (MR,
defined as ∆ρ/ρ) has also been measured on both detwinned and twinned samples.
We first discuss the parent compound, for which representative MR data are shown
in Fig. 3.8 for a temperature of 25 K. As has been previously observed, the MR of
the parent compound is linear over a wide field range [60]. This behavior extends to
very low fields, at which point the MR naturally reduces to a weak-field quadratic
dependence. Interestingly, the linear behavior does not depend strongly on the current
direction, and the difference of the linear slope can be mainly accounted for by the
difference of the zero-field resistivity, i.e., ∆ρ/ρ scales approximately with B/ρ. As

3.3. RESULTS: MAGNETOTRANSPORT MEASUREMENTS

29

Figure 3.8: Transverse magnetoresistance (MR) (∆ρ/ρ) of Ba(Fe1−x Cox )2 As2 for (a) x
=0 and (b) 3.5% at T = 25 K. The MR has been measured on detwinned samples with
current along a/b axis (green/red curves), and also on twinned sample (black curve).
(c),(d) The MR of twinned samples of Ba(Fe1−x Cox )2 As2 and Ba(Fe1−x Cox )2 As2 ,
respectively, at 25 K. Data for x = 0 have been scaled down by a factor of 2 for
clarity.

was first shown by Abrikosov, a linear band dispersion can lead to a linear MR in the
quantum limit [61, 62, 63]. In the case of BaFe2 As2 , the linear MR could be naturally
explained by the presence of Dirac pockets in the AFM reconstructed state due to the
symmetry protected band crossing [64]. Since the Dirac pockets have a small volume
and a long mean free path, the high-field limit can be reached with moderate fields,
which could account for the nonlinear Hall effect observed for the parent compound
described above.
The crossover from the weak-field B 2 dependence to the high-field linear dependence can be best seen by considering the field derivative of the MR [d(∆ρ/ρ)/dB],
which is plotted in Fig. 3.9(a) for the parent compound. At low fields, ∆ρ/ρ = A2 B 2 ,
resulting in a linear field dependence for d(∆ρ/ρ)/dB as B approaches zero. However,
above a characteristic field B ∗ , d(∆ρ/ρ)/dB starts to deviate from this weak-field behavior, and appears to saturate to a much reduced slope. This indicates that at high
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Figure 3.9: Field derivative of MR of twinned samples of (a) pure BaFe2 As2 , (b)
Ba(Fe1−x Cox )2 As2 and (b) Ba(Fe1−x Nix )2 As2 . ∗Data for x = 0 have been scaled
down by a factor of 2 for clarity.

field the MR is dominated by a linear field dependence, but there is also a small
quadratic term d(∆ρ/ρ)/dB.
Substitution of Co or Ni rapidly suppresses the linear MR observed for the parent
compound. Representative data are shown in Figs. 3.9(b)(c) for a detwinned single
crystal of Ba(Fe0.965 Co0.035 )2 As2 at 25 K. As can be seen, a linear MR is still observed,
but the weak-field quadratic behavior extends to a higher field values. As for the
parent compound, the anisotropy in the linear slope can be mainly accounted for by
the anisotropy in ρa and ρb . A comprehensive doping dependence was obtained for
twinned samples of Ba(Fe1−x Cox )2 As2 and Ba(Fe1−x Nix )2 As2 . Representative data
are shown in Figs. 3.8(c) and 3.8(d) respectively, illustrating the rapid suppression
of the MR with substitution. As described for the parent compound, we can extract
the characteristic field B ∗ by considering the field derivative of the ∆ρ/ρ (Fig. 3.9).
Fitting the high field (B > B ∗ ) MR by a second order polynomial, we obtain the
coefficient of the linear field dependence coefficient A1 , the doping dependence of
which is shown in Fig. 3.10. As can be seen, the characteristic field B ∗ increases
rapidly as a function of doping, whereas the linear coefficient decreases and almost
vanishes at x = 0.051 for Ba(Fe1−x Cox )2 As2 and Ba(Fe1−x Nix )2 As2 . Apparently, the
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Figure 3.10: Doping evolution of the field scale B (blue circles) and the high-field
MR linear coefficient A1 (red squares), for Ba(Fe1−x Cox )2 As2 and Ba(Fe1−x Nix )2 As2
(solid and open symbols, respectively).

rate at which the linear MR is suppressed is twice as rapid for Ni substitution as for Co
substitution. This behavior is clearly correlated with the suppression of nonlinearity
in Hall effect, which occurs over a similar range of compositions as shown in Fig.
3.7, providing additional evidence that the nonlinear Hall coefficient in the parent
compound is due to the presence of high mobility Dirac pocket(s).

3.4

Discussion

So far, the origin and significance of the in-plane resistivity anisotropy at T < TN in
BaFe2 As2 family still remains under debate. Measurements of annealed crystals of
Ba(Fe1−x Cox )2 As2 held under uniaxial stress indicate that the resistivity anisotropy
diminishes after annealing which suggests elastic scattering caused by disorder might
be significant in determining the resistivity anisotropy even though experiments did
not check the degree of detwinning, nor was the stress or strain measured [54, 65,
66]. Furthermore, STM measurements reveal extended anisotropic defects at low
temperature, perhaps associated with impurities that locally polarize the electronic
structure [8, 67]. Both of these observations suggest that the resistivity anisotropy
might be a parasitic effect associated with anisotropic elastic scattering from extended
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defects. In contrast, optical reflectivity measurements for mechanically detwinned
crystals reveal that the origin of the resistivity anisotropy is principally caused by
changes in the spectral weight (i.e., is due to changes in the FS morphology), rather
than by changes in the scattering [68]. Also, sign-reversal of the in-plane resistivity
anisotropy in recent measurements of Ba1−x Kx Fe2 As2 from ρb > ρa at 0 < x < 0.16 to
ρa > ρb at x > 0.16 can be best explained in terms of the Fermi surface reconstruction
[69].
Our magnetotransport measurements as described above suggest an important
role for the Dirac pocket of the reconstructed Fermi surface. The progressive suppression of the linear MR with chemical substitution and the associated suppression
of the nonlinear Hall coefficient point to a scenario in which the contribution to the
conductivity from the FS pockets associated with the protected band crossing (the
Dirac pockets) rapidly diminishes with increasing dopant concentrations. For a multiband system, the conductivity tensor is the sum of the contribution from each Fermi
surface. If one particular Fermi-surface pocket dominates the conductivity tensor,
then the transport anisotropy will also be determined by the anisotropy of that particular Fermi surface. As observed previously by photoemission measurements, the
Dirac pockets have an almost isotropic in-plane Fermi velocity [70]. If the mobility
of this pocket is such that it dominates the transport, it would severely diminish the
anisotropy associated with any other Fermi surfaces, just as we observe for the parent
compound. The contribution from these Dirac pockets is progressively weakened by
the transition-metal substitution, which is manifested in the magnetoresistance and
Hall effect. The subsequent emergence of a large in-plane resistivity anisotropy clearly
indicates that the remaining low-mobility FS pockets are highly anisotropic.
The mechanism that suppresses the contribution from the Dirac pockets is unclear. The band crossing is protected by crystal inversion symmetry, but introducing
impurities into FeAs planes locally breaks this symmetry. This effect would not only
open a gap at the Dirac point, but would also increase the scattering rate for the
Dirac electrons due to mixing of the orbital wave functions. This is consistent with
the reduced mobility derived from the MR analysis, and also consistent with the suppressed nonlinearity in the Hall effect. On the other hand, Co substitution is argued
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to effectively electron-dope the system [71], which shifts the chemical potential. If
there is a gap at the Dirac point, this chemical potential shift could possibly lead to
a Lifshitz transition in which the Dirac pocket vanishes. This possibility has been
extensively discussed in the recent papers by Liu et al.. [72, 73]. A recent Nernst
effect measurement also shows a suppression of Dirac transport by Co substitution
in the Eu(Fe1−x Cox )2 As2 system [74], suggesting the effect is not restricted to the
BaFe2 As2 system.
A more quantitative understanding of how the Dirac pockets are suppressed as a
function of doping by estimating the doping evolution of effective mobility involving
weak-field MR data (around B = 0) and a two-band model is discussed in Ref. [13],
in which the decrease of mobility by Co, Ni doping serves as an evidence for the
suppressed contribution of high mobility Dirac pocket(s) .

3.5

Conclusion

Co, Ni, and Cu substituted BaFe2 As2 are all found to exhibit a large in-plane resistivity anisotropy over a certain compositional range on the underdoped side of
the phase diagram. The non-monotonic variation in the resistivity anisotropy as the
dopant concentration is increased is especially striking given the uniform suppression
of the lattice orthorhombicity. The nonlinear Hall coefficient and linear MR, which
are observed for the parent compound [59, 60] and which are likely associated with the
Dirac pockets of the reconstructed FS, are suppressed with increasing dopant concentrations. Intriguingly, for both Co and Ni substitution, for which a direct comparison
is motivated based both on their respective phase diagrams and also on first-principles
LDA calculations [71], the large in-plane resistivity anisotropy is found to emerge over
the same range of compositions at which the nonlinear Hall and linear MR are progressively suppressed. Consideration of this evidence suggests that the isotropic, high
mobility Dirac pockets revealed by de Haas-van Alphen (dHvA) [36, 39], ARPES [70],
and magnetotransport measurements [60] might effectively mask the intrinsic in-plane
transport anisotropy associated with the other pockets of reconstructed FS. Within
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such a scenario, only when the contribution to the conductivity from the Dirac pockets is suppressed can the underlying anisotropy be revealed in the transport, perhaps
accounting for the non-monotonic doping dependence.
Finally, we note that the large value of the resistivity anisotropy in the orthorhombicparamagnetic state can not be simply explained by the lattice distortion. It is suggested to be essentially caused by an underlying electronic nematic order. The experiments which will be presented in later chapters show that the resistivity anisotropy
in this state is disorder-independent thus is explicitly an intrinsic property which can
be best interpreted as a consequence of the FS anisotropy.

Chapter 4
Effect of Stress on Magnetic and
Superconducting Transition:
P-substituted BaFe2As2
Following the measurements discussed in Chapter 3, in this chapter, I first present
the results of the in-plane resistivity anisotropy of BaFe2 (As1−x Px )2 using the same
technique described previously. Similar to the case of electron-doped BaFe2 As2 , we
find a non-monotonic doping dependence of the resistivity anisotropy. However, in
contrast to the previous case, we also find an increase of TN and decrease of Tc
in the underdoped regime and increases of Tc in the overdoped regime with uniaxial
stress along [110]T were also observed. Followed by a Ginzburg-Landau analysis, these
experiments are a direct illustration of the intimate coupling between different degrees
of freedom in iron-based superconductors, revealing the importance of the broken
rotational symmetry (or electronic nematicity) to the magnetic and superconducting
transition temperatures. These results were published in Ref. [15].

4.1

Experimental methods

Single crystals of BaFe2 (As1−x Px )2 were grown by the method described in Sec. 2.3.
Employing the detwinning device shown in Sec. 3.1, samples were mechanically
35
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strained along either the [100]T , [001]T , or [110]T direction as illustrated in the
top of Fig. 4.5 by pressing a Cu plate against the crystals by tightening a turnable
screw as has been described in Sec. 3.1. The amount of stress applied was not directly measurable, so to ensure that approximately the same stress was applied to
each composition x, the samples were cut to have similar dimensions (∼300 × 200 ×
80 µm3 ) and the cantilever screw was adjusted by approximately the same amount
in each case. Further reduction to the errors associated with differences in stress was
achieved by repeating the experiments on at least 3 distinct samples from each batch.
This gives us confidence that we are able to apply a similar stress to all samples and
hence that the changes we detect between samples at distinct P content x are in fact
intrinsic.
Following the same procedure for resistivity anisotropy measurements in electrondoped BaFe2 As2 samples (Sec. 3.1), ρb and ρa (stress along [110]T ) were measured for
several doping concentration through the phase diagram of BaFe2 (As1−x Px )2 . Stress
along [100]T and [001]T measurements were performed on BaFe2 (As0.713 P0.287 )2 crystals. The in-plane resistivity of unstrained crystals was also measured for comparison.

4.2

Results

Fig. 4.1 illustrates the main experimental data. In each panel we show the normalized
resistivity vs temperature for an unstressed (blue) and stressed (red) crystal at a given
doping, where the stress has been applied along the [110]T direction. The vertical
lines denote the assigned Néel transitions for each curve which have been determined
by the maximum negative value of the resistivity derivative (Fig. 4.3). Note that
in contrast to electron-doped materials where two anomalies are observed in dρ/dT
in the unstrained samples, we only observe one in BaFe2 (As1−x Px )2 , indicating that
TN ≈ Ts for all x [52]. This may suggest that the magneto-elastic coupling in these
materials is perhaps larger [75, 76] though we point out that other studies have
observed split transitions in these compounds [44]. In the presence of mechanical
strain, the structural transition will naturally broaden to higher temperatures, but
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Figure 4.1: Temperature dependence of the normalized resistivity, ρ/ρ(300K), for unstressed (blue), and uni-axially stressed along [110]T (red) BaFe2 (As1−x Px )2 crystals
with x = 2.6% to x = 32%. TN determined from dρ/dT are labeled and denoted by
vertical lines with corresponding colors.
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by continuity, the anomaly seen in the data of mechanically strained samples must
be associated with the magnetic order.
In all the samples we studied, ∆TN = TN (σ) − TN (σ = 0) > 0, where σ indicates
the mechanical strain field (the stress). Intriguingly, for the unstressed optimally
superconducting x = 32% sample [blue curve in Fig. 4.1(h)] there is no detectable
magnetic transition, but after application of stress a distinct minimum arises at 45
K, almost identical to the minimum seen in the unstressed samples at lower doping
[consider blue curve in Fig. 4.1(g)]. It appears that the magnetic transition has been
summoned from beneath the superconducting dome by the application of mechanical
strain.
In Fig. 4.2 we show the same data presented in Fig. 4.1, but focus around the
superconducting critical temperature at each composition. In this case Tc is defined as
the midpoint in the superconducting transition. Even though the transition becomes
broader with the application of strain, the superconducting Tc nevertheless can be
seen to decrease as stress is applied until compositions beyond optimal x, where we
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Figure 4.5: Temperature dependence of normalized in-plane resistivity ρ/ρ(300K),
for unstressed crystals and (a) uni-axially stressed along [110]T (red), (b) uni-axially
stressed along [100]T (green), and (c) uni-axially stressed along the crystal c axis
(yellow) BaFe2 (As1−x Px )2 crystals with x=28.7%. The upper inserts show dρ/dT vs
T of each crystal around TN with corresponding colors. For (a), ∆TN ∼ 27K, (b),
∆TN ∼ 5K, and (c), ∆TN ∼ −5K. The lower incepts are magnified plots of ρ vs T
around Tc . For (a), ∆Tc ∼ −2.5K, (b), ∆Tc ∼ −0.3K, and (c), ∆Tc ∼ 4K.

observe Tc to increase [Fig. 4.2(e) illustrates that ∆Tc = Tc (σ) − Tc (σ = 0) switches
sign beyond optimal x]. The effect of stress on TN and Tc can be demonstrated to
be intrinsic by applying a systematically increasing amount of stress as shown in Fig.
4.4. These data are suggestive that the application of shear stress has a similar effect
to that of decreasing x across the phase diagram.
To ensure that this effect is indeed intrinsic to pressure along one of the orthorhombic axes, we also apply pressure along [100]T , shown for comparison on two samples
from the same batch in Figs. 4.5(a) and 4.5(b). Mechanical strain in this direction results in small changes in both magnetic and superconducting transitions. We
furthermore apply pressure in the interlayer c direction [Fig. 4.5(c)] and found the
opposite behavior whereby ∆TN < 0 and ∆Tc > 0. This suggests that the ratio c/b,
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Figure 4.6: In-plane resistivity anisotropy ρb /ρa as a function of temperature and
doping for BaFe2 (As1−x Px )2 . The color scale has been obtained by a linear interpolation between adjacent data points. The same scale has been used for all three panels.
Black circles, squares, and triangles indicate Ts , TN , and Tc , respectively, determined
for unstressed conditions.

whether directly or indirectly, likely plays a role in the superconducting mechanism.
Regardless of the increase of TN and decrease of Tc under stress along [110]T ,
the resistivity anisotropy preserves a non-monotonic doping dependence (Fig. 4.6)
which is the same as the cases of Co, Ni and Cu substituted BaFe2 As2 as discussed
in Chapter 3.

4.3

Effect of stress on structural transition

The uniaxial stress we applied via the device along [110]T serves as a symmetrybreaking field that breaks the lattice tetragonal rotational symmetry and generates
shear strain xy which is equivalent to the lattice distortion of the tetragonal to
orthorhombic structural transition in iron-pnictides. Therefore, the clamped ironpnictide crystal in this configuration is technically orthorhombic even at room temperature, as can be seen from the difference between a and b above Ts , and as a
point of principle the clamped crystals do not manifest a tetragonal-to-orthorhombic
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Figure 4.7: (a) TN (σ = 0) (blue, left axis) and ∆TN (pink, right axis) vs P concentration x. Points at optimal doping are distinguished as open circles because they rely
on the assumption that TN (σ = 0) = 0. (b) Tc (σ = 0) (blue, left axis) and ∆Tc (pink,
right axis) vs P concentration x. Dotted black line indicates ∆Tc = 0. In both (a)
and (b) the source of error is predominantly related to the our ability to accurately
determine minima in the resistivity derivative about the Néel and superconducting
transitions. The size of the effect we see on each of these transitions is confirmed on
multiple samples.

structural phase transition [9].

4.4

Effect of stress on magnetic transition

In contrast to the case of the structural phase transition, in principle the Néel transition remains well-defined when stress is applied to the crystals. In Fig. 4.7(a) we plot
the change in the Néel temperature ∆TN as a function of doping for nominally the
same stress at each doping. Surprisingly, even though the magnetic and the structural transitions are suppressed as a function of doping, the amount that TN can
be changed by stress monotonically increases with P content, within our error bars.
This is in contrast to the value of the resistivity anisotropy itself, which is highly
non-monotonic with doping as shown in Fig. 4.6. If we also include data of TN (σ)
at x = 32%, ∆TN appears to have the largest response at optimal doping, as shown
in Fig. 4.7(a). This large enhancement of ∆TN implies an enhanced susceptibility of
the AFM ground state to shear stress.
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Ginzburg-Landau analysis

To obtain further insight into our observations and understand how the different
degrees of freedom affect TN in mechanically stressed samples, a phenomenological
Ginzburg-Landau (GL) approach is employed. The following analysis was developed
by Rafael Fernandes (University of Minnessotta) and appears in the paper that we
co-authored together describing our experimental results. The GL model has been
applied to the ferro-pnictides by several authors already to describe the coupling
between structure and magnetism[11, 75, 78, 79, 80, 41]. In our case, as what has
been proposed earlier [14] and will be discussed in detail later in Chapter 6, we know
there is an underlying electronic nematic order in the system which essentially drives
the structural transition. Therefore, instead of simple elastic and magnetic degrees of
freedom we add a nematic order parameter ψ in our GL model. In addition, magnetic
and nematic orders as well as nematic and elastic orders are bilinearly coupled based
on the symmetry consideration. The GL free energy is then
FGL = FE + FM + FN − FM N − FN E − σuxy .

(4.1)

where FM is the magnetic part, FE is the elastic part, FN is the nematic part, FM N
represents coupling between magnetic and nematic degrees of freedom, FN E is the
nematic-elastic coupling, and −σuxy describes the present experiment that samples
are mechanically stressed with σ represents the applied mechanical stress. Magnetic
and elastic orders are also coupled as a consequence of magnetonematic and elastonematic couplings.
For the elastic part, here we only consider a simple harmonic lattice that
FE =

Cs0 2

2 xy

(4.2)

where Cs0 is the bare shear modulus and xy is the shear strain.
For the magnetic part, we have
FM A =

 b
2 c
r0
M12 + M22 +
M12 + M22 − (M1 · M2 )2
2
8
2

(4.3)
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Figure 4.8: Illustration of the two possible magnetic stripe configurations with ordering vectors (π, 0) (left) and (0, π)(right) with reference to the 1-Fe unit cell. M1
(blue) and M2 (red) are the staggered magnetization of the two interpenetrating Néel
sublattices. Tetragonal structural unit cell is drawn with solid lines. Dashed lines
represent 1-Fe unit cell which the magnetic ordering vectors refer to.

where M1 and M2 are the staggered magnetization of the two interpenetrating Néel
sublattices as shown in Fig. 4.8, and r0 = a (T − TN,0 ), with TN,0 denoting the meanfield antiferromagnetic transition temperature. The coupling constants satisfy b > 0
and c > 0, such that in the free-energy minimum M1 and M2 are either parallel or
anti-parallel, corresponding to the two possible magnetic stripe configurations with
ordering vectors (π, 0) and (0, π) in the 1-Fe unit cell (Fig. 4.8). Because of this, we
can introduce the order parameters of these two magnetic stripe states ∆1 and ∆2
for our convenience, such that
∆1 = (M1 + M2 ) /2
∆2 = (M1 − M2 ) /2

(4.4)

and then
M12 + M22 = 2 ∆21 + ∆22



M1 · M2 = ∆21 − ∆22

(4.5)
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For the nematic part, we consider a simpler case that
1
FN = (χ0nem )−1 ψ 2
2

(4.6)

where χ0nem is defined to be the static nematic susceptibility.
Finally, for the coupling, we have
FM E = κψ (M1 · M2 )

(4.7)

FN E = λψxy

(4.8)

where κ is the nematic-magnetic coupling constant and λ is the nematic-elastic coupling constant.
To study how TN,0 changes as function of σ, we first integrate out the elastic
degrees of freedom from the partition function
Z
dxy e



C0
− 2s u2xy −xy (λψ+σ)

"
∝ exp

(λψ + σ)
2Cs0

2

#
(4.9)

Substituting in Eq. 4.6, the nematic free energy becomes


 λσ
χ−1
nem 2
2
2
FN =
ψ − ψ κ ∆1 − ∆2 + 0
2
Cs

(4.10)
−1

0
where we defined the renormalized nematic susceptibility χ−1
nem = (χnem )

−

λ2
.
2Cs0

If

we consider the regime where the nematic free energy can be approximated by the
quadratic expansion (4.6), we can also integrate out the nematic degrees of freedom,
obtaining

Z

χ−1
− nem
ψ 2 +ψ
2

dψ e



κ(∆21 −∆22 )+ λσ0
Cs



∝ exp 

κ (∆21

−

∆22 )

+

2χ−1
nem

Substituting in Eq. (4.3), the magnetic free energy becomes

λσ
Cs0

2 



(4.11)
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FM = r0

∆21

+

∆22

2 1
 b
+ ∆21 + ∆22 −
2
2



2

λκσ
κ2
c + −1
∆21 − ∆22 − −1 0 ∆21 − ∆22
χnem
χnem Cs
(4.12)

The last term acts as a conjugate field and breaks the tetragonal symmetry, selecting the magnetic stripe configuration corresponding to the ∆1 order parameter
[ordering vector (π,0)]. And this increases TN so that

TN = TN,0 +

λκχnem
aCs0


σ

(4.13)

which agrees with our observation.

4.4.2

Discussions

Our previous mechanical detwinning studies on Ba(Fe1−x Mx )2 As2 , M = Co, Ni, Cu,
as shown in Chapter 3 did not show significant changes in TN [9, 13], and changes have
only been observed for pressures ∼5× those used here [54], though a recent neutron
study in the parent compound could detect changes in TN at much smaller pressures
[81]. Based on the Ginzburg-Landau analysis (Eq. 4.13), the reducing response of
TN to stress could possibly be interpreted in terms of a weaker coupling between
elastic and magnetic order (through either smaller κ, λ or both) [75, 76] suggested
by the fact that the difference between TN and Ts of Ba(Fe1−x Cox )2 As2 grows as a
function of Co doping [52, 82] while Ts ≈ TN remains through the underdoped regime
of BaFe2 (As1−x Px )2 .
Following Eq. 4.13 as well, the increase of ∆TN as x approaches optimal compositions in BaFe2 (As1−x Px )2 as shown in Fig. 4.7(a) suggests that λκχnem /Cs0 increases
substantially with doping and is strongest at optimal doping of BaFe2 (As1−x Px )2 .
Based on the Cs0 measurements in Co-substituted samples, in which an increase of Cs0
with doping was observed [11, 77], we do not anticipate dramatic lattice softening with
doping in P-substituted samples. Therefore, the increase of ∆TN with x is most likely
to be caused by the increase of λ, κ, or χnem with P doping, and the enhancement is
the strongest at optimal doping. Here it should be noted that the microscopic origin
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of the electronic nematicity so far is still under debate. It has been discussed in various contexts, including orbital order [83, 84, 85, 86, 87, 88, 89], a spin-driven nematic
state, which naturally make magnetic order and electronic nematic order strongly
coupled [11, 76, 90, 91, 92, 93], a combination of both [94], and a Pomerancuk-type
instability [95]. Therefore, it is hard to distinguish which parameter, either λ, κ,
χnem or all of them, is enhanced the most near optimal doping. Experiments have
indicated that magnetic fluctuations are critical at optimally-doped BaFe2 (As1−x Px )2
[44, 48]. In the meantime, measurements in Ba(Fe1−x Cox )2 As2 as will be presented
in Chapter 8 have also revealed an increase of electronic nematic susceptibility with
doping.

4.5

Effect of stress on superconducting transition

In Figure 4.7 (b), we illustrate the equivalent plot of changes in the superconducting
critical temperature ∆Tc as a function of doping for nominally the same strain. ∆Tc ,
unlike ∆TN , is not monotonic with x. Comparing the dependence with the evolution
of the unstressed superconducting transition with x, it appears that the magnitude
of ∆Tc is largest where the dome is steepest and small otherwise; mathematically
∆Tc ∝ −dTc /dx. Indeed, considering Figure 4.7 (a) a very similar equation likely
applies to the magnetic transition, so that ∆TN ∝ −dTN /dx. As TN is increased,
there are likely fewer electrons available to participate in superconductivity[92, 96],
and so the fact that Tc decreases with applied stress in the underdoped regime is not
surprising, since TN increases. However, we note that an unstrained sample with a
given TN has always a Tc that is lower than a strained sample with the same TN ,
i.e. Tc (TN , 0) < Tc (TN , σ). Therefore, there is an intrinsic effect of stress on Tc ,
beyond the indirect effect due to the competition between antimerromagnetism and
superconductivity.
Previous x-ray studies on Ba(Fe1−x Cox )2 As2 showed that xy is strongly suppressed below Tc [42], indicating that the SC and orthorhombic phases compete.
One would then expect that by applying stress and inducing a non-zero uxy , Tc would
decrease. However, our observations that Tc (σ) > Tc (0) in the overdoped region and
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Tc (TN , σ) > Tc (TN , 0) in the underdoped region suggest that the applied stress may
actually lead to an intrinsic increase of Tc .
To understand the effect of mechanical stress on superconductivity, we can compare to the case of high-Tc copper-oxide based materials [97, 98, 99]. Though the
effects vary between different compounds, Hardy et al. proposed a unified picture of
the influence of uni-axial strain (excluding YBCO), whereby changes in Tc could be
accounted for by changes in the ratio c/a [99]. In the present study, c/b will always
increase when stress is applied along [110]T , and by a smaller amount when applied
along [100]T , but will decrease when applied along c (see Figure 4.5). The changes
we are able to invoke on the under-doped samples follow this trend, so that qualitatively ∆Tc ∝ −∆(c/b). Other experiments on BaFe2 As2 thin-films have also shown
significant increase of Tc with in-plane tensile strain (smaller c/a) [100]. However, one
cannot say whether it is the lattice parameters alone, their ratio or some other systematically adjusted internal parameter which is most important (such as the As-Fe-As
bond angle). Direct structural measurements as a function of mechanical strain are
required to answer this question. Nevertheless, a strong coupling between electronic
nematicity and superconductivity which eventually results in an enhancement of Tc
with in-plane symmetry breaking field such as stress in iron-pnictides has also been
proposed [101]. Meanwhile, depending on the pairing symmetry of the superconductivity, the change of Tc with strain could be different.

4.6

Summary

In this chapter, I discuss the effect of stress on different transition temperatures
in BaFe2 (As1−x Px )2 . A strongly enhanced magneto-elastic response possibly via
magneto-nematic and elasto-nematic couplings in BaFe2 (As1−x Px )2 , as x approaches
optimal doping may be related to the superconducting mechanism itself. Also, the
change of Tc with stress shows mechanical strain can directly couple to the superconducting order parameter in a manner that is similar to decreasing the P concentration
x. These experiments are therefore a direct illustration of the subtle coupling between
different degrees of freedom in BaFe2 (As1−x Px )2 .

Chapter 5
Elatoresistivity and Induced
Resistivity Anisotropy for
Tetragonal Symmetry
In the previous chapters, I focused on the studies employing a mechanical device to
apply large stress, first, to detwin crystals at orthorhombic state and second, to observe changes of different transition temperatures with stress on electron-doped and
isovelently-substituted BaFe2 As2 . However, the design of the mechanical device so
far is not perfect for quantitative studies of stress effects on these materials. Alternatively, inspired by Shayegan et al. [102] we develop a new technique with which
the amount of strain experienced by the material can be carefully monitored. In the
following chapters, I will focus on the studies of strain-induced resistivity anisotropy
and the relationship to electronic nematicity. But to start with, a proper description
of the resistivity change with strain (elastoresistivity) should be established. In this
chapter, I first will introduce the concept of elastoresistivity and the associated analytic approach. Secondly, I will discuss the relationship between the elastoresistivity
and the induced resistivity anisotropy for a system with tetragonal symmetry. Finally,
an experimental methodology which can be used to extract certain elastoresistivity
coefficients will be presented. This work has been published in Ref. [17].
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5.1

Introduction of elastoresistivity

The elastoresistance of a material describes the relation between strain and changes
in the electrical resistance. An important quantity in the semiconductor industry,
for which strain effects must be carefully controlled [103], this property has been
largely overlooked in the study of strongly correlated quantum materials. However,
the elastoresistivity tensor indeed contains a wealth of information relating to both
the symmetry of ordered states and also the nature of fluctuations. In addition,
since electronically driven phase transitions often strongly affect the conductivity of
a material, and since the order parameter must be coupled to the crystal lattice,
such materials are likely to have anomalously large elastoresistance values relative to
simple metals.

5.1.1

Definition of piezoresistivity and elastoresistivity tensors

The elastoresistivity of a material can be best expressed in terms of a tensor. In the
following paragraphs I briefly outline the tensor description of this quantity, making
clear how specific terms in the elastoresistivity tensor can be determined by a combination of longitudinal and transverse elastoresistance measurements made for specific
crystal orientations. I start by describing the better known case of piezoresistance.
The piezoresistance of a material relates changes in resistance (R) and the stresses
experienced by the material. From the definition of resistivity (ρ), changes in the
resistance are given by
∆R/R = ∆ρ/ρ + ∆L/L − ∆A/A

(5.1)

The first term on the right hand side of Eq. 5.1 describes changes in the resistivity
of the material as a result of the strain experienced by the material. The second
two terms describe purely geometric effects associated with changes in the length L
and cross-sectional area A. For typical metals, these geometric terms dominate the
piezoresistance as will be discussed in Sec. 6.3.1. However, for strongly correlated
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materials like the Fe-pnictides, this is not necessarily the case, and we must also
consider the effect of changes in the resistivity of the material as a function of applied
stress.
The piezoresistivity is a fourth rank tensor, relating the applied stress and the
resistivity, both second rank tensors. It is, however, more convenient to use the
symmetry properties of the resistivity ρ and stress τ tensors to express these as 6
component arrays, with components
τ = (τxx , τyy , τzz , τyz , τzx , τxy )

(5.2)

ρ = (ρxx , ρyy , ρzz , ρyz , ρzx , ρxy )

(5.3)

and

such that the piezoresistivity is described by a pseudo-second rank tensor π;
(∆ρ/ρ)i =

6
X

πik τk

(5.4)

k=1

where 1 = xx, 2 = yy, 3 = zz, 4 = yz, 5 = zx, 6 = xy.
The stress can be expressed in terms of the elastic stiffness C and the strain ,
τk =

6
X

Ckl l

(5.5)

l=1

and hence an equivalent relation to Eq. 5.4 can be readily derived, relating changes
in the resistivity to the strains experienced by the material:
6 X
6
6
X
X
(∆ρ/ρ)i =
(
πij Cjk )k =
mik k
k=1 j=1

(5.6)

k=1

Here we should note that i here is the so-called engineering strain which is defined
as 1 = xx , 2 = yy , 3 = zz , 4 = γyz , 5 = γzx , 6 = γxy , where γij is the engineering shear strain whose magnitude is twice the true shear strain. Since only true
strain transforms correctly under rotations , care must be taken when transforming
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Figure 5.1: Proper Euler’s angles representing rotations of a Cartesian system. The
(1, 2, 3) (original) system is shown in blue, the (10 , 20 , 30 ) (rotated) system is shown
in red. The line of nodes (N ) is shown in green. φ is the angle between the 1-axis
and the N -axis which represents a rotation around the 3-axis; θ is the angle between
the 3-axis and 30 -axis which represents a rotation around the N -axis; ψ is the angle
between the N -axis and the 10 -axis which represents a rotation around the 30 -axis.

the engineering strain (see next section). For a discussion of the definition of the
engineering sheer strain, see for example, J. F. Nye ”Physcial properties of crystals”,
(Oxford University Press, 1972).
Eq. 5.6 defines the elastoresistivity tensor, sometimes also called the piezoresistive
strain matrix, m.






mik = 






m11 m12 m13 m14 m15 m16




m21 m22 m23 m24 m25 m26 


m31 m32 m33 m34 m35 m36 

m41 m42 m43 m44 m13 m46 


m51 m52 m53 m54 m55 m56 

m61 m62 m63 m64 m65 m66

(5.7)
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Transformation of elastoresistivity tensor

For a transformation of axes from one Cartesian system (1, 2, 3) to another (10 , 20 , 30 )
as shown in Fig. 5.1 ,


10





l1 m1 n1



1




 
 
 20  =  l2 m2 n2   2 

 
 
30
l3 m3 n3
3
and



(5.8)



l1 m1 n1


 l2 m2 n2  =


l3 m3 n3


cos φ cos θ cos ψ − sin φ sin ψ

sin φ cos θ cos ψ + cos φ sin ψ


 − cos φ cos θ sin ψ − sin φ cos ψ − sin φ cos θ sin ψ + cos φ cos ψ

cos φ sin θ
sin φ sin θ

− sin θ cos ψ




sin θ sin ψ 

cos θ
(5.9)

where φ, θ, ψ are Euler’s angles as in Fig. 5.1.
∆ρ
∆ρ 0
)=α
, and the strain transforms
ρ
ρ
as 0 =RαR−1  (the strain here is the engineering strain, as defined earlier). α is the
The elastoresistivity then transforms as (

transformation matrix:

l2
m21
n21
2l1 n1
2m1 n1
2l1 m1
 1
 l2
m22
n22
2l2 n2
2m2 n2
2l2 m2
 2
 2
2
2
 l3
m3
n3
2l3 n3
2m3 n3
2l3 m3
α=
 l l m m n n l n +l n m n +m n l m +l m
 13
1 3
1 3
1 3
3 1
1 3
3 1
1 3
3 1

 l2 l3 m2 m3 n2 n3 l2 n3 + l3 n2 m2 n3 + m3 n2 l2 m3 + l3 m2

l1 l2 m1 m2 n1 n2 l1 n2 + l2 n1 m1 n2 + m2 n1 l1 m2 + l2 m1














(5.10)

and R is a matrix used to take into account the factor of 2 between the engineering
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shear strain and the true shear strain (i.e. γxy = 2xy ).







R=






Because (

∆ρ

1 0 0 0 0 0




0 1 0 0 0 0 


0 0 1 0 0 0 
,
0 0 0 2 0 0 


0 0 0 0 2 0 

0 0 0 0 0 2

R−1









=








1 0 0 0 0 0




0 1 0 0 0 0 


0 0 1 0 0 0 


1

0 0 0
0 0 

2


1
0 
0 0 0 0

2

1 
0 0 0 0 0
2

)0 = m0 0 , the elastoresistivity tensor eventually transforms as m0 =

ρ
αmRα−1 R−1 .

5.2

Measurement of terms in the elastoresistivity
tensor of system with tetragonal symmetry using piezoelectric technique

For a system with tetragonal symmetry like iron-based superconductors above the
structural transition temperature, the elastoresistivity tensor comprises six independent coefficients


m11 m12 m13

0

0






mik = 






m12 m11 m13

0

0

m13 m13 m33

0

0

m44

0

0

0

0

0

0

0

m44

0

0

0

0

0

0




0 


0 

0 


0 

m66

(5.11)

With specific experimental arrangements and analysis, we can measure individual
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terms of the elastoresistivity tensor. Here we only focus on two of the easiest accessible arrangements: longitudinal elastoresistance (∆R/R)xx arrangement and the
transverse elastoresistance (∆R/R)yy arrangement when current is parallel and perpendicular to the reference strain respectively as shown in Fig. 5.2, assuming the
reference strain is in the x-direction, xx . And with these two arrangements, we can
measure the elastoresistivity coefficients of (m11 − m12 ) and m66 of the material. As I
will show in Section, these two combinations of coefficients are linearly proportional
to the nematic susceptibility in the B1g (dx2 −y2 ) and B2g (dxy ) channels respectively.

Figure 5.2: Schematic diagrams illustrating measurement of (a) longitudinal elastoresistance (i.e. current k xx ) and (b) transverse elastoresistance (i.e. current ⊥ xx ) for
the specific case of xx aligned along the [100]T tetragonal crystallographic direction.
For a tensile strain in the x-direction, the strain in the y-direction is compressive and
vice versa, with a ratio defined by the effective Poisson’s ratio of the piezoelectric
stack νp = −yy /xx . (c) illustrates measurement of the longitudinal elastoresistance
for xx aligned along an arbitrary in-plane direction making an angle θ with respect
to [100]T . Strain, current directions and crystal axis orientation are indicated in all
three panels. Gold stripes indicate current and voltage connections used for standard
4-terminal resistance measurements.

For the longitudinal arrangement, if we neglect geometric factors, the change in
resistance of the crystal is given by
(∆R/R)xx = m11 xx + m12 yy + m13 zz

(5.12)
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For the specific experimental method we apply, as will be described later, crystals
are tightly glued to a piezoelectric stack thus bi-axial strain xx and yy are applied
through the piezoelectric deformation. Therefore, the strain in the y direction, yy , is
determined by the effective Poisson’s ratio of the piezoelectric stack, νp , whereas the
strain in z direction, perpendicular to the plane of the crystal, is given by an effective
Poisson’s ratio νs , which is defined as −zz /xx , and can be estimated in terms of the
elastic stiffness coefficient Cij .
For a tetragonal system,


τ1



C11 C12 C13

0

0













 

τ2 
 
 

τ3 
=

τ4 
 
 

τ5 
 
τ6

C12 C11 C13

0

0

C13 C13 C33

0

0

C44

0



0

0

0

0

0

0

C44

0

0

0

0

0

0





0 



0 


0 



0 

C66

1




2 


3 

4 


5 

6

(5.13)

And for our case, τ3 = 0 (there is no constraint is the z-direction), therefore
C13 1 + C13 2 + C33 3 = 0
C33 3 = −C13 (1 + 2 ) = −C13 (1 − νp )1

(5.14)

νs = −3 /1 = (1 − νp )C13 /C33 < 0
A free-standing crystal normally would have a positive Poisson’s ratio, however,
because the in-plane strain is determined by νp , the effective Poisson’s ratio of the
piezoelectric stack, the strain in the z-direction is different to that of a free-standing
crystal. In particular, since our choice of co-ordinate system yields νp = −yy /xx > 1
(i.e. the strain in the y-direction is larger than that in the x-direction), the strain
in the z-direction is opposite in sign to that of a free-standing crystal. Hence, a
negative (compressive)strain in the x-direction yields a larger positive (tensile) strain
in the y-direction (controlled by the effective Poisson’s ratio of the piezoelectric stack,
νp ), and therefore the strain in the z-direction (controlled by the effective Poisson’s
ratio,νs ) is negative (compressive). Although νs can be determined from knowledge
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of the elastic stiffness coefficients and νp , we will soon see that it is canceled out when
we consider the difference of longitudinal and transverse values.

If we express the change of resistance in terms of just the strain in the x-direction,
for the longitudinal geometry [Fig. 5.2(a)]
(∆R/R)xx = xx (m11 − νp m12 − νs m13 )

(5.15)

Similarly, the change in resistance for the transverse geometry [Fig. 5.2(b)] is given
by
(∆R/R)yy = xx (m12 − νp m11 − νs m13 )

(5.16)

To determine other relevant terms in the elastoresistivity tensor, in particular
m66 , we need to apply strain in directions that are not just along the crystallographic
[100]T tetragonal axes. If we rotate the sample around the c-axis by an angle θ,
the elastoresistivity tensor transforms according to m0 =αmRα−1 R−1 as described
previously, and






α=






2

cos θ

2

sin θ

0

0

0

2 sin θ cos θ




−2 sin θ cos θ 



0
0
1
0
0
0


0
0
0 cos θ − sin θ
0



0
0
0 sin θ cos θ
0

− sin θ cos θ sin θ cos θ 0
0
0
cos2 θ − sin2 θ
2

sin θ

2

cos θ

0

0

0

(5.17)

Therefore,
m10 10 = m11 − 2(m11 − m12 − 2m66 ) sin2 θ cos2 θ

(5.18)

m10 20 = m12 + 2(m11 − m12 − 2m66 ) sin2 θ cos2 θ

(5.19)

Hence, measurements of the longitudinal and transverse elastoresistance for samples
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rotated by an in-plane angle θ [illustrated in Fig. 5.2(c)] are given by
(∆R/R)xx = xx (m10 10 − νp m10 20 − νs m10 30 )
= xx {m11 − 2(m11 − m12 − 2m66 ) sin2 θ cos2 θ

(5.20)

− νp [m12 + 2(m11 − m12 − 2m66 ) sin2 θ cos2 θ] − νs m10 30 }
Similarly, the transverse elastoresistance is given by
(∆R/R)yy = xx (m10 20 − νp m10 10 − νs m10 30 )
= xx {m12 + 2(m11 − m12 − 2m66 ) sin2 θ cos2 θ

(5.21)

− νp [m11 − 2(m11 − m12 − 2m66 ) sin2 θ cos2 θ] − νs m10 30 }

5.3

Induced resistivity anisotropy in terms of elastoresistivity coefficients

The induced in-plane resistivity anisotropy, N , referred to a particular set of orthogonal in-plane axes x and y is defined as

N=

ρxx − ρyy

(5.22)

1
(ρxx + ρyy )
2
Since changes in the resistance have opposite signs for longitudinal and transverse
configurations, to leading order the anisotropy is given by
N ∼ [(∆R/R)xx − (∆R/R)yy ]

(5.23)
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Hence, for arbitrary rotation of angle θ around c-axis, the induced anisotropy is given
by
N =xx (1 + νp )(m10 10 − m10 20 ) = xx (1 + νp )[(m11 − m12 )
− 4(m11 − m12 − 2m66 ) sin2 θ cos2 θ]

(5.24)

As anticipated, terms involving νs m13 are canceled. For the two high symmetry cases
θ = 0 and π/4 (corresponding to xx aligned along the tetragonal [100]T and [110]T
directions respectively), we obtain
N (θ = 0) = xx (1 + νp )(m11 − m12 )

(5.25)

N (θ = π/4) = xx (1 + νp )2m66

(5.26)

Hence, measurement of the induced resistance anisotropy, and in particular of the
slope dN/dxx , combined with the measured effective Poisson’s ratio of the piezoelectric stack, directly yields a measure of the coefficients (m11 − m12 ) and 2m66 in the
elastoresistivity tensor of the crystal sample.I will return to the physical significance
of these specific combinations of coefficients in Sec. 6.3.

5.4

Methodology for measuring elastoresistance

To measure the elastoresistance, we first of all need a controllable source of strain.
Inspired by the original work by Shayegan et al. [102], we use commercial PZT
piezoelectric stacks to generate biaxial strain. Single crystals are then glued on the
top surface of the stack so that the strain can be transmitted to our samples. The
strain, which is modulated by varying the voltage applied to the piezoelectric, can be
characterized using a strain gauge. The change of sample resistance (elastoresistance)
is then measured through standard four-point contacts made on top of the crystal,
while simultaneously measuring the strain via strain gauge(s).
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5.4.1

Piezoelectric stacks

The piezoelectric stack we use is PSt150/5x5/7 cryo 1 from Piezomechanik, which is
made of stacked PZT ceramic layers with organic insulating coating, Fig. 5.3(a).
Referred to the co-ordinate system shown in Fig. 5.3(a), the piezoelectric stack
expands in y-direction and shrinks in x-direction for a positive applied voltage. The
effect is the other way around with negative voltage. We can apply -50 to +150V to
it at temperature from 1.5K up to 400K without breaking it. But the actual working
voltage range could be larger, from -200 to 200V , at low temperature.
Nevertheless, even if the applied voltage is kept within the limit range, the piezo
stack will eventually break after certain amount of usage. For example, after about 20
temperature cycles following our usual experimental protocol the piezo stack usually
breaks into half afterwards (as described later, the usual protocol includes performing
three voltage cycles between -50V and +150V at every temperature typically in 2K
increments from 30K up to 300K). Also, during the usage, the organic insulating
coating might be damaged over time or simply by mistreating (scratch or contact
with inappropriate chemicals like GE varnish and solvent other than isopropanol).
Even though a little bit of damage of the coating will not affect the functionality of a
piezoelectric stack, one should avoid having electrical contacts near the damage since
the uncovered area is a source of high voltage under application and the high voltage
might leak to the nearby circuit. If there is an extensive uncovered area, the piezo
stack would no longer work.
The amount of strain generated per applied volt dxx,yy /dV changes with temperature by approximately an order of magnitude from 30K to 300K as an intrinsic
property of PZT material. Fig. 5.4(a) shows a characteristic example dxx,yy /dV vsT
which is taken by orthogonally oriented strain gauges directly glued on the side surface of the piezo stack (discussed in more detail in the next section). Poisson’s ratio
of the piezoelectric stack, νp , is defined as −yy /xx . Because of the anisotropic piezoelectric property of the stack and the co-ordinates system that we choose, |yy | > |xx |
and the Poisson’s ratio here (∼ 2) is different from usual cases (∼ 0.5). Measured νp
shows slight dependence of temperature as shown in Fig. 5.4(b) for new and used PZT
stacks. Because there is no reason to anticipate a rapid change of νp with temperature
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we used smoothed νp verses T values in our data analysis.
The values of dxx /dV , dyy /dV and νp are relatively constant among different PZT
stacks. However, a rapid change of dxx /dV and dyy /dV have been observed after
the first temperature cycle on each PZT stack purchased after 2012. After the first
temperature cycle, dxx /dV and dyy /dV rapidly decrease between 150K and 120K
[see Fig. 5.4(a)]. The values are about 10 times smaller at 30K after the property
change. The cause of this change is not clear, but from the resistance variation of a
strain gauge glued on top of the PZT stack (Fig. 5.5), it seems the PZT stack suddenly
expands in the x-direction below 150K rather than having a smooth thermal expansion
variation with temperature. This change in the properties of the PZT stack does not
affect elastoresistance measurements since strain is directly measured. In practice,
however, a subtle feature is sometimes discernible in the temperature dependence of
the elastoresistivity coefficients close to 150K, perhaps reflecting subtle inhomogeneity
of the PZT strain this regime.

Figure 5.3: (a) Picture of the piezoelectric stack (PSt150/5x5/7 cryo 1 from
Piezomechanik). (b) Picture of the strain gauge (WK-05-062TT-350 from Vishay
Precision Group).
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Figure 5.4: Top: Temperature dependence of the strain per volt applied to the piezoelectric stack, dxx /dV and dyy /dV for a new (red) and a used (blue) PZT stack.
Bottom: Temperature dependence of the effective Poisson’s ratio νp = −yy /xx of
the new and the used PZT stack shown in the top figure.

5.4.2

Strain measurement

Strain is measured by a glued strain gauge on top of a piezoelectric stack. While the
resistance of the strain gauge changes with sensed strain, the strain can be simply
determined by
=

∆R
R0 (GF )

(5.27)

Where ∆R is the change of strain gauge resistance, R0 is the resistance of a free
standing strain gauge, which can be measured using laboratory equipment or be
estimated; GF is the so-called gauge factor and is a value pre-characterized by the
strain gauge company.
For the most accurate measurement of strain, it is necessary to use an electric
bridge to detect the change of strain gauge resistance since strain is small in most of
the cases. For the measurements described in this thesis, it was adequate to simply
record the resistance of the strain gauge using an SR830 DSP lock-in amplifier with
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Figure 5.5: Normalized resistance of strain gauges glued on a new (red) and a used
(blue) piezoelectric stack. Rxx and Ryy represent the resistance of strain gauges
oriented along x and y direction respectively which can be converted into structural
distortion of the PZT stack using Eq. 5.27. The rapid increase/decrease of Rxx /Ryy
indicates an expansion/shrinkage of the PZT stack in the x/y direction at around
150K.

offset-expansion function to increase the measuring sensitivity.
The strain gauge we use is model WK-05-062TT-350 from Vishay Precision Group,
which has two orthogonally oriented strain gauges next to each other and allows us to
measure the strain along both x and y directions at the same time, Fig. 5.3(b). Both
R0 and GF have slight temperature dependence as shown in Fig. 5.6, which should
be taken into account when converting the change of resistance into strain. Detailed
technical data of the strain gauge can be found on-line.

5.4.3

Sample preparation

Single crystals of different materials were grown by the methods described in Chapter
2. Depending on the type of measurements, the crystals were cut into bar-shape along
θ = 0◦ , 22.5◦ , or 45◦ with respect to tetragonal [100]T . In order to have the strain
fully transmitted to the sample, crystals were also cleaved so that the thickness is less
than 100µm.
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Figure 5.6: (a) Temperature dependence of the resistance of a free standing strain
gauge (R0 ). (b) Variation of gauge factor in percentage as a function of temperature of the strain gauge we use (K-alloy), obtained from the company website:
http://vishaypg.com/docs/11054/tn504.pdf. In practice, we used a linear interpolation of these data.

Once the samples were shaped, standard four-point electrical contacts were made
to sputtered gold pads using Dupont 4929N silver paste following the normal procedure. And the temperature-dependence of the resistance for the free-standing samples
R0 was characterized using Quantum Design Physical Property Measurement System
.
After R0 vs T curves had been recorded, these samples were removed from the
transport puck and then glued on to one side of a piezoelectric stack which already had
a strain gauge glued on the other side using five-minute epoxy from ITW Devcon with
the long side of the sample either parallel (longitudinal arrangement) or perpendicular
(transverse arrangement) to the x-direction [x-direction refers to the short side of the
piezoelectric stack Fig. 5.3(a)]. The glue was evenly spread out under the crystal and
all over the surrounding of the crystal. The top surface of the crystal was uncovered.
Because the shrinkage of the epoxy with drying and cooling could cause irregular,
undesired deformation of the sample (build-in strain), the amount of the applied glue
should be carefully controlled. It takes about an hour for the five-minute epoxy to dry

5.4. METHODOLOGY FOR MEASURING ELASTORESISTANCE

65

completely. Two samples with the same composition were glued next to each other,
one with longitudinal arrangement and the other one with transverse arrangement.
The best way to quantify the amount of strain applied is performing single crystal
x-ray measurement simultaneously as has been done in Ref. [104]. However, a x-ray
source with a proper experimental arrangement is not easily available. Alternatively,
the amount of strain applied to the sample could also be characterized by layering
a strain gauge on top of the crystal. However, limited by the sample size and the
attached electrical contacts, this method was also not always practical. Therefore,
we used the value measured by directly gluing a strain gauge on a piezo stack as an
estimation of the actual strain of the sample. It has been confirmed earlier by J.-H.
Chu et al. [14] that the strain generated by the piezoelectric stack is transmitted well
to the sample especially at low temperature using the same experimental setup as
described here. For each piezo stack, we glued a strain gauge on the back side of the
sample side of the piezo stack.
It should be noted that it has been suggested that the stiffness of the glue when
it is completely dried should be comparable to the stiffness of the crystal in order
to have full strain transmission. For iron-based superconductors, five-minute epoxy
from ITW Devcon seems to work well.
After the glue dried, the piezoelectric stack was attached onto the bottom of the
probe for Janis flow-cryogenic using GE varnish with an insulting cigarette paper in
between. The voltage leads of the piezo stack were soldered to the probe (co-axial
wires were used to connect from the tail of the probe up to the top of the probe) and
then the electrical contacts were extended from the sample to the connectors on the
probe using twisted pairs of wires. An example of the sample setup is shown in Fig.
5.8.

5.4.4

Elastoresistance measurement

The resistance of the sample was obtained by measuring the voltage difference between
the voltage leads when the applied current was 1 mA using a SR560 Low-Noise preamplifier and a SR830 DSP lock-in amplifier. With the offest-expand function of
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Figure 5.7: Picture of the flow-cryogenic probe for an elastoresistance measurement.

the lock-in amplifier, we increased the measurement sensitivity which is especially
important when the the change of resistance is small.
The voltage applied to the piezoelectric stack came from voltage supplier and
voltage amplifier. Normally voltage from -50V to 150V was applied at all temperature.
The sweeping cycle started at 0V and up to 150V and then down to -50V and back
to 0V with a rate of 8V per second. The voltage was normally cycled three times at
each temperature.
Limited by the probe design and the equipment quantity, we could only measure
the resistance of two samples at once. Ideally, we should choose to measure one strain
gauge with xx orientation and one crystal each time, however, since the strain gauge
data of each piezoelectric stack did not change much after the second measurement,
we sometimes instead choose to measure two samples at the same time.
The elastoresistance of each sample was usually measured from 30K up to 300K
with 2K incident. For each measurement, we cooled the probe down first and took
data from low to high temperature. Each time, the applied voltage to the piezo stack,
the biased sample voltage difference, the unbiased voltage difference, and the sample
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temperature were simultaneously recorded.

5.4.5

Data analysis

The purpose of this measurement is to acquire the temperature dependence of the
induced resistivity anisotropy and the elastoresistivity coefficient. In order to obtain
the property of interest, we have to convert the measured sample resistance R(V )
verse applied voltage V to the piezoelectric stack into the elastoresistance ∆R/R0
verse xx .
First, we used the strain gauge data to convert V into xx . Fig. 5.8(a) shows
representative R(V ) vs V loops for strain gauge glued along the x-direction at different
temperature. The hysteresis is a characteristic property of the piezoelectric material
which behaves symmetrically with the sign of applied voltage at low temperature but
behaves more and more asymmetrically at ∼ T > 180K. Ideally, R(V ) vs V should
form smooth loops as the one at 200K. However, at low temperature, because of the
smaller strain generated per applied volt [Fig. 5.4(a)] and the small gauge factor
(GF ∼ 2) of the strain gauge, the change of resistance is small as well, which means
the data would become more sensitive to the back-ground noise as the 30K loop in
Fig. 5.8(a). Using Eq. 5.27, we calculated the strain corresponding to each applied
voltage. However, because the strain gauge was glued onto a piezo stack, it was
unavoidably sensitive to the thermo-expansion/shrinkage of the piezo stack, which
caused the so-called build-strain in our measurement so that xx (V = 0) 6= 0 and the
deviation became larger with decreasing temperature as shown in Fig. 5.8(b). As
discussed in greater detail below, so long as the material remains in the regime of
linear response, the large thermal expansion coefficient of the piezo stack does not
affect the measured elastoresistivity coefficients.
Second, we calculated the magnitude of elastoresistane ∆R/R0 of the sample
corresponding to each value of xx . Because there would be intrinsic build-in strain
caused by the expansion/shrinkage of both the epoxy and the piezoelectric stack as
well , ∆R/R0 6= 0 at V = 0 (where xx = build−in ) as shown in Fig. 5.9 for example.
However, since we are essentially interested in the variation rate of electrical resistivity
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Figure 5.8: (a) Resistance verse applied voltage V to the piezoelectric stack at various
temperatures of a strain gauge aligned along the x direction. (b) Measured strain
(xx ) verse V at various temperatures using the data in (a). The insert shows a
magnification of the data of 30K with black error bars.

with respect to strain and the linearity between the elastoresistance and xx holds for
all temperature and all materials we measured so far, we can subtracted the effect of
build-in strain and define
(

∆R
R0

)0 =

R(V ) − R0
R0

−

R(V = 0) − R0
R0

=

R(V ) − R(V = 0)

xx (V )0 = xx (V ) − xx (V = 0)

R0

(5.28)
(5.29)

The elastoresistance coefficients describe the slope of Rvsxx . By similar triangles
(Fig. 5.10),
(∆R/R0 )0
xx

0

=

∆R/R0
xx

(5.30)

The (∆R/R0 )0 verse 0xx plots of longitudinal and transverse elastoresistance are shown
in Fig. 5.11 for instance.
Finally, we subtracted the longitudinal elastoresistance (∆R/R0 )xx with transverse elastoresistance (∆R/R0 )yy for samples with the same composition and θ to
obtain the induced resistivity anisotropy N (Eq. 5.23). As has been showed earlier,
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Figure 5.9: ∆Rxx /R0 verse measured strain xx at various temperature for pure
BaFe2 As2 . The strain here was measured simultaneously with the sample using a
strain gauge. V = 0 data are denoted with stars.

the slope of the linear fit of N with respect to xx is a combination of different elastoresistivity coefficients, θ and Poisson’s ratio of the PZT stack νp (Eq. 5.24). With
this relationship, we fitted N linearly with xx at each temperature and then divided
the slopes with (1+νp ). Temperature dependence of (m11 − m12 ) for θ = 0◦ (Eq.
5.25), and 2m66 for θ = 45◦ (Eq. 5.26) were eventually acquired.

5.4.6

Comments on error and build-in strain

As long as the linearity between elastoresistance and applied strain holds, the amount
of build-in strain should not affect the value of elatoresistivity coefficients extracted
from the data. Nevertheless, this statement is based on the assumption that the strain
measured by the strain gauge is truly the strain on the samples which is probably not
always the case. If the strain measured is accurate, the linear extension of ∆Rxx /R0
verse xx should pass through zero. The lower temperature data shown in Fig. 5.9
generally agree with this statement. However, the 250K data clearly indicate presence
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Figure 5.10: Schematic diagram of sample resistance R verse measured strain xx .
R0 is the free standing sample resistance, R(V = 0) is the resistance at zero applied
voltage to the PZT stack, and R(V ) is the sample resistance at V volt applied to
the PZT stack. ∆R = R(V ) − R0 and ∆R0 = R(V ) − R(V = 0). xx (V = 0) is the
build-in strain at V = 0, xx (V ) is the strain at V volt applied to the PZT stack.
xx (V )0 = xx (V ) − xx (V = 0).

of discrepancy between the measured and the actual strain. Based on my experience,
this mismatch has a tendency to happen at high temperature ∼> 250K, possibly
because of the damage on the glue after repeat expansion/shrinkage processes so that
the strain is no longer uniformly transmitted to the sample and the strain gauge (
often visible as cracks in the glue). This is the main reason why in the later chapters
when fits of the elastoresistivity coefficients to a Curie-Weiss model are performed,
data are typically only fit below ∼ 280K. Also, as has been mentioned earlier, an
used PZT stack tends to have a rapid structural change at around 120K ∼ 150K.
Therefore, at this temperature range the measured strain might not be equal to the
actual strain possibly due to the inhomogeneous structural deformation as the larger
strain gauges measure average strain across the PZT stack while the much smaller
samples are sensitive to local strain. Extra caution is necessary when analyzing data
at these temperatures.
Of course, reliable data should be reproducible. A good way to eliminate the
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Figure 5.11: (a) (∆Rxx /R0 )0 verse 0xx and (b) (∆Ryy /R0 )0 verse 0xx at various temperature for pure BaFe2 As2 with xx k [110]T . Black lines show the linear fits of the
data whose slope can be expressed as various combinations of the elasotresistivity
coefficients depending on the sample arrangement (Eq. 5.20, 5.21).

effect of strain uncertainty is to make multiple measurements. For each compound
I studied, at least three sets of elastoresistance measurements had been carried out
before the data were presented.

5.5

summary

The methodology presented in this chapter provides an experimental technique to
obtain the elastoresistivity coefficients (m11 − m12) and m66 . As I will discuss in the
next chapter, these coefficients are of particular interest, being linearly proportional
to the nematic susceptibility in the B1g and B2g channels respectively. To extract the
individual terms of m11 , m12 , m13 , m33 , and m44 , we might need to orient the crystals
in different ways with respect to the external strain and measure the elastoresistivity
under certain circumstances. Or, we can combine our results with the measurement of
piezoresistivity coefficients (πij ) and elastic constant (Cij ) so that we can estimate the
individual term of m11 = π11 C11 + π12 C12 + π13 C13 (Eq. 5.5) and then understand the
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values of m12 and m13 (Eq. 5.12), for example. This might be an important approach
for chasing more comprehensive physics of strong correlated materials. However, as
will be discussed in the following chapters, even though the properties of m11 and
m12 might eventually reveal important facts of iron-pnictides, it is beyond the scope
of this thesis. Here I am going to simply focus on the temperature dependence of
(m11 − m12) and 2m66 above the structural transition for Fe-pnictides since this is
the quantity most relevant to the nematic behavior in the system.

Chapter 6
Elastoresistivity Coefficients of
Ba(Fe0.975Co0.025)2As2
Following the description in Chapter 5, in this chapter, I present elastoresistance data
for the representative under doped Fe-pnictide, Ba(Fe0.975 Co0.025 )2 As2 . I show that
the differential elastoresistance, given by the coefficient m66 , is proportional to the
nematic susceptibility of the material for the B2g channel. The Curie-Weiss temperature dependence of m66 provides direct evidence that the tetragonal-to-orthorhombic
structural phase transition in this material is not the result of a true-proper ferroelastic transition. Rather, the material suffers a pseudo-proper transition driven by
electronic nematic order for which the lattice strain is not the primary order parameter. This work was published in Ref. [17].

6.1

Experimental methods

Single crystals were cut in to rectangles along
Single crystals of the representative electron-doped Fe-pnictide Ba(Fe0.975 Co0.025 )2 As2
were grown by the method described in Chapter 2. Single crystals were cut in to
rectangles along θ = 0◦ , 22.5◦ ,or 45◦ with respect to [100]T with an uncertainty of
approximately ±5◦ . Electrical contacts were made to the top of crystals. The longitudinal (∆R/R)xx and transverse elastoresistance (∆R/R)yy of samples with the same
73
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Figure 6.1: Representative data showing the change in resistance as a function of
strain xx for longitudinal (red) and transverse (green) configurations for (a) θ = 0
(i.e. xx along [100]T ), (b) θ = 22.5◦ and (c) θ = 45◦ (i.e. xx along [110]T ) . All
measurements are at a temperature T = 130 K.

θ were measured simultaneously as a function of temperature following the procedure
described in Sec. 5.4. The angle dependence of the induced resistivity anisotropy
was established. And the temperature dependence of the elastoresistivity coefficients
2m66 and (m11 − m12 ) were then extracted.

6.2

Results

Representative longitudinal and transverse elastoresistance data as a function of strain
xx are shown in Fig. 6.1 for a temperature of 130 K. In terms of the experimentally
measured quantities, ∆R/R = (R(V )−R(V = 0))/R0 and xx = xx (V )−xx (V = 0),
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Figure 6.2: Representative data showing the induced anisotropy N = (∆R/R)xx −
(∆R/R)yy as a function of the strain xx (see equations 16 and 17) at T = 130K, for
θ = 0◦ (blue), 22.5◦ (green) and 45◦ (red). Black lines show linear fits for each angle.

where R(V ) and xx are the resistance and strain measured at a given voltage V
applied to the piezo stack, and R0 is the free-standing sample resistance. Equivalence
to Eq. 5.20 and Eq. 5.21 follows from the linearity of ∆R/R with xx (appropriate for
small strains.) Data are shown for three distinct crystal orientations, corresponding
to θ = 0◦ , 22.5◦ , 45◦ , where θ is also the angle between the [100]T crystal axis and the
x-axis. Similar data were obtained at 2K increments between 80K and 280K. The
measured elastoresistances vary linearly with the applied strain, and are largest for
θ = 45◦ .
Because the piezoelectric stack is made of layered PZT, the expansion of each
layer is not perfectly homogeneous through the whole stack as a consequence. Since
the strain gauges that we use are relatively large compared to our samples, they are
not as sensitive to such inhomogeneous strains as our samples. Measurements of
the elastoresistance for which the current is oriented along the PZT layers (x-axis)
are essentially unaffected by inhomogeneous strains, and are always perfectly linear. However, measurements of crystals with the current oriented in the transverse
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direction cross several PZT layers (y-axis) and are therefore more sensitive to inhomogeneous strain, which sometimes leads to small deviations from perfect linearity
as the transverse elastoresistance of θ = 45◦ (red data points in Fig. 6.1(c)).
For each angle, the longitudinal and transverse elastoresistances are opposite in
sign, but are not exactly equal in magnitude, as can be anticipated by inspection
of Eq. 5.20 and Eq. 5.21. This effect arises from a combination of the effective
Poisson’s ratio of the PZT piezo stack νp and also the effective Poisson’s ratio of
the sample νs , this latter quantity affecting strain in the z-direction. The sign of
the elastoresistance for θ = 45◦ is in accord with previous measurements of single
crystals of Ba(Fe1−x Cox )2 As2 held in a mechanical clamp, for which the longitudinal
resistance increases under compressive stress (negative strain), while the transverse
resistance decreases [9, 10, 13, 54, 55, 56, 57]. Consequently the slope d(∆R/R)xx /dxx
is negative while d(∆R/R)yy /dxx is positive.
For each temperature, the induced anisotropy N = (∆R/R)xx − (∆R/R)yy can
be determined from the elastoresistance data; representative data based on the measurements shown in Fig. 6.1 for T = 130 K are shown in Fig. 6.2 as a function of
the strain xx for each angle, θ = 0◦ , 22.5◦ and 45◦ . The data are linear with strain,
with intercept at zero anisotropy for zero applied strain. For all three angles the slope
dN/dxx is negative, as anticipated from Fig. 6.1, indicating an increase (decrease) in
the longitudinal (transverse) elastoresistance as a function of strain xx . The largest
slope is obtained for θ = 45◦ (red data points in Fig. 6.2).
The anisotropy in dN/dxx can be more clearly represented on a polar plot, shown
in Fig. 6.3, for which we have used the tetragonal crystal symmetry to generate
equivalent data points. Data for θ = 0◦ and 45◦ were used to extract values for
(m11 − m12 ) and 2m66 respectively, following Eq. 5.25 and Eq. 5.26, and using
measured values for νp shown in Fig. 5.4(b). Following Eq. 5.24, these values can be
used to calculate dN/dxx for any angle θ, shown by the solid blue line in Fig. 6.3. As
can be seen, the theoretical curve based on these values goes through the additional
data point for θ = 22.5◦ . One could imagine making similar measurements for a more
densely spaced range of angles, and using all of the data points to fit to Eq. 5.24 and
hence obtain an even more precise estimates of (m11 − m12 ) and 2m66 , though for
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Figure 6.3: Representative data showing the angle-dependence of the induced
anisotropy dN/dxx at T = 130K. Solid points show data for θ = 0◦ , 22.5◦ and
45◦ , with additional equivalent data points generated by symmetry. Solid blue line
shows calculated anisotropy based on Eq. 5.24 and measured (m11 − m12 ) and 2m66
values.

the small crystals used in this study that would be challenging. Even so, the data at
the intermediate angle of θ = 22.5◦ nicely confirm the anticipated angle-dependence
based on the tensor transformation described in Sec. 5.2.
The procedure used to determined (m11 − m12 ) and 2m66 was repeated in 2K
increments from 280 K down to 80 K (just below Ts ). The T-dependence of these
elastoresistivity coefficients is shown in Fig. 6.4. Vertical lines in the figure indicate
TN = 92.5 K and Ts = 97.5 K, determined from resistivity measurements of the
unstrained crystals before mounting on the piezoelectric stack (see for example Ref.
[52]). The coefficient 2m66 increases as the temperature decreases, exhibiting a weak
change in slope at Ts . In contrast (m11 − m12 ) is smaller in magnitude, has a much
weaker temperature dependence, and exhibits a sharper feature close to Ts and TN
which is presumably related to critical fluctuations.
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Figure 6.4: Temperature-dependence of the elastoresistivity coefficients (m11 − m12 )
and 2m66 , determined from the induced anisotropy dN/dxx for θ = 0◦ and 45◦
respectively. Black line shows fit to Curie-Weiss model for the m66 coefficient; 2m66 =
λ/[a0 (T − T ∗ )] + 2m066 . Vertical dashed lines mark Ts and TN of the sample.

6.3
6.3.1

Discussion
The elastoresistance of simple metals and semiconductors

Microscopically, the resistivity of a metal is determined by a combination of Fermi
surface parameters and the scattering rate. For the case of a single band, free electron
model, the resistivity is given by the familiar expression ρ = m∗ /ne2 τ . In this case,
the induced anisotropy due to the strain effects described above is given by

N =(

∆ρ
ρ

)xx − (

∆ρ
ρ

)yy =

m∗xx − m∗yy
m∗

−

τx − τy
τ

(6.1)

where m∗xx and m∗yy (and τx and τy ) differ only because of the anisotropic biaxial
strain. Hence, the measured elastoresistance and the derived slope dN/dxx reflect
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0
nematic susceptibility χ−1
N , for θ = 45 . Black line shows linear fit (Curie-Weiss
model) to the data between 100 and 250 K. Vertical dashed lines mark Ts and TN of
the sample.

induced anisotropy in both the effective mass m∗ and the relaxation time τ
∂N
∂

=

1 ∂(m∗xx − m∗yy )
m∗

∂

−

1 ∂(τx − τy )
τ

∂

(6.2)

For the case of a simple free-electron-like metal, anisotropy in m∗ and τ arise from
strain-induced anisotropy in the bandwidth and phonon-spectrum respectively. Neither of these effects is large, and neither has a strong temperature dependence. For
a multiband material, the situation is more complex, since the conductivity is determined from the sum of all of the pockets, each described by its own parameters.
Even so, we can loosely think of the elastoresistivity as arising from some combination of strain-induced changes in the Fermi surface parameters, parameterized by an
effective mass, and in the scattering, parameterized by some effective relaxation time.
Measurement of the dc elastoresistivity coefficients cannot distinguish these effects,
but equivalent measurements of the optical conductivity under applied strain are able
to differentiate between anisotropy in scattering and spectral weight, as has recently
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Figure 6.6: Gauge factor as a function of temperature of aluminum, which shows
a temperature-independent gauge factor that is dominated by the sample geometrical change. Because of the naturally low resistivity and the small gauge factor of
aluminum, the signal-to-noise ratio for this measurement is lower than that of the
iron-pnictides.

been demonstrated for Ba(Fe1−x Cox )2 As2 [68].
If we also include the geometric factor described by Eq. 5.1, then the total change
in the resistance as a function of strain yields the so called gauge factor, GF, of a
material. (The name derives from the use of such materials as strain gauges: the
gauge factor relates the change in resistance to the strain for a given configuration as
discussed in Sec. 5.4.2) For the longitudinal configuration, this yields

GF =

(∆R/R)xx
xx

=

(∆ρ/ρ)xx
xx

+ (1 + 2ν)

(6.3)

For ordinary metals, like copper and aluminum, the first term on the right hand side
is negligible as described above, and the gauge factor is almost solely determined by
the geometric effect, yielding temperature-independent values with a magnitude close
to 2 since the Poisson’s ratio, ν, for most metals is about 0.5. An example of the GF
of simple metals (aluminum) as a function of temperature is shown in Fig. 6.6.
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By way of comparison, for semiconductors, the gauge factor is typically dominated by the change of resistivity (the first term on the right side of Eq. 5.1) and
consequently can be much larger than values obtained for typical simple metals.
For example, the elastoresistivity coefficients for n-Si and p-Si, cubic semiconductors
used in the most sensitive commercially available solid-state strain gauges, are respectively m11 = -100.7, m12 = 58.0, m44 = -10.8 and m11 = 9.5, m12 = 1.7 and m44
= 109.9 at room temperature [103], comparable to the maximum values observed for
Ba(Fe1−x Cox )2 As2 in this study. However, the physical mechanism that results in
the large elastoresistance of semiconductors is very different, being associated with
strain-induced changes in the band gap that strongly affect the majority carrier density. Consequently, the elastoresistance of semiconductors follows a characteristic 1/T
temperature-dependence [103, 105].

6.3.2

Comparison to simple metals

Following the previous sections, it is clear that features of the data shown in Fig. 6.16.4 are unusual from the perspective of a simple metal. First, the magnitude of the
elastoresistance is much larger than anticipated for a simple metal. For the specific
cobalt concentration that we focus on in this paper, the m66 coefficient reaches a
maximum value of 24 (2m66 = 48) for T = 98K. The gauge factor for other doping
levels rises to a maximum of 300 for x = 0.0051 ∼ 0.007 [14].
Second, the temperature dependence of the elastoresistivity coefficient m66 is
found to diverge towards lower temperatures. Following our initial analysis in ref
[18], the data can be very well fit by a Curie-Weiss temperature dependence;

2m66 =

λ
a0 (T − T ∗ )

+ 2m066

(6.4)

The fit, shown by a solid line in Fig. 6.4, yields fit parameters λ/a0 = −1238 ± 46K,
T ∗ = 74 ± 1K, and 2m066 = 3.6 ± 0.3. Using the m066 value estimated from this fit,
it is possible to plot the inverse elastoresistivity coefficient −[2(m66 − m066 )]−1 as a
function of temperature (Fig. 6.6), yielding a clear linear behavior up to at least

82 CHAPTER 6. ELASTORESISTIVITY COEFFICIENTS: CO-DOPED BA-122

250 K. While the strain-induced anisotropy for a simple metal will not necessarily
be temperature-independent, there is no physical reason to anticipate a Curie-Weiss
temperature dependence.
Finally, the elastoresistivity exhibits a large anisotropy, not just in magnitude, but
also in terms of the temperature dependence, neither of which effect is anticipated
for a material described by a simple nearly-free-electron picture.
In the following section, we describe how all of these observations can be understood in terms of electronic nematic order.

6.3.3

Relation to the structural phase transition

A natural order parameter for the ferroelastic structural phase transition is the spontaneous lattice strain that develops at Ts . The orthorhombic lattice parameters are
rotated by 45◦ with respect to the tetragonal unit cell, so referenced to the hightemperature tetragonal lattice the order parameter would be 6 (6 = γab , shear strain
in the tetragonal ab-plane). Softening of the associated elastic stiffness modulus c66 in
the tetragonal state has been observed via resonant ultrasound measurements [11, 77].
For a true-proper ferroelastic phase transition, the lattice strain is the primary order
parameter, and the phase transition is driven by the elastic part of the free energy
[106]. Hence, a Landau treatment of a true proper ferroelastic transition begins with
a free energy expansion given by
c
d
F = F0 + 2 + 4 − h
2
4

(6.5)

where h represents an externally applied stress, the elastic modulus c is assumed to
have a temperature dependence c = c0 (T − Tc ), and we have dropped the tensor
description for simplicity. Under conditions of zero stress, the material develops a
spontaneous strain at T = Tc . Within such a picture, all other physical quantities,
including the resistivity, develop an in-plane anisotropy at Tc as a consequence of the
orthorhombicity. Since all of these physical quantities share the same symmetry as
the spontaneous strain, for small strains they are linearly proportional. Application
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of external stress in the same direction as the spontaneous strain (i.e. θ = 45◦ ) yields
a finite strain for all temperatures, and the phase transition is smeared out as has
been discussed in Sec. 4.3. The associated strain-induced anisotropy in the resistivity
in the tetragonal state is small, and hence linearly proportional to the strain, . With
reference to Eq. 5.26, the proportionality constant is given by the elastoresistivity
coefficient (1 + νp )2m66 , the quantity that we have measured. Within the picture of
a true-proper ferroelastic transition, m66 is not necessarily temperature independent.
For example, critical fluctuations very close to the structural transition could lead
to anisotropic scattering, though this effect is anticipated to be small given that the
orthorhombic distortion is a q=0 phenomenon (i.e. does not lead to large momentum
transfer). However, the observation of a divergent elastoresistivity coefficient m66
that follows Curie-Weiss-like temperature dependence over a wide temperature range
is completely inconsistent with a scenario in which the structural transition is driven
by a true-proper ferroelastic transition. Rather, these data suggest either an improper
or pseudo-proper ferroelastic transition, implying that the primary order parameter
is not the elastic strain.
For an improper ferroelastic transition, the primary order parameter has a different symmetry to the spontaneous strain. There is no reason based on any physical
measurements to expect that this is the case for Ba(Fe1−x Cox )2 As2 . Rather, it is
much more natural to assume that the primary order parameter shares the same
symmetry as the spontaneous strain, which is indeed consistent with results of transport [9, 10, 13, 54, 55, 56, 57], and ARPES [12] measurements of detwinned crystals,
and neutron scattering measurements [107, 108, 109] of twinned crystals. Lacking
knowledge of the specific physical mechanism that is responsible for the electronic order that drives the lattice distortion, we need to choose suitably precise terminology
that at least describes the broken symmetry, and therefore label this as an electronic
nematic phase, following Ref. [22]. The only semantic caveats are; first, that in contrast to liquid crystal nematic phases, this electronic nematic phase breaks a discrete
(rather than continuous) symmetry; and second, that use of the word nematic does
not necessarily imply the orientational order of local objects.
Proceeding as described above, we define an electronic nematic order parameter, ψ.
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We do not directly measure this quantity, but assume that the resistivity anisotropy
N (equation 15) is a sensitive measure of it, and is linearly proportional for small
enough values (appropriate in the tetragonal state for strained samples),ψ ∝ [N =
(ρb −ρa )/(ρb +ρa )]. As described in our previous paper [14], the associated free energy
expansion is given by:
a
b
c
d
F = F0 + ψ 2 + ψ 4 + 2 + 4 − λψ − h
2
4
2
4

(6.6)

Since  and ψ have the same symmetry, they are coupled in a bilinear fashion.
Furthermore, since strain acts as a field on the nematic order parameter via the
coupling λ, in this case, the measured proportionality constant relating the resistivity
anisotropy N and the strain 6 (i.e. the quantity 2m66 ) is proportional to the nematic
susceptibility:
χN =

∂N
∂ψ
∝
= 2m66
∂
∂γab

(6.7)

Because of the experimental geometry (x and y defined by the piezoelectric stack,
∂N
=
xx is θ = 45◦ with respect to [100]T ) and γab = xx − yy = (1 + νp )xx ,
∂γab
1
∂N
= 2m66 , which is proportional to the nematic susceptibility in the B2g
(1 + νp ) ∂xx
symmetry channel. Equivalently, for spontaneous nematic order in the [100]T direction (B1g symmetry channel), the component of the nematic susceptibility that
1
∂N
∂ψ
diverges would then be given by
∝
= m11 − m12 for θ = 0◦
∂(xx − yy ) (1 + νp ) ∂xx
from Eq. 5.25. Hence, the two quantities 2m66 and (m11 − m12 ) directly measure
the components of the nematic susceptibility tensor relevant for spontaneous nematic
order in the [110]T and [100]T directions respectively.
The temperature-dependence of the elastoresistivity coefficient m66 can then be
readily understood in terms of the pseudo-proper ferroelastic phase transition. In
particular, minimization of the free energy (Eq. 6.5) with respect to both  and ψ for
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a strained sample yields
χN =

λ

(6.8)

a

Hence, the observation of an elastoresistivity coefficient m66 that follows the meanfield Curie-Weiss form directly implies that the coefficient of the electronic nematic
order parameter vanishes following a = a0 (T − T ∗ ), as anticipated if ψ is the primary
order parameter. The value T ∗ = 74 ± 1K, which is directly found from fitting the
temperature dependence of the m66 coefficient (Fig. 6.5), would be the mean-field
critical temperature for the nematic phase transition if there were no coupling to
the crystal lattice. However, as we previously described in Ref. [14], the coupling λ
both ensures that there is a concurrent structural phase transition and also raises the
critical temperature to a value
Ts = T ∗ +

λ2
a0 c

(6.9)

This is also consistent with the observation that T ∗ < Ts (Ts = 97.5K for the specific
cobalt concentration used in this study).
As a final comment we note that there is no evidence for any additional phase transition for temperature above Ts , up to our maximum measured temperature of ∼ 300K
in contrast to recent claims [110]. However, the large magnitude of the elastoresistivity coefficients imply an extreme sensitivity to in-plane stress, and consequently care
must be taken when interpreting results of experiments probing in-plane anisotropy
for temperature above Ts since residual strain can easily cause unintentional two-fold
anisotropy.

6.4

Conclusion

The goal of this chapter and the previous Chapter 5 has been to describe the angleand temperature-dependence of the elastoresistance of the prototypical electron-doped
iron-arsenide. Building on our earlier experiments [14], we have shown via a combination of longitudinal and transverse measurements that the m66 elastoresistivity
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coefficient of this material follows a Curie-Weiss temperature dependence. This observation provides direct evidence that the elastic strain is not the primary order
parameter, and hence that the tetragonal-to-orthorhombic structural phase transition should be classified as being a pseudo-proper ferroelastic phase transition driven
by an electronic nematic instability. The divergent elastoresistivity coefficient can be
related to the nematic susceptibility of the material, and hence bears witness to the
presence of electronic nematic fluctuations in the normal state.

Chapter 7
Disorder Effect on the Induced
Resistivity Anisotropy for Pure
and Electron-doped BaFe2As2
In this chapter, I will show that the strain-induced resistivity anisotropy in the tetragonal state of the representative underdoped Fe-arsenides BaFe2 As2 , Ba(Fe1−x Cox )2 As2
and Ba(Fe1−x Nix )2 As2 is independent of disorder over a wide range of defect and impurity concentrations. This result demonstrates that the anisotropy in the in-plane
resistivity in the paramagnetic orthorhombic state of this material is not due to elastic
scattering from anisotropic defects. Conversely, our result can be most easily understood if the resistivity anisotropy arises primarily from an intrinsic anisotropy in the
electronic structure. This result was published in Ref. [19].

7.1

Introduction

In the previous chapters, I have presented a novel method to measure the elastoresistivity coefficients of tetragonal single crystal sample. And I have also shown that the
elastoresistivity coefficient 2m66 can be related to the nematic susceptibility for the
B2g channel. However, the physical origin of the induced in-plane resistivity (whether
deriving from a scattering anisotropy or an anisotropy in the Fermi surface) has not
87
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been established. Of particular relevance to this question, measurements of annealed
crystals of Ba(Fe1−x Cox )2 As2 held under uniaxial stress indicate that the resistivity
anisotropy at low temperature (i.e. below TN in the antiferromagnetic state) diminishes after annealing [54, 65, 66]. The experiments did not check the degree of
detwinning, nor was the stress or strain measured, so quantitative comparisons are
unfortunately impossible, but nevertheless this observation suggests that elastic scattering might be significant in determining the resistivity anisotropy. Furthermore,
STM measurements reveal extended anisotropic defects at low temperature, perhaps
associated with impurities that locally polarize the electronic structure [8, 67]. Both
of these observations suggest that the resistivity anisotropy might be a parasitic effect associated with anisotropic elastic scattering from extended defects deep in the
antiferromagnetic state.
In this chapter, I show for several representative underdoped Fe-pnictides that the
strain-induced resistivity anisotropy in the tetragonal state is in fact independent of
the degree of disorder for a given value of TN over a wide range of defect and impurity
concentrations. This result can be directly compared to the anisotropy that develops
spontaneously in the orthorhombic state [8, 9, 10, 54, 57], and therefore demonstrates
that the in-plane resistivity anisotropy observed for this family of compounds in the
paramagnetic orthorhombic state is not an extrinsic effect associated with defect
scattering. The result can be most easily understood if the resistivity anisotropy in
this regime is primarily determined by the Fermi surface anisotropy rather than an
anisotropy in the scattering rate.

7.2
7.2.1

Experimental methods and results
pure BaFe2 As2 with different RRR

Single crystals of BaFe2 As2 were grown from a ternary flux as described previously in
Chapter 2. As-grown crystals have a residual resistance ratio RRR = R(300K)/R(0K)
∼ 3 - 5, and a structural/Néel transition temperature Ts/N ∼ 134 K. Crystals were
also annealed in vacuum at 700◦ C for four weeks, resulting in a substantial decrease
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Figure 7.1: (a) Schematic diagram illustrating measurement of longitudinal elastoresistance, (∆R/R)xx (i.e. current k xx ) and transverse elastoresistance (∆R/R)yy
(i.e. current ⊥ xx ) for the case of xx aligned along the [110]T tetragonal crystallographic direction. Gold rectangles indicate position of electrical contacts for standard
four-point measurement. Actual crystal dimensions are typically 0.5 × 0.1mm. (b)
Representative data showing the induced resistivity anisotropy (N ∼ (∆R/R)xx −
(∆R/R)yy ) as a function of strain xx at several temperatures above Ts for BaFe2 As2
with RRR ∼ 5. Black lines show linear fits for each temperature from which the
elatoresistivity coefficient m66 is extracted.
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Figure 7.2: (a) Temperature dependence of the normalized resistivity, ρ/ρ(300K) for
BaFe2 As2 with RRR ∼ 5 (as grown samples, shown by green data points) and RRR
∼ 15.5 (annealed samples, pink data points). (b) Temperature-dependence of the
elastoresistivity coefficients −2m66 for the same samples shown in (a). Ts/N values
determined from dρ/dT are indicated by dashed and solid vertical lines for as-grown
and annealed samples respectively.

in the residual resistivity (and corresponding increase in RRR to a value of ∼ 15.5,
illustrated in Fig. 7.2(a) and a modest change in the structural/Néel transition Ts/N ∼
138 K. Longitudinal elastoresistance, (∆R/R)xx (i.e. current k xx ) and transverse
elastoresistance (∆R/R)yy (i.e. current ⊥ xx ) for the case of xx aligned along [110]T
(equivalent to the θ = 45◦ case described in Chapter 5) were measured on both RRR
∼ 5 and RRR ∼ 15.5 samples following the procedure in Sec. 5.4.
Representative data showing the induced resistivity anisotropy N as a function of
strain for as-grown BaFe2 As2 are shown in Fig. 7.2(a). The slope of the linear fit of N
vs xx at each temperature yields (1+νp )2m66 from which the temperature dependence
of the elastoresistivity coefficient 2m66 can be readily extracted using measured values
of νp as has been discussed previously. Experiments were repeated for several samples
and representative data are shown in Fig. 7.1(b) for as-grown and annealed samples.
For temperatures greater than Ts/N , the elastoresistivity coefficients (i.e. the induced
anisotropy) for as-grown and annealed samples (Fig. 7.2) follow a Curie-Weiss like
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Figure 7.3: Temperature-dependence of −(2m66 − 2m066 )−1 for pure BaFe2 As2 with
RRR ∼ 5 (green) and RRR ∼ 15.5 (pink). Black lines show linear fits (Curie-Weiss
model) to the data at a range of 144-280 K for RRR ∼ 5 and 146-280 K for RRR
∼ 15.5. Ts/N values are indicated by dashed and solid vertical lines for as-grown and
annealed samples respectively.

Sample
BaFe2 As2
RRR ∼ 5
RRR ∼ 15.5

Fit Range (K)

2m066

λ/a0 (K)

T∗ (K)

144-280
146-280

4.7 ± 0.5
4.9 ± 0.3

-897 ± 43
-942 ± 32

124.9 ± 0.8
124.8 ± 0.6

Table 7.1: Fit parameters from the fit of 2m66 with 2m66 = λ/[a0 (T − T ∗ )] + 2m066
for as-grown and annealed BaFe2 As2 .

temperature dependence (2m66 = λ/[a0 (T −T ∗ )]+2m066 ) as indicated by the excellent
linearity of −(2m66 − 2m066 )−1 with respect to temperature shown in Fig. 7.3 and
are identical within experimental resolution (see also fit parameters in Table 7.1).
For temperatures below Ts/N extrinsic effects associated with twin domain motion
dominate the elastoresistance coefficients, which are different for the two RRR values,
perhaps reflecting differences in domain pinning. The following discussion focuses on
the behavior for temperatures greater than Ts , for which the measured elastoresistivity
is determined solely by the intrinsic properties of the tetragonal structure.
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7.2.2

Co and Ni substituted BaFe2 As2 with the same TN

Motivated by the apparent insensitivity to disorder revealed in Fig. 7.2(b), we would
like to explore the effects of stronger impurity scattering associated with chemical
substitution. We chose cobalt and nickel substitution as two cases that are well characterized and for which the depth of the impurity potential is rather different. Band
structure calculations reveal that both impurities effectively increase the Fermi level
(i.e. electron-dope), with nickel having a larger effect due to the increased number of
electrons per impurity [111]. Empirically, the phase diagrams of Ba(Fe1−x Cox )2 As2
and Ba(Fe1−x Nix )2 As2 are found to be very similar [13], and for these underdoped
compositions the composition-dependence of the critical temperatures associated with
the separated structural, Néel and superconducting transitions (Ts , TN and Tc respectively) scale almost exactly if the dopant concentration is scaled by a factor of 1.6
(i.e. TiCo ∼ TiN i if xCo ∼ 1.6 xN i , as shown in Fig. 3). In order to separate effects due
to disorder from changes in the band filling, we specifically compare m66 coefficients
of Co and Ni-substituted samples for which the Néel temperatures coincide, implying
that their electronic structures are comparable. However, as we will show, our main
result does not rely on this assumption. We chose two sets of compositions, comparing
Ba(Fe0.975 Co0.025 )2 As2 with Ba(Fe0.983 Ni0.017 )2 As2 (both of which have TN = 95K, labeled Set 1), and comparing Ba(Fe0.966 Co0.034 )2 As2 with Ba(Fe0.979 Ni0.021 )2 As2 (both
with TN =80K, labeled Set 2). For Set 1 (TN = 95 K), Ts is identical for both Co and
Ni substituted samples. For Set 2, Ts differs by 5 K for the same value of TN (TN =
80 K).
Single crystals of Ba(Fe1−x Cox )2 As2 and Ba(Fe1−x Nix )2 As2 were grown from a
pseudo-ternary melt as described in Chapter 2. The actual composition was determined by electron microprobe analysis, with an uncertainty in the dopant concentration of 0.0015. Néel temperatures were determined from the derivative of the
resistivity [9], and are shown by vertical lines in Fig. 7.4 for Sets 1 and 2. We normalize values of the resistivity at 300K to avoid uncertainty due to geometric factors.
For both sets of samples, the resistivity of the Ni-substituted samples was larger than
that of the Co-substituted samples for the same values of TN (panels (a) and (c) of
Fig. 7.5) even though the absolute dopant concentration was lower, consistent with
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Figure 7.4: Phase diagrams of Ba(Fe1−x Cox )2 As2 (red) and Ba(Fe1−x Nix )2 As2 (blue).
Squares, circles and triangles indicate Ts , TN , and Tc respectively. Ts and TN were
determined from dρ/dT of free standing samples. Tc was defined by the midpoint of
the superconducting transitions. The two sets of compositions demonstrated in this
paper (2.5% Co, 1.7% Ni, and 3.4% Co, 2.1% Ni) are denoted by dotted lines.

the deeper impurity potential associated with Ni impurities relative to Co. In particular, the RRR of the Ni-substituted samples is smaller than that of the Co-substituted
samples with the same TN . The approximate RRR, defined as ρ(300K)/ρ(25K), for
Co- and Ni-substituted samples from Set 1 and 2 are 1.32 and 0.98, and 1.25 and
1.02, respectively, as has previously been observed [13]). In other words, for a given
value of TN , impurity scattering is stronger for Ni-substituted samples relative to
Co-substituted samples [112].
Following the same procedure as for the parent compound, we also measured
the induced resistivity anisotropy, described by the elastoresistivity coefficient 2m66
as a function of temperature. Representative data are shown for the two sets of
compositions in panels (b) and (d) of Fig. 7.5. Similar to the parent compound,
we find that for T > Ts the elastoresistivity coefficient follows a Curie-Weiss like
temperature dependence as shown in Fig. 7.5 and is identical within resolution of the
measurement. −(2m66 − 2m066 )−1 v.s. T in Fig. 7.6 and fit parameters in Table 7.2
support the statement. Apparently the induced anisotropy in the tetragonal state is
independent of disorder for a given value of TN , at least over the range of compositions
studied here.
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Figure 7.5: Comparison of elastoresistivity coefficients for Co- and Ni-substituted
samples with identical TN values. (a,b) Temperature dependence of the normalized
resistance, ρ/ρ(300K) and the elastoresistivity coefficient −2m66 respectively for samples from Set 1 (TN = 95 K). (c,d) Similar data data for samples from Set 2 (TN =
80 K). Solid and dashed vertical lines indicate Ts and TN respectively for each composition. For both sets of samples, m66 is identical for the Co- and Ni-substituted
samples, despite the significant difference in impurity scattering.

7.3

Discussion

To understand the significance of the above results, we first review the origin of the
striking temperature-dependence of the m66 elastoresistivity coefficients seen in Fig.s
7.2, and 7.5. As has been discussed in Chapter 6, m66 for these heavily underdoped
compositions diverges following a Curie-Weiss temperature-dependence over a wide
range of temperatures, spanning from Ts up to room temperature [14, 17]. This
unusual result (for ordinary metals the elastoresistivity coefficients are small and essentially temperature independent (Fig. 6.6) [113]) is a direct consequence of the
presence of an electronic nematic order parameter ψ, which aligns in the strain field.
For sufficiently small values of the nematic order parameter the resistivity anisotropy
is linearly proportional (i.e. N ∝ ψ; this follows from symmetry, since N changes
sign if the a and b axes are reversed in the orthorhombic state [114] and has also
been shown explicitly via a Boltzmann transport analysis [115]). Furthermore, since
shear strain (γab relative to the tetragonal axes, equivalent to xx − yy in the experimental coordinate system) couples linearly to the nematic order parameter, the
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Figure 7.6: Temperature-dependence of −(2m66 − 2m066 )−1 for Co- (red) and Nisubstituted (blue) BaFe2 As2 of (a) Set 1 and (b) Set 2. Black lines show linear fits
(Curie-Weiss model) to the data at a range of 100-260 K for 2.5% Co-substituted,
106-260 K for 1.6% Ni-substituted (Set 1) and 92-260 K for 3.4% Co-substituted,
92-260 K for 2.1% Ni-substituted BaFe2 As2 (Set 2). Solid and dashed vertical lines
indicate Ts and TN respectively for each composition. The linearity indicates the
quality of the fit of 2m66 to the Curie-Weiss model. For all data shown here, the
linearity preserves quite well in the chosen temperature range. The slight deviation
from linearity between 130-160K for 2.1% Ni-substituted data is an extrinsic effect
due to the sudden geometry change of a used PZT stack at around 150K as has been
commented in Sec. 5.4.6.

component of the nematic susceptibility tensor relevant for spontaneous nematic order in the [110]T direction of the tetragonal system (i.e. the B2g channel) is given
∂ψ
∂N
∝
= 2m66 [17]. In other words, the elastoresistivity coefficient 2m66
by
∂γab
∂γab
directly measures the nematic susceptibility (χN ) for the B2g shear channel up to a
multiplicative constant (2m66 = cχN ). The eventual pseudo-proper ferroelastic phase
transition is driven by the growing nematic fluctuations, revealed by the divergence
of the nematic susceptibility, which in mean field follows a Curie-Weiss temperature
dependence [17].
Our experiments reveal that the induced resistivity anisotropy associated with
anisotropic in-plane biaxial strain, which is given by m66 and is proportional to the
nematic susceptibility, is independent of disorder for a given value of TN . The nematic
susceptibility and the proportionality constant (c) that relates it to m66 could, at least
in principle, depend upon disorder. However, it is difficult to conceive of a physical
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Sample
Set 1
Co 2.5%
Ni 1.7%
Set 2
Co 3.4%
Ni 2.1%

Fit Range (K)

2m066

λ/a0 (K)

T∗ (K)

100-260
106-250

3.6 ± 0.3
4.5 ± 0.6

-1238 ± 46
-1221 ± 90

73.7 ± 1
73.6 ± 2.3

92-260
92-260

5.6 ± 1.2
5.6 ± 0.8

-1528 ± 162
-1529 ± 103

68.1 ± 2.6
67.8 ± 1.7

Table 7.2: Fit parameters from the fit of 2m66 with 2m66 = λ/[a0 (T − T ∗ )] + 2m066
for representative data of Set 1 and Set 2 shown in Fig. 7.5.

mechanism by which their mutual effect would be to leave their product (i.e. 2m66 )
unaffected by disorder for all three cases considered (TN ∼ 134K, 95K and 80K) unless
each quantity were itself independent of disorder, at least over the range of disorder
considered here. Our results therefore strongly constrain any models of the resistivity
anisotropy in this material.
Impurity scattering has been invoked in different contexts to account for the inplane resistivity anisotropy in the Fe-pnictides. As mentioned in the introduction to
this chapter, at low temperatures the apparent reduction in the anisotropy following
annealing treatments [54, 65] points towards an important role for impurity scattering
in the Néel state, perhaps due to extended anisotropic defects [8, 67]. However, our
result shows that in the paramagnetic orthorhombic state (which is arguably the more
important regime for addressing questions related to nematic order), the resistivity
anisotropy is independent of disorder. We therefore conclude that arguments based
on anisotropic elastic scattering have at best only limited validity, restricted to the
low-temperature Néel state for which the Fermi surface is reconstructed by the antiferromagnetic wave vector. Impurity scattering can, however, affect the resistivity
anisotropy in other, more subtle ways. In models based on spin-fluctuation scattering, quenched disorder can affect the relative contributions to the conductivity from
hot spots and cold regions of the Fermi surface, indirectly affecting the resistivity
anisotropy in the nematic phase. These ideas have been used to predict a reversal of
the sign of the resistivity anisotropy for hole-doped cases [92, 115], which was recently
observed experimentally [69]. As mentioned above, for this scenario to be operative
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would require fine tuning such that disorder-induced changes in the product of χN
and the proportionality constant (c) relating it to the resistivity anisotropy exactly
balance each other for all three cases considered, which is somewhat unsatisfying. It
remains to be seen how the proportionality constant c quantitatively depends on disorder in the hot-spots model, which requires a quantitative solution of the Boltzmann
transport equation in or beyond the dirty limit. In contrast, our result can be readily
understood if the resistivity anisotropy is primarily determined by the Fermi surface
anisotropy, itself directly related to the nematic order parameter.

7.4

Conclusion

In conclusion, we stress our main experimental finding, which is that for a given value
of TN the strain-induced resistivity anisotropy in the tetragonal state is independent of
disorder for the representative underdoped Fe-arsenides BaFe2 As2 , Ba(Fe1−x Cox )2 As2
and Ba(Fe1−x Nix )2 As2 . The resistivity anisotropy in the paramagnetic orthorhombic
state is therefore an intrinsic property of the material, and consequently any successful
theory must account for the large resistivity anisotropy that has been observed for
detwinned samples in this regime.
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Chapter 8
Divergent Nematic Susceptibility
of Optimally Doped Fe-based
Superconductors
Building on discussions from previous chapters, in this chapter, we show that a divergence of the nematic susceptibility in the B2g (dxy ) symmetry channel is a generic
feature of optimally doped Fe-based superconductors utilizing differential elastoresistance measurements as has been repeatedly employed earlier. For the cleanest family of compounds considered, BaFe2 (As1−x Px )2 , mean field exponents are observed
down to the lowest temperature measured (given by the superconducting critical
temperature, Tc ). In contrast, all other families of compounds measured, including
electron-doped BaFe2 As2 (Co and Ni substitution), hole-doped BaFe2 As2 (K substitution), and optimally doped Fe-chalcogenides, FeTe1−x Sex , reveal a downward deviation from Curie-Weiss behavior at optimal doping, implying a sensitivity to disorder
in the quantum critical regime.

8.1

Introduction

A growing body of evidence suggests the possibility of an intimate connection between
electronic nematic phases and high-temperature superconductivity. At the moment
99
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it is unclear whether nematicity falls in to the category of an epi-phenomenon, or
whether there is a more fundamental causal relationship between nematic fluctuations
and superconductivity. From an empirical perspective, strongly anisotropic electronic
phases are found in the underdoped regime of cuprate [4, 5, 6] and Fe-based [see Ref.
[57, 116] and references therein] high-temperature superconductors. For underdoped
Fe-based systems, recent elastoresisistance (as presented in Chapter 6) [17, 19] and
elastic moduli [20, 77] measurements for the representative electron-doped system
Ba(Fe1−x Cox )2 As2 reveal a divergence of the nematic susceptibility approaching the
tetragonal-to-orthorhombic structural phase transition, definitively establishing that
the phase transition is driven by electronic nematic order. For the cuprates, recent
x-ray diffraction [117] and NMR [118] measurements have revealed evidence for short
range charge density wave order in YBa2 Cu3 O7−d . Although details of the charge ordered state(s) are still being established, these initial observations have at least motivated discussion of a possible ”vestigial” nematic order from a theoretical perspective
[22]. Perhaps significantly, in both cases, optimal doping is located close to putative
nematic quantum critical points in the respective phase diagrams. For the pnictides,
this can be inferred simply from the phase diagram, but elastoresistance measurements definitively establish the validity of this perspective based on the vanishing
Weiss temperature of the nematic susceptibility [14]. For YBa2 Cu3 O7−d , a strongly
diverging effective mass inferred from recent quantum oscillation measurements points
towards the existence of a quantum critical point beneath the superconducting dome
[119], while recent STM measurements of Bi-2212 imply the essential nematic character of the QCP in that material [7, 120, 121]. It is currently an open question whether
nematic fluctuations can provide an effective pairing interaction, but recent calculations indicate that in two dimensions this might indeed be the case [21]. It is therefore
of considerable interest to empirically establish whether nematic fluctuations are a
characteristic feature of optimally doped high temperature superconductors. In this
chapter, I do just this for Fe-based superconductors.
As described in Chapter 6, nematic order couples linearly to anisotropic strain
of the same symmetry. Consequently, the nematic susceptibility of a material at
temperatures above a nematic phase transition can be measured by considering the
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electronic anisotropy that is induced by anisotropic in-plane strain. In the regime
of infinitesimal strains, appropriate for considering response to small perturbations,
all forms of electronic anisotropy are linearly proportional. Consequently, the rate
of change of resistivity anisotropy with respect to anisotropic strain, defined in the
limit of vanishing strain, is linearly proportional to the nematic susceptibility. The
proportionality constant depends on microscopic physics, but does not contain any
singular behavior [122]. Consequently, the induced resistivity anisotropy can be used
to reveal the essential divergence of the nematic susceptibility approaching a nematic
phase transition, as we have demonstrated previously [17, 19]. In this chapter, we
demonstrate that the nematic susceptibility in the B2g (dxy ) symmetry channel, diverges for several families of optimally doped Fe-based superconductors, including
electron-doped BaFe2 As2 (Co and Ni substitution), hole-doped BaFe2 As2 (K substitution), isovalently ”doped” (P substitution), and optimally doped Fe-chalcogenides,
Fe(Se,Te). Apparently, a divergence of the nematic susceptibility in the B2g (dxy )
channel is a generic feature of optimally doped Fe-based superconductors. In addition, we find that deviations from the mean-field exponent for all but the cleanest
system, implying an enhanced sensitivity to disorder in the quantum critical regime.

8.2

Experimental methods

Single crystals of optimally Co, Ni, P, and K substituted BaFe2 As2 and FeTe1−x Sex
were growth by methods described in Chapter 2. Following the experimental procedure and analysis introduced in Chapter 5, the induced resistivity aisotropy N ∼
(∆R/R)xx − (∆R/R)yy with xx k [110]T as a function of temperature from T ∼ Tc
up to 300K of each optimally doped compound was measured. Fig. 8.1 shows representative N verses strain xx data at various temperatures for the specific case of
optimally doped Ba(Fe0.955 Ni0.045 )2 As2 . At low temperature, due to the low resistivity of the material as well as the small strain generated (Fig. 5.4), the resistance
change ∆R was smaller than at room temperature, leading to a poorer signal-to-noise
ratio, despite the larger slope of ∆R/Rvsxx as seen in Fig. 8.1. Nevertheless, the
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Figure 8.1: Representative data showing the induced resistivity anisotropy (N ∼
(∆R/R)xx − (∆R/R)yy ) as a function of strain xx at several temperatures for the
optimally Ni-doped BaFe2 As2 . Black lines show linear fits for each temperature from
which the elatoresistivity coefficient m66 is extracted.

linearity between N and xx held at all temperatures and for all samples. Multiple
measurements were conducted on samples from the same batch of each optimallydoped compound to confirm 2m66 values were not affected by the uncertainty of the
liner fit especially at low temperature.

8.3

Doping dependence of the differential elastoresistance of Co-substituted BaFe2As2

Fig. 8.2(a) shows 2m66 for the undoped parent compound BaFe2 As2 . Upper panel
shows −2m66 , together with a fit to the mean field Curie-Weiss T-dependence (2m66 =
λ/[a0 (T −T ∗ )]+2m066 ). Lower panel shows −(2m66 −2m066 )−1 and −(2m66 −2m066 )−1 (T −
T ∗ ), which for Curie-Weiss behavior are linear and T-independent respectively. As
been established earlier in Chapter 6, 2m66 is directly proportional to the nematic susceptibility (2m66 = cχN ). Based on the Ginzburg-Landau analysis for a pseudoproper
ferroelastic phase transition as discussed in Ref. [14, 17] and Chapter 6, χN = λ/a
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Figure 8.2: Temperature dependence of −2m66 (upper panel), and −(2m66 − 2m066 )−1
(left axes of lower panel, blue curve), −(2m66 − 2m066 )(T − T ∗ ) (right axes of lower
panel, black curve) as a function of temperature with 2m066 , T ∗ values extracted
from the fit of 2m66 = λ/[a0 (T − T ∗ )] + 2m066 at a temperature rage denoted in
the lower panel for (a) pure BaFe2 As2 , (b) underdoped Ba(Fe0.975 Co0.025 )2 As2 , (c)
Ba(Fe0.966 Co0.034 )2 As2 , (d) optimal-doped Ba(Fe0.93 Co0.07 )2 As2 , and (e) overdoped
Ba(Fe0.92 Co0.08 )2 As2 . Black lines in the upper panel are Curie-Weiss fits for each
composition. Red lines in the lower panel show linear fits of −(2m66 − 2m066 ). Horizontal grey lines indicate the value of λ/a0 . Light grey areas cover temperature range
where 2m66 deviates from Curie-Weiss behavior. Curie-Weiss fit parameters of each
composition are listed in Table 8.1.
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where λ is the coupling between nematic order and strain, and a = a0 (T − T ∗ ) with
T ∗ being the bare mean-field critical temperature for the nematic transition. As discussed earlier (Chapter 6), 2m66 of BaF2 As2 follows a Curie-Weiss T-dependence. For
the parent compound, T ∗ = 125K ± 0.6K.
Panels (b) through (e) of Fig. 8.2 show the progression of 2m66 as a function
of Co doping, from underdoped, through optimal doping, to the overdoped regime.
(Data in panels (a)-(c) have been presented in Chapter 7 earlier.) For underdoped
compositions, 2m66 can be well described by mean field Curie-Weiss T-dependence
down to Ts . As has been previously established in Chapter 7, this behavior is essentially independent of disorder, at least comparing pure BaFe2 As2 with different RRR
and Co and Ni substituted crystals with the same TN [19]. In other words, both the
magnitude and T-dependence of the nematic susceptibility are unaffected by disorder
in this physical regime, where the thermal phase transition occurs at a reasonably
high temperature.
Fig. 8.2(d) shows 2m66 for optimal doping. As can be seen, and consistent with
our earlier observations [14], 2m66 continues to diverge for the optimally doped composition [124]. Furthermore, this composition has the largest values of the elastoresistance in the tetragonal phase. However, inspection of Fig. 8.2(d), also reveals
a significant deviation from mean-field behavior. For temperatures above approximately 80 K, 2m66 can be well fit by a Curie-Weiss T-dependence. However, as
the temperature is progressively reduced, 2m66 progressively deviates, falling below
the extrapolated mean-field behavior. This can be seen in the inverse susceptibility
0 −1
χ−1
(upward curvature below ∼ 75 K) and in the quantity
N ∝ −(2m66 − 2m66 )

−(2m66 − 2m066 )−1 (T − T ∗ ) ∝ χN (T − T ∗ ) (strong downturn below ∼ 75 K). This
effect diminishes as the doping is further increased, as can be seen in Fig. 8.2(e) for
the overdoped composition, for which the data can be fit to Curie-Weiss to a lower
temperature than for optimal doping, and for which the magnitude of the deviations
below ∼ 45 K are smaller than for optimal doping. We return to the physical origin
of this effect shortly. The Weiss temperature, T ∗ , obtained from the high-T fit to
Curie-Weiss goes to zero as a function of x (shown in Fig. 8.3), although the precise
composition at which this occurs is somewhat different than if the entire temperature
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range is fit to Curie-Weiss. The Curie-Weiss fit parameters of each compound are
listed in Table 8.1. See Appendix A for more detailed description of the Curie-Weiss
fit.
The temperature dependence of the nematic susceptibility (χN ) of Ba(Fe1−x Cox )2 As2
has also been estimated via measurements of the elastic moduli [20]. The two measurements (elastoresistance and elastic moduli) reveal broad agreement, for example
in terms of the Curie-Weiss T-dependence of χN . However, there is an important distinction in terms of the relative magnitude of the measured quantities as a function
of doping for the two techniques. In particular, the value of λ2 χN /C66,0 extracted
by Boehmer et al. [20] monotonically decreases as a function of x. However, as can
be seen from inspection of Fig. 8.2, the quantity −(2m66 − 2m066 ) = cχN increases
with x, peaking for optimally doped compositions. The difference might be due to an
increase of C66,0 with Co doping, as has been observed previously [11, 77]. However,
this would be unlikely to lead to such a large reduction of C66 , and it is more likely
that the difference reflects a genuine difference in the quantities being measured by
the two techniques. Whereas C66 is affected by the entire bandwidth, only states
close to the Fermi energy affect the electronic transport and therefore contribute to
m66 . These are of course the states that are affected, for example, by Fermi surface
nesting, which has been previously discussed in terms of spin density wave formation.
Significantly, it is precisely these low-energy states that are involved in the eventual
superconductivity, strongly motivating a quantitative theoretical description of the
compositional dependence of the elastoresistance coefficients.

8.4

χN of other optimally doped iron-based superconductors

It is natural to ask whether the divergence of 2m66 observed for optimally doped
Ba(Fe1−x Cox )2 As2 is a generic feature of optimally doped Fe-based superconductors.
In Fig. 8.3 we show similar data for optimally doped Ba(Fe1−x Nix )2 As2 (another
electron-doped system), Ba1−x Kx Fe2 As2 (hole-doped), BaFe2 (As1−x Px )2 (isovalently
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Figure 8.4: Temperature dependence of −2m66 (upper panel), and −(2m66 − 2m066 )−1
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lower panel, black curve) as a function of temperature with 2m066 , T ∗ values extracted from the fit of 2m66 = λ/[a0 (T − T ∗ )] + 2m066 at a temperature rage denoted in the lower panel for (a) optimally doped BaFe2 (As0.7 P0.3 )2 , (b) optimally
doped Ba(Fe0.955 Ni0.045 )2 As2 , (c) optimally doped Ba0.58 K0.42 Fe2 As2 , and (d) optimally doped FeTe0.58 Se0.42 .

substituted) and FeTe1−x Sex . In all cases, 2m66 diverges for the optimally doped
composition, with comparably large values.
Data of optimally P-substituted BaFe2 As2 follows Curie-Weiss temperature dependence. This was repeated for several samples. However, 2m66 of other optimally doped compounds does not follow Curie-Weiss temperature dependence at the
whole temperature range, with 2m66 always falls below Curie-Weiss at low temperature. Fig. 8.6 shows log[(−)(2m66 − 2m066 )] v.s. log T curves of all the optimal
crystals we measured. Clearly, except for the case of P-substitution, which has a
mean-field exponent γ = 1), others cannot be characterized by a single power law
[(−)(2m66 − 2m066 ) ∼ (T − Tcritical )−γ ] and a single Weiss temperature (Tcritical ). This
effect is unlikely to be caused by a temperature dependence of the proportionality
constant c (2m66 = cχN ). The P-substituted case shows that, at least in that system, the proportionality constant does not acquire some any T-dependence (otherwise
2m66 would not follow Curie-Weiss behavior so perfectly).
Before continuing to analyze the T-dependence of the data shown in Fig. 8.3 and
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Mateirals
BaFe2 As2
Ba(Fe0.975 Co0.025 )2 As2
Ba(Fe0.966 Co0.034 )2 As2
Ba(Fe0.93 Co0.07 )2 As2
Ba(Fe0.92 Co0.08 )2 As2
BaFe2 (As0.7 P0.3 )2
Ba(Fe0.955 Ni0.045 )2 As2
Ba0.58 K0.42 Fe2 As2
FeTe0.6 Se0.4
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Range (K)
142-280
100-260
92-260
80-250
64-240
32-250
90-250
90-220
50-130

2m066
4.9 ± 0.3
3.6 ± 0.3
5.6 ± 1.2
4.3 ± 0.5
4.5 ± 1.2
10.4 ± 0.4
9.1 ± 1
-3.8 ± 0.7
0.4 ± 0.3

λ/a0 (K)
-942 ± 32
-1238 ± 46
-1528 ± 162
-1726 ± 100
-2317 ± 65
-3411 ± 65
-2715 ± 236
936 ± 125
212 ± 21

T ∗ (K)
124.8 ± 0.6
73.7 ± 1
68.1 ± 2.6
40.1 ± 2.17
-4.5 ± 2.25
7.5 ± 0.5
28.6 ± 4.5
48.4 ± 4.9
35.3 ± 1.4

Table 8.1: Fit parameters from the fit of 2m66 with 2m66 = λ/[a0 (T − T ∗ )] + 2m066
for all the compositions shown in Fig. 8.2 and Fig. 8.4.
Fig. 8.4, it is worth rem that the 2m66 value of optimal K-substituted BaFe2 As2
is positive, which agrees with the previous resistivity anisotropy observation (ρa >
ρb ) on detwinned crystals [69]. Also, even though the resistivity anisotropy of Ksubstituted crystals reported [69] using the detwinning technique is about an order of
magnitude smaller than that of the electron-doped samples, the magnitude of 2m66
of the optimally K-substituted is comparable to that of the electron-doped cases.
Secondly, we note that although FeTe1−x Sex has different structural and magnetic
ground states than the ”122” compounds in the underdoped regime (see Sec. 1.2),
for compositions near optimal doping χN diverges in the B2g symmetry channel for
both materials (Fig. 8.5). This behavior mirrors the observation of the spin resonance
for optimally doped compositions, which is observed in the [110]T , (π, π) direction
for both families of compounds. Also, we notice that ρlong−axis > ρshort−axis which
agrees with previous observation [123].

8.5

Discussion

Although the results presented in the previous section are not a comprehensive set
of measurements of all of the known Fe-based superconductors, it is highly suggestive that a divergence of the nematic susceptibility in the B2g channel is a generic
feature of Fe-based superconductors. This observation strongly motivates addressing
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the question of what role nematic fluctuations play in the superconducting pairing
interaction. Regardless of microscopic models, empirically, it is apparent that the
superconductor is born out of an electronic state that is characterized by strongly
fluctuating orientational (nematic) order.
Within the standard Hertz-Millis description of a quantum phase transition (which
might not be appropriate), the dynamical exponent of an Ising nematic phase transition is z = 3. Hence, the effective dimensionality of the system is d + z = 2+3
or 3+3 for 2D or 3D systems respectively. The upper critical dimension is 4 for the
3D Ising universality class, in which case we would expect mean field critical scaling
exponents at the quantum critical point. This is indeed observed for P-substituted
BaFe2 As2 . However, for all of the other systems investigated, the data fall below the
mean field expectation at low T. This observation is all the more surprising because
if this analysis is incorrect, and the system crosses over to a regime in which the universal scaling exponents (γ) deviate from the mean field value, the usual expectation
is that they are larger than the mean field value (γ > 1), rather than smaller.
Rather, the data seem to indicate that disorder plays an important role in the
quantum critical regime. Specifically, P-substituted BaFe2 As2 is the ”cleanest” of
all of the known Fe-pnictide and chalcogenide families, evidenced by the fact that
quantum oscillations can be observed across the phase diagram [36, 39]. In contrast,
the effect of disorder seems to be much stronger in the other families considered here.
Since anisotropic strain is a field on the nematic order parameter, any disorder that
leads to local strain fields in the crystal lattice will naturally couple very strongly
to nematic order. Empirically, this appears to have minimal effect on the thermal
phase transition for underdoped compositions, as has been shown in Chapter 7 [19].
However, in the quantum critical regime point-like (d = 1) defects acquire an effective
dimensionality 1 + z, which in turn can have a profound effect on the transport and
thermodynamic properties of the system.
It is not immediately obvious what effect a suppression of the nematic susceptibility due to disorder might have on the superconductivity, primarily because it is not
known what role, if any, nematic fluctuations play. However, if nematic fluctuations
do contribute to the pairing interaction, then we might anticipate that a reduction
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in the nematic susceptibility for more disordered systems would naturally lead to a
reduction in the critical temperature, possibly providing an additional perspective on
factors governing the maximum Tc for any given dopant.
In summary, the empirical observations presented in this chapter both motivate
theoretical studies in to the role that nematic fluctuations can play in the superconducting pairing interaction [21], and also in to the effects of disorder in the quantum
critical regime.

Chapter 9
Summary
In this thesis, I have studied the electronic nematic order in several families of ironbased superconductors. My primary approach has been to measure the associated resistivity anisotropy, whether in the broken symmetry state, or the induced anisotropy
in the high-temperature tetragonal state.
The intrinsic in-plane resistivity anisotropy of Ba(Fe1−x Nix )2 As2 , Ba(Fe1−x Cux )2 As2 ,
and BaFe2 (As1−x Px )2 are measured using the mechanical detwinning technique. Large
non-monotonic doping dependence of the in-plane resistivity anisotropy with ρb > ρa
is observed in all three series, same as in the case of Ba(Fe1−x Cox )2 As2 [9]. By measuring the magnetotransport properties of electron-doped BaFe2 As2 , it is suggestive
that the nonmonotonic doping dependence is a consequence of the gradual suppression
of Dirac pockets of the reconstructed FS, which dominate the transport properties,
by doping. In the meantime, the large resistivity anisotropy which develops in the
orthorhombic-paramegnetic state can not be simply explained by lattice distortion.
The distinctive changes of both TN and Tc with stress along [110]T directions observed in BaFe2 (As1−x Px )2 indicate different order parameters are delicately coupled.
The strong enhancement of the stress effect near optimal doping suggest either the
larger coupling between magnetic-nematic, elastic-nematic or the larger electronic nematic susceptibility, which means a stronger electronic nematic fluctuation, might be
essentially related to the pairing mechanism of superconductivity in iron-pnictides.
The measurements and analysis of elastoresistance are very powerful. It enables
111
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the study of the change of electronic properties under strain in a carefully controllable
fashion which can shed more light into the understanding of strongly correlated materials but has been largely overlooked earlier. Utilizing differential elastoresistance
measurements, elastoresistivity coefficients of m11 − m12 and 2m66 which are proportional to the electronic nematic susceptibility for the B1g and B2g symmetry channel
respectively of the underdoped Ba(Fe0.975 Co0.025 )2 As2 in the tetragonal state are extracted. The Curie-Weiss behavior of 2m66 is a direct proof of an electronic-driven
structural transition in iron-pnictide superconductors.
The disorder independence of 2m66 measured on pure BaFe2 As2 with different
RRR and Co-, Ni-substituted BaFe2 As2 with the same TN suggest both the proportional constant (c) and the electronic nematic susceptibility (χN ), 2m66 = cχN , are
possibly unaffected by disorder in this underdoped regime. Because an elastic scattering dominated mechanism of resistivity anisotropy would inevitably be sensitive
to the change of disorder, our results can be most easily understood if the resistivity
anisotropy arises primarily from an intrinsic anisotropy in the electronic structure.
From the measurements of 2m66 of a broader selection of optimally doped ironbased superconductors, including electron-doped BaFe2 As2 (Co and Ni substitution),
hole-doped BaFe2 As2 (K substitution), isovalently P-substituted BaFe2 As2 , and Fechalcogenides, FeTe1−x Sex , we show that a divergence of the nematic susceptibility in
the B2g (dxy ) symmetry channel appears to be a generic feature of optimally doped
Fe-based superconductors. Moreover, the difference in the temperature-dependence
of 2m66 between optimally doped BaFe2 (As1−x Px )2 and all other optimally doped
compounds studied implies a sensitivity of electronic nematic susceptibility to disorder
in the quantum critical regime.
In this thesis, I have only explored the electronic nematicity in iron-based superconductors. However, the technique I present here can essentially be generalized and
applied to the study of a much wider collection of strongly correlated materials. Indeed, recently the technique had also been used to the investigation of URu2 Si2 [125]
revealing that the ”hidden” order parameter has a nematic component.

Appendix A
Comments on Curie-Weiss fit of
2m66 of optimally doped BaFe2As2
As has been discussed in the main text (Chapter 8), 2m66 of optimally doped BaFe2 As2 ,
except for the P-substituted crystal does not follow Curie-Weiss T-dependence at
whole temperature range; the low temperature data fall below the mean-field behavior
extrapolated from a Curie-Weiss fit at higher temperature. Deciding the Curie-Weiss
fit range especially the lower bound is therefore becoming very crucial on analyzing
the data. Here I use a simple principle on choosing the proper fit range that is: if the
data is indeed Curie-Weiss like, the quality of the fit should not be sensitive to the
selected fit range. A good example is the 2m66 of optimally P-substituted BaFe2 As2 .
Fig. A.1 shows fit parameters T ∗ (left axis) and 2m066 (right axis) of various
Curie-Weiss fits around different temperatures whose entire fit range are fixed to be
150 K. The middle temperature is used to mark the results of individual fit in the
diagram, for example, 105 K point represents a fit at 30 K - 180 K. Mean squared
error (MSE) of each fit is also plotted (grey). Fig. A.1(a) (optimally Co-substituted
BaFe2 As2 ) and Fig. A.1(b) (optimally P-substituted BaFe2 As2 ) have the same scale in
all dimensions. Clearly, the Curie-Weiss fit of P doping is T-independent. Specifically,
both T ∗ and 2m066 are independent of the fit range, consistent with the analysis
presented in Sec. 8.4. In contrast, the Curie-Weiss fit of Co doing strongly depends
on chosen fit temperatures. Combining the dramatic decrease of both T ∗ and 2m066
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Figure A.1: Fit-temperature-dependence of T ∗ (left) and 2m066 (right) for (a) optimally Co-substituted and (b) optimally P-substituted BaFe2 As2 . Each Curie-Weiss
fit has a fit range of 150 K. Results are plotted using the middle temperature of each
fit as x-coordinate. Grey curves show mean squared error of the fit.

with decreasing fit temperature and the large MSE, we know the low temperature
region of 2m66 of this compound does not follow a Curie-Weiss T-dependence. This
analysis is consistent with that given in Sec. 8.4. At the same time, the higher
possibility for experimental errors to occur at high temperature (T > 250 K) as
discussed in Sec. 5.4.6 causes inconsistency and uncertainty of those Curie-Weiss fits
in this range. The only temperature range where a T-independent Curie-Weiss fit is
observed (data points at 155 K, 165 K, and 175 K) is from 80 K to 250 K. And this
is the fit range I eventually chose to extract the fit parameters. Fit ranges of other
optimally doped iron-based superconductors as has been indicated in the main text
were determined using the same protocol.
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Nicolas Doiron-Leyraud, B. J. Ramshaw, Ruixing Liang, D. A. Bonn, W. N.
Hardy, and Louis Taillefer, Nature 463, 519 (2010)
[7] M. J. Lawler, K. Fujita, J. Lee, A. R. Schmidt, Y. Kohsaka, C. K. Kim, H.
Eisaki, S. Uchida, J. C. Davis, J. P. Sethna, and E.-A. Kim, Nature 466, 347351
(2010)
[8] T.-M. Chuang, M. P. Allan, J. Lee, Y. Xie, N. Ni, S. L. Bud’ko, G. S. Boebinger,
P. C. Canfield, and J. C. Davis, Science 327, 181-184 (2010)
[9] J.-H. Chu , J. G. Analytis, K. De Greve, P. L. McMahon, Z. Islam, Y. Yamamoto,
and I. R. Fisher, Science 329, 824-826 (2010)
115

116

BIBLIOGRAPHY

[10] M. A. Tanatar, E. C. Blomberg, A. Kreyssig, M. G. Kim, N. Ni, A. Thaler, S. L.
Budko, P. C. Canfield, A. I. Goldman, I. I. Mazin, and R. Prozorov, Phys. Rev.
B 81, 184508 (2010)
[11] R. M. Fernandes, L. H. VanBebber, S. Bhattacharya, P. Chandra, V. Keppens,
D. Mandrus, M. A. McGuire, B. C. Sales, A. S. Sefat, and J. Schmalian, Phys.
Rev. Lett. 105, 157003 (2010)
[12] M. Yi, D. Lu, J.-H Chu, J. G. Analytis, A. P. Sorini, A. F. Kemper, B. Moritz,
S.-K. Mo, R. G. Moore, M. Hashimoto, W.-S. Lee, Z. Hussain, T. P. Devereaux,
I. R. Fisher, and Z.-X. Shen, PNAS 108, 6878 (2011)
[13] H.-H. Kuo, J.-H. Chu, S. C. Riggs, L. Yu, P. L. McMahon, K. De Greve, Y.
Yamamoto, J. G. Analytis, and I. R. Fisher, Phys. Rev. B 84, 054540 (2011)
[14] J.-H. Chu, H.-H. Kuo, J. G. Analytis, and I. R. Fisher, Science 337, 710-712
(2012)
[15] H.-H. Kuo, J. G. Analytis, J.-H. Chu, R. M. Fernandes, J. Schmalian, and I. R.
Fisher, Phys. Rev. B 86, 134507 (2012)
[16] Y. Gallais, R. M. Fernandes, I. Paul, L. Chauviere, Y.-X. Yang, M.-A. Measson,
M. Cazayous, A. Sacuto, D. Colson, and A. Forget, Phys. Rev. Lett. 111, 267001
(2013)
[17] H.-H Kuo, M. C. Shapiro, S. C. Riggs, and I. R. Fisher, Phys. Rev. B 88, 085113
(2013)
[18] E. P. Rosenthal, E. F. Andrade, C. J. Arguello, R. M. Fernandes, L. Y. Xing, X.
C. Wang, C. Q. Jin, A. J. Millis, A. N. Pasupathy, Nature Physics 10, 225-232
(2014)
[19] Hsueh-Hui Kuo and Ian R. Fisher, Phys. Rev. Lett. 112, 227001 (2014)
[20] A. E. Böhmer, P. Burger, F. Hardy, T. Wolf, P. Schweiss, R. Fromknecht, M.
Reinecker, W. Schranz, and C. Meingast, Phys. Rev. Lett. 112, 047001 (2014)

BIBLIOGRAPHY

117

[21] S. Lederer, Y. Schattner, E. Berg, and S. A. Kivelson, arXiv: 1406.1193 (2014)
[22] E. Fradkin, S. A. Kivelson, M. J. Lawler, J. P. Eisenstein, and A. P. Mackenzie,
Annu. Rev. Cond. Mat. Phys. 1, 153-178 (2010)
[23] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am. Chem. Soc. 130,
3296-3297 (2008)
[24] Z.-A. Ren, W. Lu, J. Yang, W. Yi, X.-L. Shen, Z.-C. Li, G.-C. Che, X. L. Dong,
L.-L. Sun, F. Zhou, and Z. X. Zhao, Chin. Phys. Lett. 25, 2215-2216 (2008)
[25] J.-F. Ge, Z.-L. Liu, C. Liu, C.-L. Gao, D. Qian, Q.-K. Xue, Y. Liu, and J.-F.
Jia, arXiv: 1406.3435 (2014)
[26] H. Ogino, Y. Matsumura, Y. Katsura, K. Ushiyama, S. Horii, K. Kishio, and J.
Shimoyama, Supercond. Sci. Technol. 22, 075008 (2009)
[27] P. M. Shirage, K. Kihou, C.-H. Lee, H. Kito, H. Eisaki, and Akira Iyo, Appl.
Phys. Lett. 97, 172506 (2010)
[28] P. M. Shirage, K Kiho, C.-H. Lee, H. Kito, H. Eisaki, and A. Iyo, J. Am. Chem.
Soc. 133, 96309633 (2011)
[29] D. J. Singh and M.-H. Du, Phys. Rev. Lett. 100, 237003 (2008)
[30] H. Shi, Z.-B. Huang, J. S. Tse, and H.-Q. Lin, J. Appl. Phys. 110, 043917 (2011)
[31] M. D. Lumsden, A. D. Christianson, D. Parshall, M. B. Stone, S. E. Nagler,
G. J. MacDougall, H. A. Mook, K. Lokshin, T. Egami, D. L. Abernathy, E. A.
Goremychkin, R. Osborn, M. A. McGuire, A. S. Sefat, R. Jin, B. C. Sales, and
D. Mandrus, Phys. Rev. Lett. 102, 107005 (2009)
[32] Kai Liu, Zhong-Yi Lu, and Tao Xiang, Phys. Rev. B 85, 235123 (2012)
[33] D. H. Lu, M. Yi, S.-K. Mo, A. S. Erickson, J. Analytis, J.-H. Chu, D. J. Singh,
Z. Hussain, T. H. Geballe, I. R. Fisher, and Z.-X. Shen, Nature 455, 8184 (2008)

118

BIBLIOGRAPHY

[34] S. E. Sebastian, J. Gillett, N. Harrison, P. H. C. Lau, D. J. Singh, C. H. Mielke
,and G. G. Lonzarich, J. Phys.: Condens. Matter 20, 422203 (2008)
[35] M. Yi, D. H. Lu, J. G. Analytis, J.-H. Chu, S.-K. Mo, R.-H. He, R. G. Moore,
X. J. Zhou, G. F. Chen, J. L. Luo, N. L. Wang, Z. Hussain, D. J. Singh, I. R.
Fisher, and Z.-X. Shen, Phys. Rev. B 80, 024515 (2009)
[36] J. G. Analytis, R. D. McDonald, J.-H. Chu, S. C. Riggs, A. F. Bangura, C.
Kucharczyk, M. Johannes, and I. R. Fisher., Phys. Rev. B 80, 064507 (2009)
[37] Y. Zhang, L. X. Yang, M. Xu, Z. R. Ye, F. Chen, C. He, J. Jiang, B. P. Xie, J.
J. Ying, X. F. Wang, X. H. Chen, J. P. Hu, D. L. Feng, Nature Materials 10,
273-277 (2011)
[38] T. Qian, X.-P. Wang, W.-C. Jin, P. Zhang, P. Richard, G. Xu, X. Dai, Z. Fang,
J.-G. Guo, X.-L. Chen, H. Ding, Phys. Rev. Lett. 106, 187001 (2011)
[39] T. Terashima, N. Kurita, M. Tomita, K. Kihou, C.-H. Lee, Y. Tomioka, T. Ito,
A. Iyo, H. Eisaki, T. Liang, M. Nakajima, S. Ishida, S. Uchida, H. Harima, and
S. Uji,,Phys. Rev. Lett. 107, 176402 (2011)
[40] Y. Kawasaki, K. Deguchi, S. Demura, T. Watanabe, H. Okazaki, T. Ozaki, T.
Yamaguchi, Takeya, and Y. Takano, Solid State Communications 152, 1135
(2012)
[41] M. G. Kim, R. M. Fernandes, A. Kreyssig, J. W. Kim, A. Thaler, S. L. Bud’ko,
P. C. Canfield, R. J. McQueeney, J. Schmalian, A. I. Goldman, Phys. Rev. B
83, 134522 (2011)
[42] S. Nandi, M. G. Kim, A. Kreyssig, R. M. Fernandes, D. K. Pratt, A. Thaler,
N. Ni, S. L. Bud’ko, P. C. Canfield, J. Schmalian, R. J. McQueeney, and A. I.
Goldman, Phys. Rev. Lett. 104, 057006 (2010)
[43] D. K. Pratt, W. Tian, A. Kreyssig, J. L. Zarestky, S. Nandi, N. Ni, S. L. Bud’ko,
P. C. Canfield, A. I. Goldman, and R. J. McQueeney, Phys. Rev. Lett. 103,
087001 (2009)

BIBLIOGRAPHY

119

[44] S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada, S. Tonegawa, R. Okazaki,
H. Shishido, H. Ikeda, H. Takeya, K. Hirata, T. Terashima, and Y. Matsuda,
Phys. Rev. B 81, 184519 (2010)
[45] H. Shishido, A. F. Bangura, A. I. Coldea, S. Tonegawa, K. Hashimoto, S. Kasahara, P. M. C. Rourke, H. Ikeda, T. Terashima, R. Settai, Y. nuki, D. Vignolles,
C. Proust, B. Vignolle, A. McCollam, Y. Matsuda, T. Shibauchi, and A. Carrington, Phys. Rev. Lett. 104, 057008 (2010)
[46] K. Hashimoto, K. Cho, T. Shibauchi, S. Kasahara, Y. Mizukami, R. Katsumata,
Y. Tsuruhara, T. Terashima, H. Ikeda, M. A. Tanatar, H. Kitano, N. Salovich,
R. W. Giannetta, P. Walmsley, A. Carrington, R. Prozorov, and Y. Matsuda,
Science 336, 1554-1557 (2012)
[47] P. Walmsley, C. Putzke, L. Malone, I. Guillamn, D. Vignolles, C. Proust, S.
Badoux, A. I. Coldea, M. D. Watson, S. Kasahara, Y. Mizukami, T. Shibauchi,
Y. Matsuda, and A. Carrington, Phys. Rev. Lett. 110, 257002 (2013)
[48] J. G. Analytis, H.-H. Kuo, R.D. McDonald, M. Wartenbe, P. M. C. Rourke, N.
E. Hussey, and I. R. Fisher, Nature Physics 10, 194 (2014)
[49] David Joseph Singh, Sci. Technol. Adv. Mater. 13, 054304 (2012)
[50] T. J. Liu, J. Hu, B. Qian, D. Fobes, Z. Q. Mao, W. Bao, M. Reehuis, S. A. J.
Kimber, K. Proke, S. Matas, D. N. Argyriou, A. Hiess, A. Rotaru, H. Pham,
L. Spinu, Y. Qiu, V. Thampy, A. T. Savici, J. A. Rodriguez, and C. Broholm,
Nature Materials 9, 718720 (2010)
[51] A. S. Sefat, R. Jin, M. A. McGuire, B. C. Sales, D. J. Singh, and D. Mandrus,
Appl. Phys. Lett. 101, 117004 (2008).
[52] J.-H. Chu, A. G. Analytis, C. Kucharczyk, and I. R. Fisher, Phys. Rev. B 79,
014506 (2009)
[53] H. Luo, Z. Wang, H. Yang, P. Cheng, X. Zhu, and H.-H. Wen, Supercond. Sci.
Technol. 21, 125014 (2008)

120

BIBLIOGRAPHY

[54] T. Liang, M. Nakajima, K. Kihou et al., Journal of Physics and Chemistry of
Solids 72, Issue 5, 418-419 (2011)
[55] E. C. Blomberg, M. A. Tanatar, A. Kreyssig, N. Ni, A. Thaler, Rongwei Hu, S.
L. Bud’ko, P. C. Canfield, A. I. Goldman, R. Prozorov, Phys. Rev. B 83, 134505
(2011)
[56] E. C. Blomberg, A. Kreyssig, M. A. Tanatar, R. Fernandes, M. G. Kim, A.
Thaler, J. Schmalian, S. L. Bud’ko, P. C. Canfield, A. I. Goldman, R. Prozorov,
Phys. Rev. B 85, 144509 (2012)
[57] I. R. Fisher, L. Degiorgi and Z. X. Shen, Rep. Prog. Phys 74, 124506 (2011)
[58] R. Prozorov, M. A. Tanatar, N. Ni, A. Kreyssig, S. Nandi, S. L. Budko, A. I.
Goldman, and P. C. Canfield, Phys. Rev. B 80, 174517 (2009)
[59] C. L. Zentile, J. Gillett, S. E. Sebastian, and J. R. Cooper, arXiv:0911.1259
(2009)
[60] K. H. Huynh, Y. Tanabe, and K. Tanigaki, Phys. Rev. Lett. 106, 217004 (2011)
[61] A. A. Abrikosov, Sov. Phys. JETP 29, 476 (1969)
[62] A. A. Abrikosov, Phys. Rev. B 58, 2788 (1998)
[63] A. A. Abrikosov, Europhys. Lett. 49, 789 (2000)
[64] Y. Ran, F. Wang, H. Zhai, A. Vishwanath, and D.-H. Lee, Phys. Rev. B 79,
014505 (2009)
[65] M. Nakajima, S. Ishida, Y. Tomioka, K. Kihou, C. H. Lee, A. Iyo, T. Ito, T.
Kakeshita, H. Eisaki, and S. Uchida, Phys. Rev. Lett. 109, 217003 (2012)
[66] S. Ishida, M. Nakajima, T. Liang, K. Kihou, C. H. Lee, A. Iyo, H. Eisaki, T.
Kakeshita, Y. Tomioka, T. Ito, and S. Uchida, Phys. Rev. Lett. 110, 207001
(2013)

BIBLIOGRAPHY

121

[67] M. P. Allan, T-M. Chuang, F. Massee, Yang Xie, Ni Ni, S. L. Budko, G. S.
Boebinger, Q. Wang, D. S. Dessau, P. C. Canfield, M. S. Golden, and J. C.
Davis, Nature Physics 9, 220224 (2013)
[68] A. Dusza, A. Lucarelli, F. Pfuner, J.-H. Chu, I. R. Fisher, and L. Degiorgi,
Europhys. Lett. 93, 37002 (2011)
[69] E. C. Blomberg, M. A. Tanatar, R. M. Fernandes, I. I. Mazin, Bing Shen, Hai-Hu
Wen, M. D. Johannes, J. Schmalian, and R. Prozorov, Nature Communications
4, 1914 (2013)
[70] P. Richard, K. Nakayama, T. Sato, M. Neupane, Y.-M. Xu, J. H. Bowen, G. F.
Chen, J. L. Luo, N. L. Wang, X. Dai, Z. Fang, H. Ding, and T. Takahashi, Phys.
Rev. Lett. 104, 137001 (2010).
[71] K. Nakamura, R. Arita, and H. Ikeda, Phys. Rev. B 83, 144512 (2011).
[72] C. Liu, T. Kondo, R. M. Fernandes, A. D. Palczewski, E. D. Mun, N. Ni, A. N.
Thaler, A. Bostwick, E. Rotenberg, J. Schmalian, S. L. Budko, P. C. Canfield,
and A. Kaminski, Nat. Phys. 6, 419 (2010).
[73] C. Liu, A. D. Palczewski, T. Kondo, R. M. Fernandes, E. D. Mun, H. Hodovanets,
A. N. Thaler, J. Schmalian, S. L. Budko, P. C. Canfield, and A. Kaminski, Phys.
Rev. B 84, 020509(R) (2011)
[74] M. Matusiak, Z. Bukowski, and J. Karpinsk, Phys. Rev. B 83, 224505 (2011)
[75] A. Cano, M. Civelli, I. Eremin, and I. Paul, Phys. Rev. B 82, 020408, (2010)
[76] R. M. Fernandes, A. V. Chubukov, J. Knolle, I. Eremin, and J. Schmalian, Phys.
Rev. B 85, 024534 (2012)
[77] M. Yoshizawa, D. Kimura, T. Chiba, S. Simayi, Y. Nakanishi, K. Kihou, C.-H.
Lee, A. Iyo, H. Eisaki, M. Nakajima, and S. Uchida, J. Phys. Soc. Jpn., 81,
024604 (2012)
[78] V. Barzykin and L. P. Gor’kov, Phys. Rev. B 79, 134510 (2009).

122

BIBLIOGRAPHY

[79] I. I. Mazin and M. D. Johannes M D, Nature Phys. 5, 141 (2009)
[80] I. Paul, Phys. Rev. Lett. 107, 047004 (2011)
[81] C. Dhital, Z. Yamani, W. Tian, J. Zeretsky, A. S. Sefat, Z. Wang, R. J. Birgeneau,
and Stephen D. Wilson, Phys. Rev. Lett. 108, 087001 (2012)
[82] C. R. Rotundu and R. J. Birgeneau, Phys. Rev. B 84, 092501 (2011)
[83] C.-C. Lee, W.-G. Yin, and W. Ku, Phys. Rev. Lett. 103, 267001 (2009)
[84] F. Kruger, S. Kumar, J. Zaanen, and van den J. Brink, Phys. Rev. B 79, 054504
(2009)
[85] E. Bascones, M. J. Calderon, and B. Valenzuela, Phys. Rev. Lett. 104, 227201
(2010)
[86] Z. P. Yin and W. E. Pickett, Phys. Rev. B 81, 174534 (2010)
[87] W. Lv, F. Kruger, and P. Phillips, Phys. Rev. B 82, 045125 (2010)
[88] C.-C. Chen, J. Maciejko, A. P. Sorini, B. Moritz, R. R. P. Singh, and T. P.
Devereaux, Phys. Rev. B 82, 100504(R) (2010)
[89] M.S. Laad and L. Craco, Phys. Rev. B 84, 054530 (2011)
[90] C. Fang, H. Yao, W.-F. Tsai, J. Hu, and S. A. Kivelson, Phys. Rev. B 77, 224509
(2008)
[91] C. Xu, M. Muller, and S. Sachdev, Phys. Rev. B 78, 020501 (2008)
[92] Rafael M. Fernandes and Jörg Schmalian, Supercond. Sci. Technol. 25, 084005
(2012)
[93] M. Daghofer M, A. Nicholson, A. Moreo,and E. Dagotto E, Phys. Rev. B 81,
014511 (2010)
[94] S. Liang, A. Moreo, and E. Dagotto, Phys. Rev. Lett. 111, 047004 (2013)

BIBLIOGRAPHY

123

[95] H. Zhai, F. Wang, and D.-H. Lee, Phys. Rev. B 80, 064517 (2009)
[96] A. B. Vorontsov, M. G. Vavilov, and A. V. Chubukov, Phys. Rev. B 79,
060508(R) (2009)
[97] C. Meingast, A. Junod, and E. Walker, Physica C 272, 106 (1996)
[98] J.-P. Locquet, J. Perret, J. Fompeyrine, E. Mchler, J. W. Seo, and G. Van
Tendeloo, Nature 394, 453 (1998)
[99] F. Hardy, N. J. Hillier, C. Meingast, D. Colson, Y. Li, N. Barišić, G. Yu, X.
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