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Abstract
Electronic nematicity is often invoked as being an important ingredient for unconventional superconductivity in iron-based superconductors. Theoretically, quantum critical nematic fluctuations,
if present, can enhance the superconductivity or even be responsible for the the superconducting
pairing mechanism itself. The phenomenology of the nematic quantum criticality, however, is not
well established as the evidence for the quantum criticality with nematic character is limited. In
this work, I develop experimental techniques using strain as a primary tool to probe this quantum
critical phenomena.
My dissertation presents a linear storyline with three experiments. In the first experiment, I
study the eﬀect of the symmetry-preserving A1g strain and the orthogonal antisymmetric strain
B1g to the critical temperature TS of the nematic phase transition in a prototypical iron-based superconductor, Ba(Fe0.975 Co0.025 )2 As2 . The decomposition is achieved by comparing the material’s
response under two diﬀerent environments: hydrostatic pressure and uniaxial stress applied along
[100] crystallographic direction. The result establishes the orthogonal antisymmetric strain B1g as
an eﬀective tuning parameter for the nematic order, due a large quadratic dependence of TS on B1g
strain. In the second experiment, I utilize this perspective by using the uniaxial stress to systematically study the eﬀect of A1g and B1g strains on TS in various compositions of Ba(Fe1−x Cox )2 As2 ,
especially those close to the optimally doped composition. A power-law behavior of the critical
temperature TS was observed as a function of the combined tuning parameters, which is a linear
combination of A1g strain, B1g strain, and cobalt concentration x. This provides the first clear
evidence for power-law behavior of the critical temperature as a function of non-thermal tuning parameters. A consequence of this observation is that the uniaxial stress (along [100] crystallographic
direction) is increasingly eﬀective as a tuning parameter when approaching the quantum critical
point. This inspired the third experiment, where I present a new technique to measure nematic
susceptibility using a novel conjugate field constructed from a combination of a time-varying strain
and a magnetic field. The technique allows for the measurement of the nematic susceptibility while
continuously tuning with (A1g and B1g ) strain. While the signal associated with this coupling is
observed, it does not follow the anticipated temperature dependence, implying that the signal may
have come from other microscopic origins, and that the coeﬃcient coupling this conjugate field to the
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nematic order parameter is too small to be measured in this material. I do, however, hope that this
third experiment establishes a roadmap that will be useful for future investigations of alternative
materials.
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signify the nematic phase transition. TS is then located at the peak of d2 ρ/dT 2 .
(B) sideband traces and their temperature derivatives for a prototypical x = 4.8% ±

0.2% under various uniaxial stresses. The top panel shows the sideband signal which
is directly proportional to the elastoresistivity (ER). The nematic phase transition
occurs at the step-like anomalies in the ER traces. TS is thus located at the peaks of
d(ER)/dT . Reproduced from [72] with the permission of the American Association
for the Advancement of Science. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.5

Thermal transfer function taken at various temperature. Reproduced from [61] with
the permission of the American Institute of Physics. . . . . . . . . . . . . . . . . . .
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Elastocaloric eﬀect with strain in the B1g + A1g configuration measured as a function
of temperature for diﬀerent oﬀset strain. The rounded step-like feature associated with
TS is clearly visible, and it’s strain dependence can be readily extracted. Reproduced
from [61] with the permission of the American Institute of Physics. . . . . . . . . . .

2.7

36

Figure illustrates measurement of elastoresistivity in transverse configuration. Sample
is glued 45◦ to the strain axis. The actual transverse voltage can be measured by
subtracting the longitudinal contamination from the measured transverse voltage as
explained in the main text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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3.1

Schematic representation of strains experienced by a tetragonal material while held
under (a) hydrostatic pressure, and (b) uniaxial stress applied along the [100] direction. Black arrows indicate stress. The strain tensor (right side of symbolic equations
(a) and (b)) is derived by multiplying the stiﬀness and the stress tensor (left side).
White arrows in panel (a) and (b) indicate the orientation of the tetragonal crystal
axes. In each case, the strain tensor experienced by the material is decomposed into
irreducible representations of the crystal symmetry. For materials with regular mechanical properties (i.e. a positive out-of-plane Poisson ratio and an in-plane Poisson
ratio smaller than 1), the symmetric strain modes $A1g ,i share the same sign (are both
compressive) during hydrostatic pressure experiments, but have opposite sign during
uniaxial stress experiments. Panel (c) illustrates in-plane deformations as well as the
associated preserved symmetries (white lines). While symmetric A1g strain preserves
C4 rotational symmetry (white arrow) as well as vertical, horizontal, and diagonal
mirror planes (white dash dotted lines), antisymmetric B1g and B2g strains lower the
primary rotational symmetry to C2 and break diagonal and vertical mirror planes,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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(a) Electrical resistivity of Ba(Fe0.975 Co0.025 )2 As2 as a function of temperature determined during a uniaxial stress experiment. For each temperature sweep (warming)
shown here, the sample is held at a constant strain, $disp
xx , indicated by the color scale
(blue data points indicate compressive strain, beige points tensile strain, and cyan
colored data small strain around the strain neutral point). Panel (b) and (c) show
the first and second derivative of the resistivity with respect to temperature. Panel
(d) shows TS and TN versus nominal strain $disp
xx . The red lines are fits using a second
order polynomial resulting TS ($xx ) = 100 − (521 ± 4)$xx − (28300 ± 1100)$2xx , and
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TN ($xx ) = 94.5 − (629 ± 2)$xx − (24700 ± 500)$2xx . . . . . . . . . . . . . . . . . . . . .
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(a) Temperature dependence of the electrical resistivity ρ of Ba(Fe0.975 Co0.025 )2 As2

for a range of hydrostatic pressures p determined during slow warming temperature
sweeps. Panel (b) and (c) show the first and second derivative with respect to temperature, respectively. The dotted lines in panel (c) shows second derivatives calculated
neglecting resistivity data below TN +1K, avoiding overlap of the smoothed signatures
of the features associated with TN and TS . Similar to Fig. 3.2, blue colored symbols
indicate compressive strains. Panel (d) again shows the structural and antiferromagnetic transition temperature as a function of pressure. The red lines in panel (d) are
linear fits to the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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3.4

Normalized linear response of the structural transition to symmetric $A1g ,1 , and $A1g ,2
strain during hydrostatic pressure and uniaxial stress experiments. The cyan and
purple vertical planes indicate the relative combination of symmetric strains induced
during hydrostatic pressure and uniaxial stress experiments, respectively. Experimental data are shown by the cyan (hydrostatic pressure) and purple stars (uniaxial
stress), respectively. Linear fits are shown by red lines. The yellow plane defined by
these two lines describes the material’s linear response to symmetric strain. . . . . .
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46

Normalized non linear response of the coupled nematic/structural transition temperature to strain during hydrostatic (cyan stars, top axes) and uniaxial stress (purple
stars, bottom axes) experiments. The quadratic contribution evident in the uniaxial
stress data is solely due to antisymmetric B1g strain. Red line shows fit to a quadratic
function. The origin of the kink near zero strain is currently unknown. The feature
is, however, smaller than the error bars and has no statistically significant impact on
the fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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(a) Ba(Fe0.92 Co0.08 )2 As2 crystal mounted on a Razorbill CS100 cell using bottom and
top mounting plates. Panel (b) sketches a sample mounted onto bottom mounting
plates, panel (c) sketches a cross sectional view. . . . . . . . . . . . . . . . . . . . . .

3.7

Comparison of the in-plane thermal expansion of Ba(Fe0.92 Co0.08 )2 As2 [91] and the
thermal expansion of Ti. [96] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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(a) Resistivity as a function of temperature for diﬀerent strains

$disp
xx ,

52

applied along

the tetragonal [110] axis. (b) Derivative of the electrical resistivity with respect to
temperature. The step like feature associated with the structural phase transition is
3.9

−3
suppressed quickly and is fully smeared for strains on the order of $disp
. .
xx ≈3 × 10
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(a) Model used for the finite element simulations presented here. The dashed-dotted

blue lines on the top view show the mirror planes m1 and m2 used to reduce the
model size. (b) Results of our finite element simulation shown on the cross section
of our model. (c) Normal strain $xx along the center line in x direction on the top
and bottom surface of the sample. The vertical black solid lines mark the position
of the mounting plate edges. Nominally, a strain of $xx =1% was applied. The strain
relaxation within the mounting plates and the glue result in a strain transfer ratio of
0.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.1

Consequences of uniaxial stress along [100] (A) In a tetragonal system, deformation caused by the uniaxial stress applied along [100] direction can be expressed
as the combination of the symmetry preserving strain $A1g , and orthogonal antisymmetric strain $B1g . The ratio of these strain components depends on the elastic
moduli of the material. Note that orthogonal antisymmetric B1g strain is defined
as $B1g = ($xx − $yy )/2, while symmetry preserving A1g strain in this scenario is a
combination of the in-plane $A1g,1 = ($xx − $yy )/2, and out of plane $A1g,2 = $zz .

Dashed lines indicate the undeformed tetragonal unit cell. (B) The variation of
coupled nematic/structural phase transition temperature as a function of the measured strain along [100], $xx , for a representative sample with cobalt concentration
x = 4.8% ± 0.2%. The leftmost graph (purple) shows the (linear + quadratic) variation caused by uniaxial stress. The center graph (blue) shows the linear contribution

from A1g strain, and the rightmost graph (red) shows the quadratic contribution from
B1g strain. (C) Schematic TS − $A1g − $B1g phase diagram. The experimental path

lies along the straight line between $A1g and $B1g axes. The eﬀects of these two tuning
parameters are generally uncorrelated. However, in the presence of strong quantum
critical fluctuations, the coeﬃcients of both the linear and quadratic strain responses
(resulting from the response to the A1g and B1g strains, respectively) are both related
1/θ

to the zero-strain transition temperature as 1/T0
4.2

.

. . . . . . . . . . . . . . . . . .

61

Response of TS to applied hydrostatic pressure for various compositions of
Ba(Fe1−x Cox )2 As2 . The green circles represent the measured critical temperature
TS as a function of applied hydrostatic pressure P . The black lines represent the
linear fit to the data. It can be seen that in all compositions, the variation is linear.
Thus the quadratic variation in uniaxial stress experiment is exclusively caused by
the orthogonal antisymmetric B1g strain.
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62

Response of TS to applied uniaxial stress along [100] in various cobalt concentrations of Ba(Fe1−x Cox )2 As2 . (A) The purple circles represent the measured
critical temperature TS as a function of the deduced strain $xx . The black lines represent linear + quadratic fits to the data. As the cobalt concentration approaches
the critical doping of xc ∼ 6.7%, both the quadratic and linear coeﬃcients increase.

Panel (B) and (C) represent the linear and quadratic constituents due to A1g and
B1g , respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.4

Power law divergence of dTS /d$xx and d2 Ts /d$2xx as a function of cobalt
concentration x in Ba(Fe1−x Cox )2 As2 . (A) The linear coeﬃcient of the variation
of TS caused by symmetric A1g strain, and (B) the quadratic coeﬃcient caused by
antisymmetric B1g strain, each case normalized by the zero-strain critical temperature T0 . The schematic insets illustrate the appropriate irreducible representations
of strain for the two cases. Both the linear and the quadratic coeﬃcient diverge as
the cobalt concentration approaches the critical doping of xc ∼ 6.7% (vertical dashed

line). (c) The same normalized coeﬃcients as a function of zero-strain critical temperature T0 shown in a log-log scale. The linear behavior seen in this plot at low
temperatures indicates similar power law behavior for both symmetry channels. The
slopes of the linear regimes are equal to the inverse critical exponent 1/θ, which is
found to be 1/θ = 1.75 ± 0.2 and 1/θ = 1.87 ± 0.7 for A1g and B1g strain respectively;

these values agree within a standard deviation. Note that extracting statistically
significant quadratic coeﬃcients requires data extending to relatively large strains.
For two experiments (two extra data points in the blue traces), this strain regime
could not be reached before the mechanical failure of the sample, so only the linear
coeﬃcients are shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5

Theta scan. The plot shows the R-square value of the least square fit of Eq.(4.13)
for various θ values ranging from 0.4 − 0.65. θ = 0.52 ± 0.02 give the best fit with

R-equare of 0.994. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.6

65

69

Scaling collapse of non-thermal tuning parameters. (A) The scaling collapse
1/θ

described in Eq. 4.12, in which TS

is plotted versus δ. The best fit value θ =

0.52 ± 0.02 is extracted using the method explained in Section 4.4. Symbols represent

samples with diﬀering dopings. The data is expected to collapse onto a single line
in the quantum critical regime which is observed for samples within a range of Co
concentrations between x = 4.8% and 6.2%. This regime is magnified in the plot in
panel (B), which shows a collapse over almost a decade of δ. . . . . . . . . . . . . . .
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4.7

Quantum criticality in Ba(Fe1−x Cox )2 As2 phase diagram. (A) The normalized linear α/T0 (left axis) and quadratic coeﬃcients β/T0 (right axis), scaled with the
−1/θ

expected zero-strain critical temperature dependent T0

. These quantities are ex-

pected to be constant in the quantum critical regime, which spans the higher dopings,
as suggested by the dotted line. The green shading represent the ratio of these scaled
coeﬃcients with their saturated value. (B) Phase diagram of Ba(Fe1−x Cox )2 As2 [7].
Power law behavior is observed for materials with a cobalt concentration between
x = 4.8% ± 0.2% all the way to x = 6.2% ± 0.2%, above which TS is unobservable due
to the presence of superconductivity. This power-law behavior signifies the presence
of strong nematic fluctuation of quantum origin due to the presence of the nematic
QCP at xc . Note that the dotted lines in (B) denotes the phase transition lines which
presumably backbend inside the superconducting state [16]. . . . . . . . . . . . . . .
5.1

71

(A) The geometric of the sample. Biaxial strain $α = $α,0 + $α,1 sin(ωs t)m, (α =
xx, yy) is induced by gluing the sample onto the PZT stack. The $α,0 is used to
tune the critical temperature TS , while the oscillating part $α,1 sin(ωs t) is used to
induce the nematic order parameter with magnetic field Hz . (B) the phase diagram
comparing the three terms in Eq.5.10. The Hall resistivity, and the anisotropy induced
by the B2g strain is in phase with the strain. The anisotropy induced by the trilinear
coupling is in quadrature with strain and is linearly dependent on frequency. . . . .
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76

(A) Typical microstructure with 6-point-contact geometry. (B) Top view of the microstructure. Labels indicates the current path, and the longitudinal voltage Vx and
the transverse voltage Vy . These scanning electron microscope pictures were taken
inside of the FIB machine by M.D. Bachmann . . . . . . . . . . . . . . . . . . . . . .
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(A) The antisymmetrized sideband from the Hall channel. It is linear as a function of
the applied magnetic field, and the slope increases as a function of strain frequency.
This plot is smoothen using the smoothing spline method in MatLab. (B) The slope
antisym
∂
∂Hz Sxy,t

is plotted as a function of strain frequency, revealing a linear dependence.
antisym
∂2
, is directly proportional to the
∂fs ∂Hz Sxy,t
antisym
∂2
is plotted as a function of temperature.
∂fs ∂Hz Sxy,t

The slope of this plot,

Hall viscosity

coeﬃcient. (C)

The expected

Curie-Weiss temperature dependence was not observed, implying the observed Hall
viscosity coeﬃcient may come from other origins. . . . . . . . . . . . . . . . . . . . .
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Chapter 1

Introduction
1.1

Big picture

Several unconventional superconductors and high-temperature superconductors have phase diagrams
where ordered states of one sort of another are suppressed by some tuning parameter such as chemical
substitution or hydrostatic pressure. In all of those cases, it is apparent that superconductivity is
related to the ordered state in some way. Certainly, they seem to be antagonistic: superconductivity
is absent when the ordered state is very strong, yet also is absent very far away from the ordered
state, indicating that these are not simply competing phases [1]. Such a phase diagram presents
many questions. The most basic question is whether there is a quantum critical point underneath
that superconducting dome [2], or whether this is avoided by a number of issues including disorder
eﬀects [3, 4]. More subtly, one might ask whether this quantum critical point, if present, matters
to the superconductivity beyond simply marking the transition from a region in the phase diagram
where an ordered state exists to where it does not. My dissertation will not address the latter
question, but it will address the first question, specifically whether the quantum critical point exists,
or, more precisely, whether the system behaves as if there is a quantum critical point at the finite
temperature at which we perform our experiments.
The particular material system central to my experiments is the Fe-based superconductors. The
specific phase transition that I look at is the (electronic) nematic phase transition, which I will
discuss later in this chapter. Nematic order breaks rotational symmetry but not translation nor
time-reversal symmetry. Since nematic order only break point symmetries, uniform strain (induced,
for instance, via external stresses), plays a very special role. Indeed there is a bilinear coupling
between nematic order and strain that breaks the same symmetry. As a consequence, strain is
an important tuning parameter to the nematic order; and one of the key elements of my thesis
is to study the eﬀect of strain of diﬀering symmetry on the nematic order and use them to tune
the nematic order. One particular observation from this technique is the observation of power-law
1
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behavior of the critical temperature of the nematic phase transition as a function of non-thermal
tuning parameters, providing the first direct evidence for nematic quantum criticality. This will be
discussed in Chapter 4.
While the tools and techniques that I introduce in this thesis are applied solely in the context of
electronic nematic order in Fe-based superconductivity, these are more generally applicable in other
material systems. This is undoubtedly true in the case of order parameter that breaks the same
symmetry as strain, but also for any material with a hydrostatic pressure-based phase diagram, which
will benefit from the decomposition of strain (see Chapter 3). In addition, the biquadratic coupling
between symmetry breaking strain and order parameter is almost always allowed by symmetry,
making symmetry-breaking strain a very powerful tool in studying quantum materials.

1.2

A brief introduction to iron-based superconductor

In 2008, a new type of superconductor, LaFeAs(O1−x Fx ), was discovered with superconducting
transition temperature TC ∼ 26K [5]. It quickly gained interest amongst the condensed matter
physics community, as it features a simpler phase diagram compared to the cuprate superconductors,

becoming a new promising avenue for studying high-temperature superconductivity, quantum phase
transitions, and quantum criticality. The family of Fe-based superconductors can be classified into
two groups: the pnictides and the chalcogenides [6]. These two groups have a few things in common.
Both the pnictides and the chalcogenides comprise a common structural motif: Fe-pnictogen (or
Fe-chalcogens) interconnected tetrahedra structure, which hosts quasi-2d conduction electrons [7].
The stoichiometric compound usually undergoes a coupled nematic/structural phase transition and
a magnetic phase transition at a slightly lower temperature. These phases are suppressed by either
chemical substitution [7] or hydrostatic pressure [8], and a superconducting dome emerges before the
phases are fully suppressed. It is speculated that there may be a quantum critical point beneath the
superconducting dome ([2] and references therein), which raises the question as to what role quantum
criticality plays in the emergent unconventional superconductivity. The discussion in this thesis will
be around the representative material Ba(Fe1−x Cox )2 As2 . This material has several advantages that
are suitable for exploring electronic nematicity with strain: the single crystals obtained from the flux
growth method are plenty large for mounting on a uniaxial stress cell; the nematic and the magnetic
phase transitions are well-separated at higher cobalt concentration, making it easier to distinguish
the behavior of each of them; and the amount of cobalt substitution can be well controlled.

1.2.1

Crystal and electronic structure

At room temperature, the stoichiometric parent compound BaFe2 As2 has a ThCr2 Si2 ‘122’ crystal
structure with I4/mmm space group and D4h point group shown in Fig.1.1. The electronic behavior
of BaFe2 As2 can be attributed to the strong Hund’s interaction, and the material from the Fe-based
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The crystal structure of BaFe2 As2 is shown in Fig. 1.
This ternary arsenide contains FeAs layers identical to
LaFeAsO, moreover with the same charge [22], and exhibits a SDW anomaly likewise (see below). In this Letter
we report
on superconductivity in BaFe2 As2 induced by3
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hole doping, which was achieved by partial substitution of
the barium by potassium ions.
In the very large family of ThCr2 Si2 -type compounds,
superconductivity occurred at temperatures below 5 K, as,
e.g., in LaIr2 Ge2 , LaRu2 P2 , YIr2"x Si2þx , and BaNi2 P2
[23–27], although closely related rare earth borocarbides
are known for higher Tc ’s up to 26 K in YPd2 B2 C [28,29].

BaFe As

Figure 1.1: Crystal structure of BaFe2 As2 - ThCr2 Si2 ‘122’ crystal structure with I4/mmm space
2
2
group and D4h point group. Figure reproduced from [9] with permission of the American Physical
Society.
2 2

FIG. 1 (color online). Crystal structure of
(ThCr Si -type structure, space group I4=mmm).
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Ba(Fe1-x Cox )2As2

Electronic
Nematic

SDW
+
Nematic
SC

Figure 1.3: Phase diagram of Ba(Fe1−x Cox )2 As2 . Underdoped sample undergoes a electronic nematic transition, which changes the structure from tetragonal to orthorhombic. At temperature
slightly below that, it undergoes a magnetic transition. The two phases are suppressed with cobalt
doping, and superconductivity can emerge. The dash yellow and green lines are extrapolation of
the data points. There is a report that back bending of the phases transition happens underneath
the superconducting dome [16], indicating competition between the two phases and superconducting
phase. Reproduced from [7] with permission of the American Physical Society.
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unit cell). The strong spin-orbit coupling dictates the spin direction to be parallel to the ordering
wavevector [19]. It has been proposed that this antiferromagnetism is a spin-density wave state,
which is driven by the Fermi-surface nesting [20, 21]. This itinerant picture has a favorable view
since the electron and hole Fermi surfaces are well nested by the ordering wave vector (π, π) [22].
However, there are also evidences that the itinerant picture cannot suﬃciently account for all the
phenomenology of the magnetism in this material [23] and a hybrid theory is needed to describe this
state.
Superconductivity in Fe-based superconductors usually emerges as the antiferromagnetic phase
is suppressed. However, it can also appear in parent compounds of some systems such as FeSe and
LiFeAs. The critical temperature of superconducting transition (Tc ) was found to be as high as 55K
in bulk Fe-based superconductor (SmFeAsO1−x Fx [24]) and Tc of up to 100K was claimed for monolayer FeSe on STO substrate [25], leading some to refer to these as high-temperature superconductors.
The standard electron-phonon coupling cannot account for these high superconducting temperatures
[26], and therefore an electronic mechanism is proposed [13, 27]. In Ba(Fe1−x Cox )2 As2 , the superconducting phase emerges when nematic and magnetic phases are suppressed. It was quickly proposed
that the antiferromagnetic fluctuations are responsible for the pairing, and the associated pairing
symmetry is referred to as the s± wave (see [13] and references therein). Evidence for such a state
is provided by the observation of a resonance in inelastic neutron scattering measurements in the
superconducting state at the antiferromagnetic wavevector, even for optimally doped compositions
for which there is no long range antiferromagnetic order [28]. This pairing gap is isotropic, but the
sign changes between electrons and hole pockets. Measurement of thermal conductivity in magnetic
field reveals a highly anisotropic s-wave gap structure at higher cobalt concentration [29], which
might suggest that antiferromagnetic order reconstructs the Fermi surface by gapping the regions
associated with the superconducting gap’s minimum.

1.2.3

Electronic nematicity in iron pnictide

The interplay between antiferromagnetism and superconductivity seems to be understood within the
existing theoretical framework [30]; however, these two are not the only symmetry breaking phases
in the material. Preceding the antiferromagnetic phase is the structural tetragonal-to-orthorhombic
transition which deforms the material in the B2g fashion (see Fig.1.5) in two-iron unit cell (Fig.1.2A)
. This tetragonal-to-orthorhombic transition is ubiquitous in Fe-based superconductors. In this
phase, the resistivity anisotropy measured in a de-twinned sample is 500 times larger than the
orthorhombicity, (a − b)/ 12 (a + b) [31]. This raises a question of whether the strain is a primary
order parameter or merely a conjugate field to a rotational symmetry breaking order driven by
the electronic correlation. The elastoresistivity measurement address this problem by measuring
the resistivity anisotropy, η =

ρ[110] −ρ[11̄0]
1
2 (ρ[110] +ρ[11̄0] )

, as a response to applied strain, $ (both in the same

symmetry channel as the orthorhombic distortion) [17]. It is found that the susceptibility χ that
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relates the two quantities, (η ∼ χ$), has a Curie-Weiss temperature dependence. This confirms

the latter scenario, where the anisotropy is driven by the electronic correlation. Subsequent elastic
stiﬀness [32], and Raman [33, 34, 35] measurements confirm this perspective.
Borrowing the language from the liquid crystal, the phase is dubbed the electronic nematic
phase [36]. It is an electronically driven phase that breaks only point group symmetry, but not
translational symmetry or time reversal symmetry. There are two schools of thought regarding its
origin in the Fe-based superconductors: either it is driven by orbital or spin degrees of freedom. In
the former scenario, the interaction between orbitals leads the unequal occupation of dxz and dyz
orbitals, or in the dxy orbital hopping ([37] and references therein). The latter scenario happens
when the antiferromagnetic order partially melts in a particular fashion, such that the overall spin
〈Si 〉 = 0, but retains its anisotropic correlation to the neighboring site, 〈Si · Si+x 〉 = − 〈Si · Si+y 〉

(see [38] and references therein). Both of these scenarios have conflicts with the empirical evidence
obtain from various measurements [39, 40, 41], and thus it remains an open question. However, its
origin may not be relevant to the experiment presented in this thesis - after all, symmetry requires
all of these to be present simultaneously.
Since the nematic phase follows the magnetic phase closely, it is fair to conclude that the interplay between nematic and superconductivity can be similar to the magnetic-superconductivity ones;
however, the mechanism of this interplay is far from clear. From a theoretical perspective, several
lines of reasoning suggest that nematic fluctuations can provide a pairing interaction [42, 43, 44], and
hence suggest that the presence of nematic order in the phase diagrams of these high-temperature
superconductors may not be coincidental. In particular, nematic fluctuations enhance superconductivity in any symmetry channel [45], and hence could be a key element for increasing the critical
temperature even when the dominant pairing interaction arises from spin fluctuations. The observation that the point in the phase diagram at which the nematic transition temperature approaches
zero often closely coincides with optimal doping (where the superconducting critical temperature
(TC ) is maximum) is possibly consistent with such a scenario [46, 2, 47]. The cause of this apparent
correlation is, however, far from firmly established, and electronic nematicity may yet prove to be
nothing more than an epi-phenomenon. A key open question is whether quantum critical nematic
fluctuations are present, and if so over how much of the phase diagram.

1.2.4

Quantum criticality

Evidence for quantum criticality are observed in a clean system, such as the isovalently-substituted
BaFe2 (As1−x Px )2 , where quantum oscillation can be observed. Quasiparticle mass enhancement
close to the optimally doped composition can be seen from a de Haas van Alphen (dHvA) measurement. This is consistent with the quasiparticle mass enhancement seen in the measurement of
the Sommerfeld coeﬃcient via the heat capacity jump of the superconducting transition [48]. The
linear temperature dependence of resistivity is observed close to the optimal doping, but the T 2
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dependence, a signature of Fermi-liquid, is observed at low temperature away from the optimally
doped compound. The morphology of this observation resembles a quantum critical phase diagram,
where a quantum critical fan - the region in which quantum critical fluctuations dominate - extends
wider at higher temperature with a non-critical behavior found at lower temperature away from the
critical point, as illustrated in Fig.1.4 and [49]. Furthermore, the quasiparticle mass extracted from
coeﬃcient A in of the quadratic temperature dependence of the resistivity, ρ = ρ0 + AT 2 , is almost
identical to that observed in the superconducting heat capacity jump and the dHvA measurements.
This comes directly from the Kadowaki-Woods ratio, A/γ 2 = constant, where γ is the Sommerfeld
coeﬃcient. These evidences are compelling; however, they are observed only in the phosphorussubstituted system. They also do not reveal the nature of quantum criticality, i.e. whether the
quantum critical point belongs to the magnetic quantum phase transition or the nematic quantum
phase transition.
A piece of evidence found in systems across the Fe-based superconductor family is the measurement of nematic susceptibility via elastoresistivity measurement (see Section 1.3.3 for details).
Large, diverging nematic susceptibility is observed at the optimally doped composition for several
pnictides, and chalcogenides system [47]. This implies via the fluctuation-dissipation theorem that
the nematic fluctuations are strong close to the putative nematic quantum critical point. Nematic
susceptibility obtained via other method, such as elastic constant measurements [32], Raman scattering [33, 34, 35], and nuclear magnetic resonance [50], also confirms this observation.
An essential missing piece of evidence is the observation of power-law behavior of a thermodynamic quantity as a function of the non-thermal tuning parameters upon approaching the putative
quantum critical point, which is a signature for a quantum criticality. In this thesis, I will show how
strain can be used to uncover this elusive evidence, and establish the phenomenology of nematic
quantum criticality in the representative family of cobalt-substituted BaFe2 As2 .

1.3

Eﬀect of strain on nematic order

Throughout this thesis, we will be exploring the eﬀect of strain of diﬀering symmetry on the nematic
order, as well as proposing a new conjugate field to the nematic order parameter later in Chapter 5.
Before discussing the experiments in any detail, it is necessary first to introduce the representation
theory in the context of D4h point group appropriate for the material studied in this thesis. Then,
using this language of irreducible representations, I will discuss the eﬀect of strain on the critical
temperatures of the nematic phase transition, the transport properties, and the thermodynamic
properties of the material.
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Representation theory for strain in D4h point group

Continuous phase transitions are characterized by their broken symmetry. In solids, this symmetry
refers to discrete symmetry possessed by the atomic arrangements in the crystals. Since there are
interactions between the electrons and the lattice, the electronic degrees of freedom must obey the
symmetry of the lattice and vice versa. In the broken symmetry phase, usually at a temperature
below the phase transition, the symmetry group of the crystal will reduce into a subgroup of the ones
preceding it. This motivates us to use the language of group theory and representation theory to
describe the interaction between the order parameter and the external influences. I will be focusing
only on the broken symmetry of the D4h point group, possessed by the material Ba(Fe1−x Cox )2 As2 .
For readers who are interested in a more in-depth group theory, I refer to the following reference [51].
The objective of this section is not to introduce the notion of group theory from the first principle
but rather to introduce the nomenclature used in this thesis and explain why certain coordinates
are more intuitive to use than others.

A1g
A2g
B1g
B2g
Eg
A1u
A2u
B1u
B2u
Eu

E
1
1
1
1
2
1
1
1
1
2

2C4
1
1
-1
-1
0
1
1
-1
-1
0

C2
1
1
1
1
-2
1
1
1
1
-2

2C′2
1
-1
1
-1
0
1
-1
1
-1
0

2C′′2
1
-1
-1
1
0
1
-1
-1
1
0

i
1
1
1
1
2
-1
-1
-1
-1
-2

2S4
1
1
-1
-1
0
-1
-1
1
1
0

σh
1
1
1
1
-2
-1
-1
-1
-1
2

2σv
1
-1
1
-1
0
-1
1
-1
1
0

2σd
1
-1
-1
1
0
-1
1
1
-1
0

Linear’s Rotation

Cartesian
x2 + y 2 , z 2

Rz

(Rx , Ry )

x2 − y 2
xy
(xz, yz)

z

(x, y)

Table 1.1: Character table for the D4h crystallographic point group. The list of symmetry elements are shown on the top row, and the irreducible representations are shown on the left column.
Reproduced from [51].
The D4h point group can be constructed using 3 generators: a C4 rotational symmetry, a horizontal mirror plane (z = 0), and inversion symmetry. These generators are the main symmetry
elements of the point group, from which all symmetry elements can be constructed. By combining
these 3 generators, 16 elements in this symmetry group are generated. ChemTube3D provides an
excellent 3d simulation that illustrates all the symmetry elements of the D4h point group [52]. These
elements can be grouped into 10 classes, and therefore, according to a theorem [51], the number of
irreducible representations will be 10 as well. The character table (Table 1.1) summarizes the symmetry elements and their irreducible representations. The list of symmetry elements are shown on
the top row, and the irreducible representations are shown on the left column. The numbers inside
the table are characters, which is defined as the traces of the matrices that represent the elements
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in the group. For the one dimensional representations (the A’s and B’s in character), the characters
are the representations. The two dimensional representations (E) can be constructed from the trace,
and some knowledge of the symmetry.
The Mulliken symbols listed on the top indicates the dimensionality of the irreducible representations, and the symmetry that they break. These are the meaning of the symbol:
1. The uppercase Roman character indicates the dimensionality of the representation: A and B
indicate 1 dimension, E indicates 2 dimensions, and T indicates 3 dimensions (only relevant
to cubic point groups)
1.1 Specifically for 1-dimensional representations, A label indicates symmetric with respect
to the principle symmetry component (C4 rotation for D4h point group), and B label
indicates antisymmetric with respect to the principle symmetry component.
2. The next numeral subscript indicates whether the representation breaks the secondary symmetry element (C′2 in this case). 1 is symmetric and 2 is antisymmetric with respect to this
symmetry operation.
3. The second subscript is in lowercase roman character. It can be either g (gerade), indicating
symmetric with respect to inversion, or u (ungerade), indicating antisymmetric with respect
to inversion
The concept of symmetry breaking and irreducible representation may be confusing at first but
will become apparent when I introduce the concept of symmetry coordinates.
Symmetry coordinates
A diﬃcult aspect in constructing a theory is to obtain the right coupling terms within the symmetry constraints. Working in symmetry coordinate, rather than cartesian coordinate, will be much
more intuitive since it is the coordinate that belongs to each specific symmetry group. An important feature of the symmetry coordinates is that they transform in a simple way under symmetry
transformations. A symmetry coordinates will belong to an irreducible representation, and it will
transform according to that irreducible representation. For example, referring to the character table,
a B1g quantity will be antisymmetric (a factor of -1) under C4 rotational symmetry. Obtaining these
symmetry coordinates is no easy task. A standard method is called the projection operator method.
For interested readers, please refer to [51].
Below is the list of symmetry coordinates of strain (or more generally, a second rank tensor) in
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Symmetry-preserving strain (A)

Vertical Shear (E)
1
!"#$,# = (!** + !,, )
2

!"#$,. = !//

C4-rotational symmetry-breaking strain (B)

c

a

(!*/ , !,/ )
a

a

!0.$ = !*,

1
!0#$ = (!** − !,, )
2

Figure 1.5: Symmetry coordinates of strain in D4h point group is summarized in this figure. These
strains belongs to diﬀerent irreducible representation. Two types of strain belong to A1g irreducible
representation, which preserves symmetry when deform: in plane A1g,1 and out of plane A1g,2 . Two
types of strain belong to B irreducible representation, which breaks C4 rotational symmetry. These
are the B1g which break diagonal mirror planes (x = y and x = −y), and B2g which breaks horizontal
mirror planes (x = 0 and y = 0). The vertical shears belongs to the two dimensional Eg irreducible
representation.
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the D4h point group:
1
($xx + $yy )
2
= $zz

$A1g,1 =
$A1g,2

1
($xx − $yy )
2
= $xy

(1.1)

$B1g =
$B2g

$Eg = ($xz , $yz ).
These strains are illustrated in Fig.1.5. The first two strains belong to the A1g irreducible
representation, and since this strain does not break any symmetry, we call it the symmetry-preserving
strain, or the symmetric strain. Note that any linear combination of the $A1g,1 and $A1g,2 belongs to
A1g irreducible representation. The next two strains are labeled by B symbols, meaning they break
C4 rotational symmetry. However, they break diﬀerent mirror planes. The B2g strain breaks the
vertical (x = 0 and y = 0) mirror planes, the same as the nematic order parameter ψB2g . Hence we
refer to it as the conjugate strain or, slightly more colloquially, the longitudinal strain since it acts
as an eﬀective longitudinal field for the order parameter by virtue of the bilinear coupling. The B1g
strain breaks diagonal mirror planes (x + y = 0 and x − y = 0), orthogonal to the nematic order
parameter. It is hence dubbed the orthogonal antisymmetric strain or the transverse strain since it

acts as an eﬀective transverse field for the B2g symmetry nematic order [53]. The Eg strains are
vertical shear that belongs to the two-dimensional irreducible representation Eg . In our experiment,
we control our set up such that there is no shear strain present. Therefore, I shall omit the discussion
of this type of strain.

A1g
A2g
B1g
B2g
Eg
A1u
A2u
B1u
B2u
Eu

A1g
A1g
A2g
B1g
B2g
Eg
A1u
A2u
B1u
B2u
Eu

A2g
A2g
A1g
B2g
B1g
Eg
A2u
A1u
B2u
B1u
Eu

B1g
B1g
B2g
A1g
A2g
Eg
B1u
B2u
A1u
A2u
Eu

B2g
B2g
B1g
A2g
A1g
Eg
B2u
B1u
A2u
A1u
Eu

Eg
Eg
Eg
Eg
Eg
A1g +A2g +B1g +B2g
Eu
Eu
Eu
Eu
A1u +A2u +B1u +B2u

A1u
A1u
A2u
B1u
B2u
Eu
A1g
A2g
B1g
B2g
Eg

A2u
A2u
A1u
B2u
B1u
Eu
A2g
A1g
B2g
B1g
Eg

B1u
B1u
B2u
A1u
A2u
Eu
B1g
B2g
A1g
A2g
Eg

B2u
B2u
B1u
A2u
A1u
Eu
B2g
B1g
A2g
A1g
Eg

Eu
Eu
Eu
Eu
Eu
A1u +A2u +B1u +B2u
Eg
Eg
Eg
Eg
A1g +A2g +B1g +B2g

Table 1.2: Product table for the D4h crystallographic point group. Reproduced from [51].
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Product table
A product between two objects that belongs to the same or diﬀerent irreducible representation
will produce a new object that belongs to another irreducible representation. The product table
summarizes these pair-wise products of objects of diﬀerent irreducible representations. This is shown
in Table 1.2 for D4h point group.
This is very useful in constructing Landau free energy, as you will see throughout this thesis.
The Landau free energy is an A1g quantity (should not alter under any symmetry transformation),
and any combination of nematic order parameter and external field has to be an A1g quantity. An
example is the interaction between ψB2g and $B1g . It can be seen that the bilinear coupling term
ψB2g $B1g will produce an A2g quantity according to the product table, which is not allowed in the
2
free energy. The leading order term of this interaction is therefore ψB
$2 which has an A1g
2g B1g

symmetry. Another example which you will see in Chapter 5 is that we use a combination of

d
dt $B1g

and magnetic field Hz to couple directly with the nematic order parameter ψB2g . This is allowed
because Hz is an A2g quantity, and a product between A2g quantity and a B1g quantity will produce
a B2g quantity, which can then multiply with ψB2g to produce an A1g quantity. Note that since
Hz is time-reversal odd, the time derivative of strain needed to be there to make the overall term a
time-reversal even.

1.3.2

Eﬀect of strain on TS

In order to understand the eﬀect of each strain irreducible representation on a given order parameter,
one need to consider the allowed coupling terms in Landau free energy. For B2g nematic order, ψB2g ,
the Landau free energy can generally be written as
∆F =

1
1 4
2
a0 (T − TS )ψB
+ bψB
+ f (ψB2g , !),
2g
2g
2
4

(1.2)

where f is the coupling term between the order parameter and the strain. Since the free energy
is an A1g quantity, the interaction term also needs to be an A1g quantity. This is because when a
symmetry operation is performed on the material, it should not alter the free energy. Therefore,
arbitrary combinations between ψB2g and ! are not allowed; rather, the combination must result in
an A1g quantity.
2
2
For A1g strain (both A1g,1 and A1g,2 ), the coupling can be in the form f ∼ ψB
$ +ψB
$2 +
2g A1g
2g A1g

2
.... It can be seen that ψB
is an A1g quantity, and therefore this coupling term is allowed. The
2g

eﬀect of this coupling can be illuminated by looking at the free energy:
1
1 4
2
2
2
a0 (T − TS )ψB
+ bψB
+ λ1 ψB
$
+ λ2 ψB
$2
2g
2g
2g A1g
2g A1g
2 #
4
$
1
2λ1
2λ2 2
1 4
2
= a0 T − (TS −
$A1g −
$A1g ) ψB
+ bψB
2g
2g
2
a0
a0
4

∆F =

(1.3)
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Allowed
interaction
term
2
2
ψB
$
+
ψB
$2 + ...
2g A1g
2g A1g
2
ψB
$2
2g B1g
ψB2g $B2g

Eﬀect to
critical temperature TS
TS ∼ $A1g + $2A1g
TS ∼ +$2B1g
Smears the phase transition

Table 1.3: Eﬀect of strains of each irreducible representation on the nematic phase transition.
The first column shows strains of each irreducible representation. The second column lists the
corresponding allowed interaction terms to leading orders. Note that these terms must be symmetry
preserving, i.e. A1g quantities. The third column lists the eﬀect of strains of each symmetry on the
nematic phase transition. Note that the order parameter can be induced by B2g strain, and hence
there will be no true thermodynamic phase transition in the presence of B2g strain. In practice, this
strain would smear the signature of the phase transition, turning a sharp feature into a crossover.
This means the eﬀect of A1g strain is to shift the phase transition in linear fashion to leading
order: TS ∼ $A1g + O($2A1g ).

The same analysis can be done with B1g strain. However, here the first allowed coupling term

2
is f ∼ ψB
$2 since any lower-order term will not be A1g object, and higher-order terms can only
2g B1g

involve even order of $B1g . This means that TS can only vary quadratically to leading order with
B1g strain: TS ∼ $2B1g + O($4B1g ).

B2g strain can couple bilinearly to the order parameter. Since the B2g strain breaks the same

symmetry as the nematic order parameter, it will induce nematic order in the disordered state,
and hence there will be no true thermodynamic phase transition in the presence of B2g strain. In
practice, this strain would smear the signature of the phase transition, turning a sharp feature into
a crossover.
The eﬀects of these strains are summarized in Table 1.3. Note that In my experimental setup,
care was taken to ensure that no Eg strains are present. Therefore, I omit the discussion of its eﬀect.

1.3.3

Eﬀect of strain on transport properties: Elastoresistivity

When a material is deformed, its resistance will change from two main mechanisms. Consider a
cylindrical shape conductor R = ρ Al , the fractional change of the resistance when the cylinder is
deformed is:
∆R
∆ρ ∆l ∆A
=
+
−
,
R
ρ
l
A

(1.4)

where R, ρ, l, and A are the resistance, resistivity, length, and cross section area of the cylinder,
respectively. The latter two terms are the geometric factor. The first term is the change in the
intrinsic property of the material and is the quantity of interest in this section.
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The change in resistivity to applied strain is
∆ρij (!) = ρij (!) − ρij (! = 0),

(1.5)

and the fractional change in resistivity is defined in the following way:
#

∆ρ
ρ

$

=%

ij

∆ρij (!)
%
.
ρii (! = 0) ρjj (! = 0)

(1.6)

Note that the repeated indices ii and &
jj do
may look
' not indicate summation. This
& definition
'
∆ρij
∆ρ
∆ρ
unintuitive at first, but simply defining ρ
= ρij does not work, since ρ
automatically
ij

xy

goes to infinity in an absence of magnetic field, as ρxy (! = 0) = 0. The reasoning for this definition
can be found in [54].
The elastoresistivity tensor (m) is a fourth rank tensor that relates the ij elastoresistivity component to the kl strain component. It is defined in the following equation
#

∆ρ
ρ

$

=
ij

(

mijkl $kl .

(1.7)

kl

All the above definition is in cartesian coordinate, which is unintuitive to work with. We then
extend the concept of symmetry coordinates introduced above to the definition of the fractional
change of the resistivity as well. For the D4h point group, the fractional change of the resistivity
expressed in the symmetry coordinates are
#
#

∆ρ
ρ

$
$

A1g,1

∆ρ
ρ A1g,2
#
$
∆ρ
ρ B1g
#
$
∆ρ
ρ B2g
#
$
∆ρ
ρ Eg

)#
$
#
$ *
1
∆ρ
∆ρ
=
+
2
ρ xx
ρ yy
#
$
∆ρ
=
ρ zz
)#
$
#
$ *
1
∆ρ
∆ρ
=
−
2
ρ xx
ρ yy
#
$
∆ρ
=
ρ xy
)#
$
#
$ *
∆ρ
∆ρ
=
,
.
ρ xz
ρ yz

(1.8)

The elasto-resistivity relation can be written in the symmetry coordinates as
#
where α, α′ =A1g,1 , A1g,2 , B1g , ....

∆ρ
ρ

$

=
α

(
α′

mαα′ $α′ ,

(1.9)
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The relation above seems to be as complex as the cartesian one. However, let’s consider the
coeﬃcient mαβ . This quantity relates
& 'strain of symmetry β to the fractional change of resistivity of
symmetry α through the relation ∆ρ
= mαβ $β . Since mαβ is a physical property of the material,
ρ
α

it should not change under symmetry transformation. The implication here is that mαβ is non-zero
& '
only when α = β. This is because for α ∕= β, there exist a transformation R that transform ∆ρ
ρ
α

and $β diﬀerently, making the relation self contradictory.
The relation 1.9 then reduced to
#

∆ρ
ρ

$

= mαα $α .

(1.10)

α

It should also be noted that the fractional change in resistivity
and strain of diﬀerent symmetry
& '
+
∆ρ
can be related to a higher-order expansion, for example ρ
= βγ mα,βγ $β $γ , as long as $β $γ
α
& '
has the same symmetry as ∆ρ
.
The
full
discussion
of
elastoresistivity
tensor under symmetry
ρ
α

constraints can be found in references [55, 54].

& '
To measure the elastoresistivity coeﬃcient mαα , simply dividing ∆ρ
by $α does not work.
ρ
α
& '
∆ρ
This is because
can depend on higher order polynomial of $α . There is also an experiρ
α
& '
mental concern - a small uncertainty in $α can cause large uncertainty in ∆ρ
, especially if the
ρ
α

measurement has to be done in the small $α region. An accurate way to define and measure the
elastoresistivity coeﬃcient is using the following relation:
mαα

d
=
d$α

This can be achieved by measuring the slope of

#
&

∆ρ
ρ

∆ρ
ρ

will discuss how this is done using oscillating strain.

'

$ ,
,
,
,

α

.

(1.11)

α #=0

vs $α in the linear regime. In Section 2.4, I

It is diﬃcult to calculate the elastoresistivity away from the phase transition since one would
need to consider all the microscopic details of the system. However, close to the phase transition,
Landau theory provides a good phenomenological model that allows us to predict the behavior at
this region without having microscopic insights. Next, I will discuss elastoresistivity caused by B2g ,
A1g , and B1g strain.
Elastoresistivity caused by B2g strain
As the temperature is reduced below the nematic phase transition, anisotropy in both electronic
and lattice degrees of freedom will appear due to the breaking of the C4 rotational symmetry. This
anisotropy will also manifest in the resistivity of the material (also any other tensor properties of
the material). However, since there is a coupling between the lattice and the electronic degrees of
freedom, the anisotropy can be induced by applying strain of the same symmetry. This is the origin
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of the B2g elastoresistivity. In a small anisotropy limit, it is assumed that this anisotropy will be
directly proportional to the order parameter, i.e.
#

∆ρ
ρ

$

B2g

∝ ψB2g = gT,x ψB2g ,

(1.12)

where gT,x is a proportionality constant that in principle can be both temperature dependent and
doping dependent. Previous measurements have revealed that the temperature dependence is small
[17], but the doping dependence can potentially be significant [56].
To calculate ψB2g , consider the free energy in the presence of B2g strain:
∆F =

1
1 4
2
a0 (T − T ∗ )ψB
+ bψB
+ λψB2g $B2g ,
2g
2g
2
4

(1.13)

where λ is the nemato-elastic coupling. Minimizing this free energy with respect to the order
parameter and assume the quartic term is small in the disorder state, one obtains
ψB2g =

λ$B2g
= λχB2g $B2g .
a0 (T − T ∗ )

(1.14)

Substituting this into Eq. 1.12, the elastoresistivity caused by B2g strain is
#

∆ρ
ρ

$

= gT,x ψB2g =
B2g

gT,x λ$B2g
= gT,x λχB2g $B2g ,
a0 (T − T ∗ )

(1.15)

where χB2g = 1/a0 (T − T ∗ ) is the nematic susceptibility. Comparing this to the relation in Eq. 1.10,
one can relate the elastoresistivity coeﬃcient to the nematic susceptibility as
mB2g ,B2g = gT,x λχB2g ∝ χB2g .

(1.16)

Our group has developed techniques to measure the elastoresistivity coeﬃcient, most notably the
amplitude demodulation methos [57] with either the modified Montgomery geometry [47, 58], or
the transverse resistivity configuration [54, 59]. With the geometry of our experiment setup, the
transverse resistivity is the most appropriate method. The details will be described in Section 2.4.
Elastoresistivity caused by A1g and B1g strain
The Landau treatment of A1g and B1g strain has been shown in Section 1.3.2, and it is concluded
that A1g and B1g strain only renormalize the critical temperature TS of the B2g nematic phase
transition. It is possible that there may be a B1g nematic component, in which case, a treatment
similar to B2g elastoresistivity is required. However it is found that the elastoresistivity coeﬃcient
mB1g ,B1g , a quantity that is directly proportional to the B1g nematic susceptibility χB1g , is very
small [17]. This suggests that B1g strain does not induce noticeable anisotropy to the system.
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Close enough to the phase transition, one can express the critical temperature as a function
of reduced temperature: ρij = ρij (T − TS ($A1g , $B1g )). The elastoresistivity can be calculated by
taking a derivative of the resistivity with respect to strain and applying the chain rule:
∂ρij
∂ρij ∂TS
=
.
∂$A1g
∂TS ∂$A1g
Using the relationship
that

∂ρ
∂TS

(1.17)

∂ρ
= − ∂T
(this comes directly from ρij = ρij (T − TS ($A1g , $B1g ))), one finds

∂ρij
∂ρij ∂TS
=−
.
∂$A1g
∂T ∂$A1g

(1.18)

The same treatment can be done for the B1g strain. The implication here is that the A1g and
B1g elastoresistivity will be directly proportional to the temperature derivative of the resistivity.
This result will be very useful in determining the critical temperature TS via Fisher-Langer relation
between ∂ρ/∂T and Cp [60], which will be discussed in Section 2.3.2.

1.3.4

Eﬀect of strain on thermodynamics properties: Elastocaloric eﬀect

Strain can also aﬀect the thermodynamic properties of a material. This is due to the change of
entropy when the material is deformed. This is precisely the definition of the elastocaloric eﬀect: the
change of entropy in response
the elastocaloric
coeﬃcient
& to
' strain. Under isothermal conditions, &
'
∂S
∂S
can be defined as ηij = ∂#ij
in cartesian coordinate, or ηα = ∂#α
in the symmetry
T,#̃

T,#̃

coordinates, where α labels the diﬀerent irreducible representations of the point group, and $̃ denote
other strain components. In this section, I will discuss the elastocaloric eﬀect that comes from A1g
and B1g strain. The B2g elastocaloric eﬀect is also very interesting in its own right, but since it is
not relevant to this thesis work, I refer the reader to the following reference for more detail [56].
Elastocaloric eﬀect caused by A1g and B1g strain
The primary mechanism by which A1g and B1g strains change the entropy landscape is by shifting
the critical temperature. Presumably smaller, more subtle eﬀects arise from strain-induced changes
to the phonon spectrum, but suﬃciently close to the critical temperature, these eﬀects are dominated
by the critical behavior, which is our focus. Suppose the critical temperature is a function if strain,
TS ($), where $ is a short hand for $A1g or $B1g . From Landau theory, thermodynamic quantities
close to the phase transition can be written as a function of the ‘distance’ from TS . The critical part
of the entropy and the heat capacity is then S crit = S crit (T − TS ($)) and C crit = C crit (T − TS ($))
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respectively. Here the elastocaloric coeﬃcient is then
∂S
∂S crit dTS
=
∂$
∂TS d$
∂S crit dTS
C crit dTS
=−
=−
.
∂T d$
T d$

(1.19)

Note here that since the non-critical part of the entropy varies very little with strain, to a high
degree of accuracy

∂S
∂#

≃

∂S crit
∂# .

A direct consequence of this is that the A1g and B1g elastocaloric

eﬀect are direct measures for the critical part of the heat capacity. This means it can be used as a
direct probe for the critical part of the heat capacity.
The method used to measure the elastocaloric eﬀect is the AC elastocaloric eﬀect developed in
our group [61]. The signal-to-noise ratio of this method is noticeably higher than the relaxation time
method, because it measures the critical part of the heat capacity without having to subtract the
phononic background. In addition, as this is an AC technique, the signal can be detected using the
lock-in amplifying technique. It is also less time consuming than the usual relaxation time method
- one data point would take time in the order of a second compared to a minute for relaxation time
method. The measurement can also be done in a quasi-static fashion - there is no need to stabilize
the temperature between the data points.
In order to measure this eﬀect, a favorable thermodynamic condition must be met. This eﬀect
cannot be observed in an isothermal condition since any heat generated by the elastocaloric eﬀect
is dissipated to the thermal reservoir. However, in an adiabatic condition, where the total entropy
is constant, the temperature of the material must change to compensate for the entropy generated
by the elastocaloric eﬀect. The elastocaloric eﬀect can then be measured in this scenario.
Under an adiabatic condition, the change of entropy has to be zero, dS = 0. The entropy change
can be expressed in terms of partial derivatives of temperature and strain:
dS(T, $) =

#

∂S
∂T

$

dT +
#

#

∂S
∂$

$

d$,

(1.20)

T

The first term ∂S/∂T is the total heat capacity of the sample, C/T . Substitute the result from Eq.
1.19, and equate this to zero, one arrives at the relation
dT =

C crit dTS
d$.
C d$

(1.21)

Therefore, in an adiabatic condition, the critical part of the specific heat can be probed by measuring
the temperature change of the sample induced by the applied A1g and B1g strains. This temperature
change is usually very small and in the milli-Kelvin range. I will discuss the experimental method
to measure this temperature change in the next chapter in Section 2.3.3
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Thesis layout

In the next chapter, I present the experimental methods used in this thesis. The experimental
process starts from material synthesis and preparation for measurement, including crystal growth,
cutting, cleaving, and patterning microstructure (which is relevant in Chapter 5). The samples are
then ready for measurements under hydrostatic pressure and uniaxial stress measurements. The
technique that we used to determine the critical temperature of the nematic phase transition is
explained. Finally, relevant to the experiment in Chapter 5, elastoresitivity formalism is introduced.
The central theme of this thesis is to use symmetry-breaking strain to tune the critical temperature of the nematic phase transition and hence probe nematic quantum criticality. These experiments are presented in Chapter 3 and Chapter 4. First, I established symmetry-breaking strain
as an eﬀective tuning parameter in Chapter 3. By comparing the eﬀect of hydrostatic pressure
and uniaxial stress on the critical temperature TS , the eﬀect of each irreducible representation of
strain can be distinguished. This also presents a new perspective in which a stress-based tuning
parameter such as hydrostatic pressure can be dissected further into strain of diﬀering symmetries,
providing further insights into microscopic physics. The experiment is done for the prototypical
iron-based superconductor, Ba(Fe0.975 Co0.025 )2 As2 . The technique established in Chapter 3 is then
used to systematically study the strain-tuning eﬀect of nematic order in the cobalt-doped series of
BaFe2 As2 in Chapter 4. It is found that symmetry breaking strain becomes more eﬀective at tuning
nematic order close to the optimally doped composition. This turns out to be a direct consequence
of quantum criticality, as a power-law behavior of TS is observed as a function of strain, providing
direct evidence for nematic quantum criticality. This power-law behavior extends through a wide
region of the phase diagram and approximately correlates to where the material superconducts indicating a possible‘ interplay between superconductivity and nematic quantum criticality.
These perspectives open up many possibilities to use strain to probe nematic quantum criticality.
One, in particular, is to measure physical properties while tuning the material towards/away from the
quantum critical point with strain. I demonstrated this in Chapter 5, where I attempted to measure
a nematic susceptibility while tuning with strain. This method is enabled by a novel conjugate field
which consists of z-direction magnetic field Hz and time-dependent B1g strain, $̇B1g . Even though
the signal associated with this coupling can be observed, it does not have the expected temperature
dependence, pointing towards other microscopic origin. Although this final experiment yielded a
null result, it builds a framework which can be used in other material system where the coupling
could be larger, such as in other Fe-based superconductors, or in 4f quadrupolar system.

Chapter 2

Experimental Methods
2.1

Material preparation for strain measurements

Cobalt-substituted BeFe2 As2 single crystals were grown from a FeAs flux following the technique
which has been published and described in greater detail in papers and theses by previous students
in our group [7, 62]. Crystals were extracted mechanically. They tend to grow in a plate-like
shape with [001] crystallographic direction perpendicular to the plane and have facets along [100]
crystallographic direction. Samples were cleaved along [001] to a thickness of 50µm before cutting
along [100], as it is more challenging to cut long [100] for a thick sample. To cleave the sample, it
is advised to hold it vertically (with the sample surface perpendicular to the working surface), then
slowly press a scalpel blade parallel to the plate’s surface. If done correctly, the sample should break
into two pieces with minimum steps on the surface. This technique should be applicable for samples
thicker than 50µm. For smaller samples, place the sample on a flat surface, lay the scalpel blade
parallel to the sample’s surface and slowly push the blade into the sample. To cut the sample along
[100], align the scalpel along the facets of the crystal, then use the tip of the scalpel to knick at the
edge of the crystal (wiggle slightly if needed), the crack should propagate along the [100] direction.
Samples prepared for the uniaxial stress experiments should be >1mm in length, ∼ 300 − 500µm

in width in width, and between 20µm to 40µm in thickness. We found that thinner samples mechanically fail more often, and we found a drop in strain transmitted for thicker samples. Since the
strain transmission depends on the cross-section area, narrower samples can tolerate more thickness.
4-point Electrical contacts were made by aﬃxing gold wires onto the sample surface using Chipquik
SMD291AX10T5 solder and cured at 200◦ C until the solder hardens (this usually takes only 15
seconds). Contact resistance should be checked with a multimeter and have a value of ∼ 1Ω. This
sample is then ready for mounting on a uniaxial stress cell which will be described in Section 2.2.2.
For experiments described towards the end of my thesis (Chapter 5), it becomes extremely
important to have very well controlled electrical contact placement, as the signal is anticipated to be
22
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extremely small. This necessitated preparations of crystals using Focused Ion Beam (FIB). This is a
standard technique, and interested readers are pointed to other literature for a detailed description of
how it works [63]. For the purpose of this thesis, it is suﬃcient to say that beams of high energy ions
are used to mill away parts of samples, revealing a well-defined path for current flow and accurately
defined voltage contacts.
Before milling in the FIB, samples were cut and cleaved into typical dimensions of
300µm×300µm×10µm. It is crucial to have the samples no thicker than 20µm, as this will present
many problems during the milling process. Gold was sputtered on top of the sample to create a
well-connected electrical contact using a Cressington 108 Manual Sputter Coater. The sample was
then glued onto the PZT stack using Angstrom Bond AB9110LV epoxy. Scale bar in the microscopes
can be used as an aid when aligning samples to the strain axis. Be careful to keep the sample surface
clean during the whole process. The Angstrom Bond is fully cured by leaving at room temperature
for 18 hours, or at 65◦ C for 1 hour. If the (65◦ C) cure option is needed, it is advised to leave the
Angstrom Bond at room temperature for 1 hour to stiﬀen up before starting the (65◦ C) cure. This
is because fresh Angstrom Bond has very low viscosity at (65◦ C). Heating the epoxy right after the
application can cause it to move around due to capillary force, changing the sample orientation.
After the epoxy is set, gold wires are then aﬃxed to the sample using the EPO-TEK H-20E 2-part
silver epoxy cured at 120◦ C for 15 minutes. During these high temperature cures (both for the
Angstrom Bond and the H-20E), the + and − leads of the PZT stack should be shorted together to
prevent voltage build up on the PZT. The sample is then ready for a FIB milling process.

After the milling process, the sample should be checked for contact resistance. Do not use
a multimeter to measure the resistance directly, as the current output from the multimeter can
permanently damage the microstructure. Instead, in my experiment, the current was sourced using
Stanford Research SR860 through a 1kΩ resistor, and the voltage was measured using the same
instrument. The current should be kept small (∼ 100µA) during this measurement. Typical 2-point
contact resistance for 1µm thick microstructure is around 20Ω − 30Ω, and the resistance between

two voltage contact measuring with 4-point method should be ∼ 5Ω − 10Ω. The transverse voltage
due to contact misalignment should be < 1% of the longitudinal voltage. If these numbers fall

too far out of range, they should be inspected for short circuit or mechanical failures using either
a high-resolution microscope or SEM inside the FIB machine. Depending on the issue found, the
sample may be salvaged by milling it for the second time, or a new sample has to be prepared.

2.2

Application of stress to the materials

This section outlines three techniques utilized to deform the material: sample on PZT, uniaxial stress,
and hydrostatic pressure. Each of these techniques has diﬀerent stress characteristics and, therefore,
will yield diﬀerent combinations of strains. A combination of uniaxial stress and hydrostatic pressure
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is the basis for the symmetry decomposition technique. The sample on PZT stack was used in
Chapter 5, due to the need for microstructuring the sample.

2.2.1

Lead-Zirconium-Titanate (PZT) stack

Lead-zirconium-titanate (PZT) is a piezoelectric material - i.e. a material that deforms when applying voltage. It can be used to apply stress to the samples; simply gluing the sample on top of a PZT
stack can transmit stress through the glue. Moreover, PZT stacks are active components inside the
uniaxial stress cell that will be discussed in the next section.
Strain characteristic
The PZT stack used in the experiments is from Piezomechanik GmbH model PSt150/5×5/7 cryo 1.
This type of PZT deforms in a biaxial fashion when voltage is applied. Under positive voltage, the
PZT will elongate along its poling axis and contract along its transverse axis. The Poisson ratio of
the PZT stack νP characterizes the ratio between the strain in the x- and y-direction according to
the relation $yy = −νP $xx . This number is slightly temperature dependent, but in the temperature
range of my experiment, the value is approximately temperature independent at ∼ 2.3 [47]. In an

ideal situation, where there is no strain relaxation through the glue, the strain response of the sample
should be exactly the same as the PZT, i.e. $sample
= $PZT
= $xx and $sample
= $PZT
= $yy , and
xx
xx
yy
yy
since the sample is not fixed in the z-axis, it will deform according to its out of plane Poisson’s ratio.
However, since the glue is not infinitely stiﬀ, there will be strain relaxation, and the strain response
of the sample will be reduced. The strain relaxation has been characterized elsewhere [47] by fixing
a strain gauge on top of a large sample. It is found that the strain response of the sample is ∼80%

of the strain on the PZT and only has a weak temperature dependence. Since I am looking for a
divergence in elastoresistivity as a function of temperature, this weak temperature dependence does
not aﬀect the conclusion of my experiment in Chapter 5 as long as there is enough strain transmitted
to the sample.
Various types of glue can be used to fix the sample to the PZT, for example, Devcon 5-minute
epoxy, Devcon two-tonne epoxy, and Angstrom Bond AB9110LV. These have been tested to deliver
adequate strain transmission for temperature under 250K ( > 80%). Angstrom Bond AB9110LV
is my preferred choice. The Angstrom Bond is fully cured by leaving at room temperature for 18
hours, or at 65◦ C for 1 hour. If the (65◦ C) cure option is needed, it is advised to leave the Angstrom
Bond at room temperature for 1 hour to stiﬀen up before starting the (65◦ C) cure. This is because
fresh Angstrom Bond has very low viscosity at (65◦ C). Heating the epoxy right after the application
can cause it to move around due to capillary force, changing the sample orientation.
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Measuring strain
Strain can be estimated by aﬃxing a resistive strain gauge (Vishay Precision WK-06-062TT-350) to
the back of the PZT stack. Under the assumption that the sample (aﬃxed to the other side of the
PZT stack) is suﬃciently thin so as to not aﬀect the PZT deformation, and also assuming a similar
strain relaxation in the glue layer on each side of the stack, the strain experienced by the strain gauge
can then be used to estimate that of the sample. This has been tested by also aﬃxing a strain gauge
to the top of the sample [47]. This strain gauge has very small elastic moduli and will experience
almost 100% of the strain, making the measurement very accurate. Since this strain gauge is made
of Karma alloy folded into a meander shape, it will only be sensitive to the deformation in the
meander direction. The gauge factor (GF), usually provided by the manufacturer, is defined as the
ratio between the fractional change of resistance ∆R/R and strain $:
GF =

∆R
R0

-

$,

(2.1)

where R0 is the free-standing resistance value (∼ 350 Ω), and the gauge factor is ∼ 2. The strain
can therefore be inferred from this relation.

The change in resistance of the strain gauge is measured using the usual four point resistance
probes with oﬀset expand mode in Stanford Research SR860 Lock-In amplifier. Current is sourced
by connecting the output of the lock-in amplifier in series with a 1kΩ resistor ensures a constant
current through the strain gauge.

2.2.2

Uniaxial stress cell

The uniaxial stress experiment is carried out in a commercially available strain device ((CS100,
Razorbill Instrument). The device is constructed using three piezoelectric stacks (PZT) based on
the design by Hicks et al.[64] this is illustrated in figure 2.1. This design enables the full utilization
of the PZT’s expansions - yielding up to 1.5% tensile and compressive strain, which in our case
exceeds the yield strength of the samples. Furthermore, the design compensates for the thermal
expansion of the PZT stacks. The only other source of any eventual temperature dependence of
strain at a fixed voltage is the diﬀerence in thermal expansion of the sample and the cell body. In
this case, it is found that the thermal expansion of titanium and Ba(Fe1−x Cox )2 As2 are matched at
all temperatures [65]. This means the strain response of the sample is almost perfectly independent
of temperature at a fixed voltage applied to the PZT stacks.
Mounting procedure
After several trial and error, summary of the most recent mounting procedure is presented below:
1. First, the bottom mounting plate needs to be glued onto the cell body using Devcon 2-part
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V - I-

D
Top mounting
plates
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papers under
the sample

Sample
Bottom mounting
plates

Figure 2.1: (A) The design of the Razorbill CS100 cell. Samples is deformed by applying voltages
into the outer and the inner PZT stacks. This design compensates for thermal expansion of the PZT
(the inner and outer will expand at the same rate, cancelling out each other), and also converts all
the length change of the PZT into the sample. (B) Picture of a working Razorbill cell. A Cernox
thermometer is attached and thermally anchored to the cell body. Picture taken by Matthias Ikeda.
(C) Schematic showing the assembly procedure. The sample is glued on top of bottom mounting
plates and is electrically separated by thin cigarette papers. (D) shows the final arrangement where
the top mounting plates are glued on top of the sample and aﬃxed to the cell by screws to provide
uniform strain along the z-direction.
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five-minute epoxy. This can be done by screwing the bottom mounting plates to the cell body
at an appropriate position. Make sure that the plate separation is correct and the mounting
plates are aligned to the strain axis. The glue can then be applied to the side of the mounting
plate. The capillary force will draw in the glue.
2. Once the epoxy dries, remove the screws. (The plates should not move when removing the
screws. Reapply the glue if the plates move.) Glue cigarette papers (∼ 30µm in thickness) or
any thin insulators to the tip of the lower mounting plates using Devcon 2-part five minute
epoxy. This step is to electrically insulate the sample and the cell body.
3. Once the epoxy dries, glue the sample onto the bottom mounting plate using 2-part five-minute
epoxy. Press the end of the samples lightly with a small, thin wooden piece to ensure good
contact with the mounting plate. Adjust the alignment as needed. Wait until the epoxy dries.
4. Screw the top mounting plate on top of the lower mounting plate separated by washers of
fixed thickness to obtain uniform stress across the sample’s cross-section. Make sure the top
mounting plate is aligned with the lower mounting plate. At this stage, check for an electrical
connection between the sample and the plate. If the sample and the top mounting plate
are shorted together, insert small pieces of cigarette paper between the sample and the top
mounting plates.
5. Gluing the sample and top mounting plate together by dropping Devcon two-tonne epoxy in
the middle hole of the top mounting plate, until the epoxy started to come out on the side.
Be careful not to have this spilled onto the sample surface. It was found that the 5-minute
epoxy cannot sustain maximum strain exerted by the strain cell, so a stronger epoxy like the
two-tonne is recommended.
6. It should be noted that it takes 30 minutes for two-tonne epoxy to be stable and 24 hours
to harden fully. The hardening can be sped up by heating the probe at 80◦ C for 40-minute.
WARNING: the PZT inside the cell must be shorted together during this curing process to
prevent voltage build-up in the PZT stacks, which can permanently damage the cell.
7. (Optional) Thin layer of glue (Angstrom Bond AB9110LV is recommended) can be used to
coat the sample to increase the strength of the sample. This is because the glue can penetrate
small cracks inside the sample, preventing the cracks from propagating. This will increase the
strain range significantly.
Applying stress
Stress is applied to the sample by controlling voltage to the outer and inner PZT stacks of the
stress cell. We use the inner PZT stack to apply only DC oﬀset stress, while the outer stacks apply
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oscillating stress on top of DC oﬀset stress. The voltages across the outer stacks are controlled using
Stanford Research SR860 Lock-In amplifier and amplified by a factor of 25 through a Tegam 2350
precision power amplifier. The inner stacks are controlled using an auxiliary output of the SR860
and amplified by a factor of 25 through a Piezosystem Jena SVR 350-1 bipolar voltage amplifier.
Measuring strain
The CS100 uniaxial stress cell is equipped with a capacitance sensor for measuring the change in
mounting plate separation. The capacitance is sampled using an Andeen-Hagerling AH2550A capacitance bridge. To calculate strain, capacitance is converted to displacement using the displacementcapacitance curve characterized by Razorbill. This curve relates mounting plate displacement d and
change in capacitance from its zero displacement point C − C0 . The tricky aspect of this conversion
is that the zero-displacement capacitance C0 is temperature dependent due to the thermal expansion
of the titanium. It is also not the same in each run, e.g. C0 (300 K) change from run to run. This
eﬀect comes from a few factors. The PZT has hysteresis, and the zero-displacement capacitance will
depend on where the PZT is in the hysteresis loop. Also, when the sample is attached to the cell, a
small amount of strain can be imposed on the cell body due to glue hardening, which can alter the
capacitance slightly. In order to account for this eﬀect, first, the zero displacement capacitance is
normalized by its value at 300K C/C(300K). Then this quantity is fitted as a function of temperature to a 4th order polynomials. The capacitance value at 300K should be recorded at the start of
a measurement. The zero-displacement point at any temperature can then be deduced by putting
in the temperature and C(300K) into this fit.
Once the displacement d is calculated using the method outlined above, the nominal strain
along the x-direction, $disp
xx , can be calculated by divide this displacement by the zero-volt mounting
plate separation. Due to strain relaxation eﬀects within the glue layers and the mounting plates,
the actual strain, $xx will be diﬀerent from the nominal value $disp
xx due to glue relaxation. Finite
element simulation shows this relaxation causes the strain response of the sample to drop from its
nominal value by a factor of 0.7 ± 0.07 [65] This will be discussed further in Chapter 3.
Thermometry
Since the cell has a sizable thermal mass, there will be a significant temperature lag between the cell
body and the cryostat. Therefore, to achieve accurate temperature measurement, a Cernox CX-150
temperature sensor was attached to the strain device’s body and sampled using Lakeshore 336. The
sensor is attached firmly with the body with a screw and a washer, and the wires are thermally
anchored to the cell body by wrapping it at least three turns around a stainless steel pole that was
screwed to the cell body. The temperature sweep rate is set to 0.5K/minute for all measurements
yielding a temperature lag of the sample to the cell body of around 0.1K. The cooldown and warmup rate should never exceed 10K/minute, and the voltage across the PZTs need to be monitored
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during the cooldown/warm-up (by shorting or connecting to a voltage source) to prevent damages
to the cell.

2.2.3

Hydrostatic pressure

Hydrostatic pressure experiments were performed using a Quantum Design HPC-30 Cu-Be based
self-clamping pressure cell. Although this version is no longer commercially available, information on
the very similar updated version, HPC-33, can be found on the Quantum Design website. The sample
was loaded according to the procedure suggested by the manufacturer. Hydrostatic pressure up to
∼2.5 GPa can be applied using a hydraulic press, and Daphne Oil 7373 is used as a pressure transfer

medium. The freezing point of the Daphne oil is always below room temperature for pressures
less than 2 GPa, which ensures a high degree of hydrostaticity throughout the pressure range [66].
Pressure measurements were performed by probing the superconducting transition temperature of a
lead manometer [67]. In addition, the temperature dependence of the hydrostatic pressure within the
HPC-30 pressure cell was determined by calibration measurements using both a lead and a manganin
manometer [68]. Below 100K, the hydrostatic pressure was found to be almost independent of
temperature. All the hydrostatic pressure measurements were done using the resistivity option in
Quantum Design Physical Properties Measurement System (PPMS).

2.3

Measuring the critical temperatures TS of the nematic
phase transition

The primary experiments described in this thesis revolve around measuring the change in the critical
temperature of the nematic phase transition of certain iron-based superconductors as a function of
strain. Hence, we need first to establish how best to measure TS .
The signature of a phase transition usually comes in the form of anomalies in thermodynamic
quantities because a phase transition is characterized by divergence of certain derivatives of appropriate thermodynamic potentials. Examples are a peak-like anomaly with hysteresis in heat
capacity, which indicates a first-order transition, or a step-like anomaly in heat capacity, which indicates mean-field second-order transition. When a true thermodynamic transition occurs, the critical
temperature of the phase transition can be determined without ambiguity - because the transition is
sharp, the critical temperature is at the point of anomaly. In reality, the anomaly is often rounded
to some extend, due to imperfection or the presence of conjugate field to the order parameter. In
this work, we are concerned to measure the the critical temperature of the nematic phase tarnsition,
TS . As mentioned in chapter 1, the nematic is characterized by an Ising order parameter. The upper
critical dimension of the Ising model with long range strain interaction is 2 [69, 70] and hence the
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phase transition is mean-field. As a consequence, the heat capacity in an ideal case, is the characteristic vertical step. The critical temperature of the nematic phase transition is approximated
to be at the extremum of the temperature derivative of the heat capacity. This may present some
inaccuracy in TS , as there is no guarantee that any rounding sur to sample inhomogeneity will be
symmetrical around TS ; however, this is not significant because we are interested in the variation in
TS as a function of strain, not its absolute value. We then fit the feature to Gaussian distribution.
TS is then defined as the mean, and the standard deviation is the 95% confident interval of the fit
parameter.
There are, however, problems associated with using heat capacity to determine the transition
temperatures. With the relaxation time method, there is a need to thermally isolate the sample,
which is very diﬃcult to do while deforming the material. It is also time-consuming, and the signalto-noise ratio is low. The problems here can be avoided using transport measurement, enabled
by Fisher-Langer theorem [60], which relates heat capacity of the critical degrees of freedom and
temperature derivatives of heat capacity. This is the basis for using resistivity and elastoresistivity
to determine TS . In some samples, elastocaloric eﬀect is also used to determine TS , since this is a
direct probe to the critical part of heat capacity (see Section 1.3.4).
The Fisher-Langer theorem
Before jumping into the experimental details, I would like to discuss the Fisher-Langer theorem
briefly. Fisher and Langer argued in their seminal paper [60] that the dominant contribution to
the magnetic resistivity ρmag of a metal is due to short-range magnetic fluctuation, and dρmag /dT
should vary like the magnetic specific heat. The derivation is carried out in a localized ferromagnet
with conduction electrons; however, empirical evidence and further theoretical treatments have
shown that this result is also pertinent with other types of long-range orders such as itinerant
magnet or electronic nematic order [71]. Figure 2.2 shows the comparison between heat capacity,
the temperature derivative of the resistivity, elastoresistivity, and elastocaloric measurements in
the prototypical Ba(Fe0.975 Co0.025 )2 As2 . Even though some diﬀerences can be seen between these
measurements, the critical temperatures determined from each method are identical. This guarantees
that the three techniques I will discuss below are valid ways to measure the critical temperature.

2.3.1

Resistivity

The anomaly associated with nematic phase transition in heat capacity comes in the form of a
mean-field step. This anomaly is usually sharp at lower cobalt concentrations but broadens at higher
concentrations. According to the Fisher-Langer relation, this step-like anomaly will be seen in the
temperature derivative of the resistivity. Therefore, one can extract the critical temperature TS by
fitting a Gaussian distribution to the second derivative of the resistivity d2 ρ/dT 2 . The example can
be seen in Fig.2.4A, taken from the hydrostatic pressure experiment. At 4.8% cobalt concentration,
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Figure 2.3: Schematic explanation of the amplitude demodulation method. The oscillating voltage
signal of frequency fc is modulated by the change of resistivity via elastoresistivity at frequency fs .
This resulted in the signal in the middle panel which is described by 3 Fourier components. The
amplitude of the resistivity change due to strain can be measured by lock in to the sideband signal.
The mathematical description can be found in the main text.
A1g and B1g elastoresistivity and the temperature derivative of the resistivity as
∂ρ
∂ρ ∂TS
∂ρ
=−
∝
∝ C crit .
∂$xx
∂T ∂$xx
∂T

(2.3)

This result suggests that elastoresistivity can also be used as a probe for heat capacity close to the
phase transition. In order to measure this quantity, we use the amplitude demodulation method
developed in [57]. Here I briefly explain the method below.
The amplitude demodulation method
Measurement of elastoresistivity via amplitude demodulation method was developed in our group
and explained in this paper [57]. Below is a brief outline of how the method works in the context of
my experiment, and the schematic explanation is shown in Fig.2.3.
When oscillating strain is applied to the sample, the resistance of the sample will oscillate as
a response to strain via the elastoresistivity eﬀect. The key is to measure the amplitude of this
resistance oscillation. Slow oscillating strain (usually around 3 Hz) is applied on top of DC oﬀset
strain by applying a corresponding voltage signal to the outer PZT stacks. The resistance of the
sample as a function of time can be expressed as
R($xx,0 + δ(t)) = R($0 ) +

,
dR ,,
× δ0 sin(ωs t).
d$xx ,#=#0

(2.4)

Here, δ(t) is a small oscillating strain, and ωs is its frequency. AC current of ∼100Hz is passed
through the sample resulting in an AC voltage with slowly varying amplitude which can be expressed
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as
,
I0 dR ,,
V = I(t)R(t) = I0 sin(ωc t) × R($0 ) +
δ0 × [cos(ωc − ωs )t − cos(ωc + ωs )t]
2 d$xx ,#=#0

(2.5)

where ωc is the carrier frequency, and the last term is obtained from trigonometry product identity.
Notice that the quantity dR/d$xx in the second term on the right-hand side of the equation is
precisely elastoresistance of the sample, which is directly proportional to the critical part of the heat
capacity. This can be measured by lock-in detection of the sideband (at either frequency ωc ± ωs )

using the dual mode of a Stanford Research SR860 lock-in amplifier. The signal will appear in
the Y-component of the sideband, (since the sideband is cos(ωc ± ωs )). A step-like anomaly in this
sideband signal can then be used to identify the critical temperature (Fig.2.4B).

This technique is particularly useful in uniaxial stress experiments on samples with higher cobalt
concentrations. For these materials, the signature of the phase transition is smeared by disorder and
strain anisotropy. Thus a superior signal-to-noise ratio of this technique significantly reduces the
uncertainty in TS .

2.3.3

Elastocaloric eﬀect

Another method to obtain the critical temperature is to use the elastocaloric method, as shown
in Section 1.3.4, the temperature change due to elastocaloric eﬀect in an adiabatic condition is
directly proportional to the critical part of the heat capacity: dT =

C crit dTS
C
d# d$.

The tricky part of

this measurement is how to find an appropriate thermodynamic condition. Traditional elastocaloric
measurement is done using the relaxation time method: quickly ramping the applied stress to the
material and measuring temperature response. This method requires a high precision measurement
of a tiny signal. Instead, I use the new AC elastocaloric technique developed in our group [61].
Below is a brief outline of the technique.
AC Elastocaloric eﬀect
The following technique was developed in our group and published in this seminal paper [61]. Here
is a outline of this method in the context of my experiment.
First and foremost, this method must be done in an environment with minimal thermal contact
to the thermal reservoir. The uniaxial stress setup with Razorbill instrument stress cell is a desirable
choice. Temperature oscillation caused by oscillating strain via elastocaloric eﬀect is measured by
aﬃxing a type-E thermocouple onto the sample with a thin layer of Angstrom bond AB9110LV.
The thermocouple consists of Constantan and Chromel wires, each with diameters of 12.5 µm, spot
welded together. The other ends of the thermocouple are attached to the cell body as a reference
temperature. The signal is amplified using Stanford Research SR554 transformer preamplifier before
feeding into Stanford Research SR860 lock-in amplifier. (Note that the strain cell is excited using
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Figure 2.4: Measurement of the critical temperature TS . (A) Resistivity traces and their
temperature derivatives for a prototypical x = 4.8% ± 0.2% under various hydrostatic pressures.
The step like anomalies in dρ/dT found at high temperature of each trace signify the nematic phase
transition. TS is then located at the peak of d2 ρ/dT 2 . (B) sideband traces and their temperature
derivatives for a prototypical x = 4.8% ± 0.2% under various uniaxial stresses. The top panel
shows the sideband signal which is directly proportional to the elastoresistivity (ER). The nematic
phase transition occurs at the step-like anomalies in the ER traces. TS is thus located at the
peaks of d(ER)/dT . Reproduced from [72] with the permission of the American Association for the
Advancement of Science.

sample heat capacity is enhanced by about 15%. Further increasing
the frequency to values f > τθ−1 keeps the sample in a quasiadiabatic
regime, but the EC temperature oscillation is progressively decoupled from the thermometer at these higher frequencies. A quantitative analysis is difficult since the exact functional form of Cθ /CS (ω) is
unknown. The finite thermal length scale corrections applied to the
discretized thermal model (Fig. 3) give, however, a rough estimation for the thermal loading effect of the thermometer. Here, we are
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infinite strain frequency. However, there will be no heat leak into the environment at this frequency,
including to the thermocouple, rendering the measurement impossible. At low frequency limit, the
sample will be in thermal equilibrium with the heat bath at all times, yielding isothermal condition.
It is only in the intermediate frequency where a quasi-adiabatic condition is satisfied. The amount
of temperature oscillation detected by the thermocouple when changing frequency (and thus change
thermodynamics condition) is called the thermal transfer function.
Fig.2.5 shows a typical thermal transfer function. The y-axis is the signal from the thermocouple,
normalized by its maximum value. The middle part (frequency ∼ 30Hz) presents a plateau in which
the quasi-adiabatic condition is met. The temperature dependence of this frequency plateau is small;

therefore, setting the frequency at this plateau guarantee quasi-adiabatic condition throughout the
measurement. An example of elastocaloric measurement as a function of temperature and uniaxial
stress can be seen in Fig.2.6.

2.4

Measurement of nematic susceptibility

As I have shown in Section 1.3.3, the elastoresistivity coeﬃcient mB2g ,B2g is a proxy for the nematic
susceptibility. The technique I will be using to measure this quantity is called the transverse elastoresistivity method developed in [59]. This section will outline how to measure the mB2g ,B2g , however
the quantity measured in Chapter 5 is not exactly mB2g ,B2g since the nematic order parameter is not
induced by $B2g , but rather a new conjugate field $̇B2g Hz . This section will hopefully elucidate the

mate this ratio, we fit the transfer function (amplitude and phase
y ratio of thermometer and sample and the ratio
simultaneously) at 93 K using Eq. (5). The crossover from a constant
ts of thermalization τ θ /τ i . Since the heat capacity
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he plateau (τθ−1 > f > τi−1 ). This effect is weakwhere Θ(f − 10) is a Heaviside function and Cr 0 = 1.47 × 10−2 (so
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that Cr = 0.067 at 21 Hz). For the purpose of extracting the two charic transition temperature of the material where the
acteristic time constants τ θ and τ i , the frequency dependence of the
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Figure 2.6: Elastocaloric eﬀect with strain in the B1g + A1g configuration measured as a function of temperature for diﬀerent oﬀset strain. The rounded step-like feature associated with TS is
clearly visible, and it’s strain dependence can be readily extracted. Reproduced from [61] with the
permission of the American Institute of Physics.
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(2.6)

according to their definition in Eq. 1.6 and Eq. 1.8. The last equality comes from the fact that
ρxx = ρyy in the tetragonal phase. Therefore, simply measuring
the transverse resistivity in tandem
& '
∆ρ
with longitudinal resistivity is suﬃcient to calculate ρ
. It is important, however, to note
B2g

that the measurement of the transverse voltage Vy will have some part of the longitudinal voltage
Vx bleed into it due to the contact misalignment. To correct this, the measured transverse voltage
is written as
Vymeasured = Vy + l × Vx ,

(2.7)

where l is the geometric factor, which can be determined by measuring Vymeasured and Vx at room
temperature and zero strain, where Vy = 0. The setup is illustrated in Fig.2.7.
To measure the elastoresistivity coeﬃcient, one resort to the definition introduced in Section
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Figure 2.7: Figure illustrates measurement of elastoresistivity in transverse configuration. Sample
is glued 45◦ to the strain axis. The actual transverse voltage can be measured by subtracting the
longitudinal contamination from the measured transverse voltage as explained in the main text.
1.3.3:
mB2g ,B2g

d
=
d$B2g

#

∆ρ
ρ

$

,
,
,
,
B2g ,

=
#=0

where the last equality comes from Eq. 2.6 and that

1
dρxy
,
ρxx ($ = 0) d$B2g

d∆ρxy
d#B2g

=

dρxy
d#B2g

(2.8)

. ρxx is measured using the

standard lock-in technique using either Stanford Research SR830 or SR860. Similar to the previous
section, the quantity

dρxy
d#B2g

can be measured using the amplitude demodulation method.

The amplitude demodulation method
Just like in the previous section, oscillating strain is applied to the sample, causing the transverse
resistivity, and then transverse resistance Rxy , of the sample to oscillate:
Rxy ($B2g ,0 + δ(t)) = Rxy ($0 ) +

,
dRxy ,,
× δ0 sin(ωs t),
d$B2g ,#=#0

(2.9)

Here, δ(t) is a small oscillating B2g strain, and ωs is its frequency. Since the setup is sample-on-PZT,
there will be some oﬀset B2g strain that causes by the thermal expansion of the PZT and by the
glue hardening. This is represented by the term $B2g ,0 that is temperature-dependent. This oﬀset
strain will not aﬀect the measured mB2g ,B2g as long as it is in the linear dependence region, and it
has been shown previously with a prototypical iron-based superconductor using DC elastoresistivity
[73] that this is the case at all temperatures.
Sourcing current thought the sample at frequency ωc , the total overall voltage would result in 3
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frequency components in Fourier space:
,
I0 dRxy ,,
Vy = Ix (t)Rxy (t) = I0 sin(ωc t) × R($0 ) +
δ0 × (cos(ωc − ωs )t − cos(ωc + ωs )t) (2.10)
2 d$B2g ,#=#0

where ωc is the carrier frequency, and the last term is obtained from trigonometry product identity.
The signal will appear in the Y-component of the sideband, (since the sideband is cos(ωc ± ωs )). It

is detected using
the dual mode of a Stanford Research SR860 lock-in amplifier. From the sideband,
,
I0 dRxy ,
S = 2 d#B ,
δ0 , the elastoresistivity dρ/d$B2g can be calculated
2g

#=#0

dρxy
2St
=
,
d$B2g
I 0 δ0

(2.11)

where t is the thickness of the sample.
The amplitude of the B2g strain, δ0 , can also be measured by measuring the change in resistance
of the strain gauge, glued on the bottom of the PZT, using the amplitude demodulation method.
Similar to Eq. 2.10, the voltage on the strain gauge is
VSG = I0,SG sin(ωc′ t) × RSG ($0 ) +

,
I0,SG dRSG ,,
δ0,xx × (cos(ωc′ − ωs )t − cos(ωc′ + ωs )t), (2.12)
2
d$xx ,#=#0

where ωc′ is the frequency of the current through strain gauge, and since the strain gauge measures
either $xx or $yy , the δ measured will be in the xx or yy components. Using the definition of gauge
factor from Eq. 2.1,
GF =

1 dRSG
.
RSG d$xx

(2.13)

Since the gauge factor GF is measured accurately by the manufacturer, the
, strain amplitude δ0,xx
I0,SG dRSG ,
can be calculated by dividing the sideband amplitude SSG = 2
δ0,xx by the central
d#xx ,
#=#0

band amplitude CSG = I0,SG RSG ($0 ).

,
SSG
1 1 dRSG ,,
1
=
δ0,xx = GF × δ0,xx .
,
CSG
2 RSG d$xx #=#0
2

(2.14)

Since GF ≃ 2, the strain amplitude is simply

δ0,xx = SSG /CSG .
To calculate δ0,B2g , one can measure both δ0,xx and δ0,yy . Then δ0,B2g =

(2.15)
1
2 (δ0,xx

− δ0,yy ).

Alternatively, one can approximate this using the Poisson’s ratio of the PZT. Since δ0,yy = −νP δ0,xx ,
δ0,B2g = 12 (1 + νP )δ0,xx .

Chapter 3

Establishing symmetry-breaking
strain as a tuning parameter
We report the separate response of the critical temperature of the nematic phase transition TS to symmetric and antisymmetric strains for the prototypical underdoped iron pnictide Ba(Fe0.975 Co0.025 )2 As2 .
This decomposition is achieved by comparing the response of TS to in-plane uniaxial stress and hydrostatic pressure. In addition to quantifying the two distinct linear responses to symmetric strains,
we find a quadratic variation of TS as a response to antisymmetric strains εB1g = 12 (εxx -εyy ), exceeding the non linear response to symmetric strains by at least two orders of magnitude. These
observations establish orthogonal antisymmetric strain as a powerful tuning parameter for nematic
order. The results in this chapter are published in [65] and the text and figures are reproduced from
that reference with the permission of the American Physical Society. The experiment performed in
this chapter was done in close collaboration with M.S. Ikeda.

3.1

Introduction

Electronic nematic order is found in several families of Fe-based superconductors [74, 75, 76, 31,
17, 32, 77] and also suggested to be an important aspect within the phase diagram of at least
some cuprate high-temperature superconductors [78, 79, 80, 81, 82, 83, 84]. In order to assess the
relevance of nematic fluctuations for superconductivity [85, 86, 43, 42, 45, 47, 44, 87], new methods
are required to continuously tune the critical temperature of the nematic phase transition, with the
ultimate goal of potentially providing access to a nematic quantum phase transition with a smoothly
adjustable external parameter. Here we show how symmetric and antisymmetric strains induced by
external stresses can be used as separate tuning parameters for nematic order. We demonstrate this
for a representative underdoped Fe-pnictide, Ba(Fe0.975 Co0.025 )2 As2 , but emphasize that these ideas
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are quite general for nematic order. More broadly, the notions of symmetry decomposition that we
employ can be applied to access strains as tuning parameters for other types of phase transitions,
thus oﬀering a road map to gain further insight into most existing stress based phase diagrams.
The irreducible representations of the crystallographic point group provide a natural basis in
which to express strains experienced by a solid. Within the D4h point group, appropriate for the
specific material discussed in this paper, the 6 independent components of the strain tensor can
be decomposed into two components that are symmetric with respect to the primary (C4 ) rotation
of the point group ($A1g ,1 =
antisymmetric ($B1g =

1
2

1
2

($xx + $yy ), $A1g ,2 = $zz , Fig. 3.1(c)(i)) , two components that are

($xx − $yy ) and $B2g = $xy , Fig. 3.1(c)(ii) and (iii)) and two components

that belong to an Eg representation, comprising vertical shear, $Eg = ($xz , $yz ). The specific challenge
is to separately determine the eﬀects of each of these strain components on the critical temperature
Tc of a phase transition. In this paper we demonstrate how this can be achieved by comparison of the
response to two (or more) diﬀerent stress conditions (illustrated in Fig. 3.1(a,b)). This decomposition
not only reveals the relative roles of in-plane and out-of-plane symmetric strains, but also establishes
orthogonal antisymmetric strain as a powerful new tuning parameter for nematic order.
As broken symmetries are the most fundamental organizing principle for (solids and) phase transitions, we start by reviewing the symmetry constraints for the nematic transition in underdoped
Fe-pnictide superconductors, like Ba(Fe0.975 Co0.025 )2 As2 studied here . The nematic order parameter and associated lattice distortion that onset at the coupled nematic/structural phase transition at
TS have a B2g symmetry (broken C4 rotation and horizontal and vertical mirrors/rotations) . Hence,
an external stress that induces an antisymmetric strain with a B2g symmetry (Fig. 3.1(c)(iii)) necessarily induces a finite order parameter at all temperatures and therefore smears the phase transition
[31, 88, 89, 90]. Stresses that induce the orthogonal antisymmetric strain, $B1g , however, preserve the
horizontal and vertical mirrors/rotations (Fig. 3.1(c)(ii)). Consequently, a nematic phase transition
is still permitted and $B1g can therefore be used as a continuous tuning parameter for the phase transition. Since TS is an isotropic quantity (invariant under (C4 ) rotation) , antisymmetric strain $B1g
can aﬀect TS only in even powers, thus λB1g ≡ ∂TS /∂$B1g = 0 (λ(B1g ,A1g ,i) ≡ ∂ 2 TS /∂$B1g ∂$A1g ,i =0)

. In contrast, the two symmetric strain components $A1g ,1 and $A1g ,2 do not lower the crystal symmetry (Fig. 3.1(c)(i)) and therefore to leading order aﬀect TS linearly. Hence, considering both A1g
and B1g symmetry strains, to second order the critical temperature TS is given by
TS = TS (0) +

2
(

λ(A1g,i ) $A1g,i +

i=1

+

2
(

λ(A1g,i ,A1g,j ) $A1g,i $A1g,j +

(3.1)
λ(B1g ,B1g ) $2B1g ,

i≤j=1

defining the coeﬃcients λi that are to be measured. This is achieved by comparing measurements
of TS ($) obtained from uniaxial stress and hydrostatic pressure experiments.
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3.2

Experimental Methods

For both hydrostatic, and uniaxial stress experiments, the transition temperatures are determined
from resistivity data (Fig. 3.2,3.3 (a)). The longitudinal resistivity ρxx as a function of temperature
was determined during slow temperature sweeps (down and up for each $xx ) using a standard four
probe technique (see Appendix 3.B) on a crystal contacted using PbSn reflow solder (for more details
see Appendix 3.A ). The coupled structural/nematic transition temperature TS was determined from
the center of a Gaussian function fit to a local maximum in the second derivative (Fig. 3.2,3.3 (c)),
the magnetic transition temperature TN from a minimum in the first derivative (Fig. 3.2,3.3 (b)). An
upper bound for the error bar around TS is estimated by half the standard deviation of the Gaussian
function 1 .
Uniaxial stress experiments were performed using a commercially available strain apparatus
(CS100, Razorbill instruments). Uniaxial stress was applied along a bar shaped sample of
Ba(Fe0.975 Co0.025 )2 As2 (with typical dimension 2000x400x35µm) by aﬃxing it in between two mounting plates that are pushed together/pulled apart using voltage controlled lead zirconate titanate
(PZT) stacks. The cell is designed to compensate for the thermal expansion of the PZT stacks [64].
Furthermore, due to matching of the thermal expansion of Ba(Fe1−x Cox )2 As2 [91] and the sample
mounting plates (titanium) (see Appendix 3.B.1, Fig. 3.7 ), the strain on the sample is almost perfectly independent of temperature for a fixed voltage applied to the PZT stacks. Stress was applied
along the tetragonal [100] axis resulting in a combination of $A1g ,1 , $A1g ,2 , and $B1g (see Fig. 3.1 (b)).
The misalignment of the [100] crystal and the stress axis was estimated to be smaller than 2.5◦ by
comparing to a uniaxial stress experiment on a crystal oriented such that stress was applied along
the tetragonal [110] axis (see Appendix 3.B.1). The nominal strain along the tetragonal [100] axis
($disp
xx ) was determined by the zero strain length of the sample between the mounting plates and
the length change measured by sampling a capacitance sensor using an Andeen-Hagerling AH2550A
capacitance bridge. Due to strain relaxation eﬀects in the mounting plates and the mounting glue,
the actual strain $xx experienced by the sample is smaller than $disp
xx . Using finite element simulations (see Appendix 3.C ), we estimate $xx = (0.7 ± 0.07)$disp
xx . The extracted critical temperature
can be well fit by TS ($xx ) = TS ($xx = 0) + α$xx + β$2xx (red line, 2 ), with α = −521 ± 4 K and
β = −28300 ± 1100 K. As we will show later, the surprisingly large quadratic response is due solely
to antisymmetric strain, $B1g .

The second experiment reported here is electrical resistivity on a bar shaped (1000x600x30µm)
crystal of Ba(Fe0.975 Co0.025 )2 As2 as a function of temperature under hydrostatic pressure (Fig. 3.3).
The measurements were performed using a HPC-30 pressure cell within a PPMS from Quantum
1 The 95% confidence interval of the center of the Gaussian function is smaller than ±50 mK in each case. To
also take into account systematic uncertainty introduced by data smoothing or the potentially asymmetric shape of
the peak around TS , we empirically determined half the standard deviation as an upper bound for the experimental
uncertainty.
2 Note that Fig. 3.2 (d) shows the fits on the original data, before correction for strain relaxation eﬀects using
!xx = 0.7!disp
xx
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pressures greater than approximately 1.75 GPa. A linear fit results in TS (P ) = TS (P = 0) + α̃P ,
where α̃ = −9.38 ± 0.08 K/GPa.

3.3

Results and Discussion

To decompose the strain induced changes of TS , the relative amount of strains within each of the
diﬀerent symmetry channels is first determined, based on the measured elastic stiﬀness tensor[92] (see
Appendix 3.C.1 ). The linear response (which, as described earlier, can only arise due to symmetric
strain) can then be plotted as a function of the decomposed strains $A1g ,1 and $A1g ,2 (Fig. 3.4).
For hydrostatic pressure (cyan plane in Fig. 3.4) the response is purely linear, so no subtraction is
necessary. For uniaxial stress, the quadratic term (β$2xx , defined earlier) is first subtracted using the
fitted value of β, to leave the linear response: TSlin ($xx ) = TS ($xx ) − β$2xx (purple stars in Fig. 3.4).

Since the ratio of $A1g ,1 and $A1g ,2 is diﬀerent for the two experiments, the purple and cyan planes
in Fig. 3.4 are not parallel. Moreover, since two lines define a plane, the material’s response to
symmetric strain (yellow plane in Fig. 3.4) is uniquely defined by these two sets of measurements. A
full decomposition of the response to symmetric strains is now possible, and the associated partial
derivatives are readily determined; λ(A1g,1 ) =-6.35±0.23 K/%, and λ(A1g,2 ) =16.70±0.32 K/%

3

(for

details see Appendix 3.D). The ratio of these terms λ(A1g,2 ) /λ(A1g,1 ) =-2.63±0.11 demonstrates that
c-axis strains have a considerably larger eﬀect on TS than symmetric in-plane strains. Considering
the contributions of symmetric strain to a standard Landau free energy expansion of the nematic
phase transition (discussed further below), we note that the finite values of λ(A1g,1 ) and λ(A1g,2 )
necessarily imply the formation of spontaneous symmetric strains $A1g ,1 and $A1g ,2 upon cooling
below TS . That λ(A1g,1 ) and λ(A1g,2 ) have opposite signs, is consistent

4

with the observation that

the spontaneous strains as measured in recent thermal expansion experiments [93] have opposite
signs.
Having decomposed the linear response, we turn to the quadratic response. Figure 3.5 shows
the normalized non-linear response of TS to strain calculated by subtracting the linear response (i.e.
subtracting α$xx and α̃P from the data shown in Figs. 2(d) and 3(d) respectively, using the fitted
values of α and α̃). Data are shown as a function of the three (two) strain components present for
the uniaxial stress (hydrostatic pressure) experiments on the bottom (top) axes. While quadratic
responses to symmetric A1g,i strain are allowed by symmetry, no such response is observed during
our hydrostatic pressure experiment (cyan data points). Moreover, A1g strains experienced in the
hydrostatic pressure experiments exceed by nearly a factor of four those experienced by samples held
under uniaxial stress. Hence, the quadratic response observed during our uniaxial stress experiment
3 Error
4 The

bars represent statistical uncertainty. A more comprehensive error analysis is given in Appendix 3.D
sign of !A1g ,1 /!A1g ,2 is expected to match the sign of λ(A1g,1 ) /λ(A1g,2 ) in case CA1g,1,1 , CA1g,2,2 , CA1g,1,2 > 0,

where CA1g,i,j =

∂2F
.
∂"A1g ,i ∂"A1g ,j

C STRAIN AS …
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c) shows second derivatives
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stiffness tensor [30] (see Appendix C 1). The linear response
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symmetric in-plane strains. Considering the contributions of
symmetric strain to a standard Landau free energy expansion
of the nematic phase transition (discussed further below), we
note that the finite values of λ(A1g,1 ) and λ(A1g,2 ) necessarily
imply the formation of spontaneous symmetric strains εA1g ,1
and εA1g ,2 upon cooling below TS . That λ(A1g,1 ) and λ(A1g,2 ) have
opposite signs is consistent [32] with the observation that the
spontaneous strains as measured in recent thermal expansion
experiments [33] have opposite signs.

!F =

a
(T −
2
a
− λB
2
!
1
+
2

where "B2g is th
coefficients λB1g ,
surements, and εeA
A1g symmetry str
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contributing to) the large negative value of λ(B1g ,B1g ) .
On a phenomenological level, we note that the negative sign of λ(B1g ,B1g ) for Ba(Fe0.975 Co0.025 )2 As2
is entirely consistent with observations that the B1g component of the elastic tensor,

1
2 (c11

− c12 )

hardens upon cooling through TS [92]. This can be readily appreciated by turning to the standard
Landau treatment of the nematic phase transition [17]. Writing the free energy in even powers of the
nematic order parameter and including coupling to strains $A1g ,1 , $A1g ,2 , $B1g , and $B2g we obtain

a
b
∆F = (T − T ∗ )Φ2B2g + Φ4B2g + λB2g $B2g ΦB2g −
2
4
a
a
1 (0) 2
2
− λB1g $2B1g Φ2B2g − λA1g $eﬀ
A1g ΦB2g + C66 $B2g +
2
2
2
#
$(0)
&
'
1 C11 − C12
1 eﬀ
eﬀ
2
+
$2B1g + CA
$
,
2
2
2 1g A1g

(3.2)

where ΦB2g is the nematic order parameter, the coupling coeﬃcients λB1g , λA1g,1 and λA1g,2 are
eﬀ
determined by our measurements, and $eﬀ
A1g and CA1g are appropriate combinations of A1g symmetry

strains and terms in the elastic stiﬀness tensor, determined by the Poisson ratio of the material.
Significantly, the biquadratic coupling of ΦB2g to $B1g not only provides means to tune TS , but also
!
"(0)
12
renormalizes the bare elastic modulus CB1g = C11 −C
for free-standing samples, such that
2
CBef1gf

∂2F
= 2 =
∂$B1g

#

C11 − C12
2

$(0)

−aλB1g Φ2B2g .

(3.3)

In other words, since a > 0 our observation of a negative value of λB1g =-7.25±0.25 %K2 is consistent
with observations that the B1g component of the elastic tensor,

C11 −C12
2

hardens [92] upon cooling

through TS .

3.4

Summary

In-plane strain has previously been demonstrated as suitable means to induce phase transitions
[94]. Here we have shown how a complete symmetry decomposition, made possible by comparison to hydrostatic pressure, reveals the separate eﬀects of symmetric and antisymmetric strains
that are necessarily both present when a sample is held under in-plane uniaxial stress. We emphasize that anti-symmetric strain is a powerful continuous tuning parameter for nematic phase
transitions. While values of $B1g that would be necessary to completely suppress the coupled nematic/structural phase transition in Ba(Fe0.975 Co0.025 )2 As2 are slightly out of reach, this is not
necessarily the case for other materials, raising the distinct possibility that antisymmetric strain
could be used to continuously tune a suitable material to a nematic quantum phase transition [53].
Finally, we report that symmetric c-axis strain has a significantly stronger eﬀect on the nematic
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transition in Ba(Fe0.975 Co0.025 )2 As2 as compared to symmetric in-plane strain.
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3.A

Sample preparation

The Ba(Fe0.975 Co0.025 )2 As2 single crystals characterized here were grown using a FeAs self flux
technique described elsewhere [7]. The crystals were cleaved into thin plates and cut into rectilinear
bars. Typical samples dimensions for uniaxial stress and hydrostatic pressure experiments were
2000×400×35µm and 1000×300×35µm, respectively. Electrical contacts were made by a reflow
soldering technique using a Sn63Pb37 solder paste with a solder particle size of 15-25 µm (Chip
Quick SMD291AX10T5). The initial steps of the contacting procedure using solder paste are similar
to contacting methods using silver paint or silver epoxy. The ends of short (∼10 mm) pieces of 25µm
wide gold wire were dipped into the solder paste and positioned onto the freshly cleaved sample
surface. The sample, resting on a 1 mm thick glass slide, is then placed on a hot plate preheated
to 200 ◦ C to reflow the solder beads. To prevent oxidation of the contacts, the sample and glass
slide are taken oﬀ the hot plate as soon as the solder particles melt. This can be easily seen as
the contact appearance changes from matte to shiny. The typical contact resistance of such solder
joints was estimated by a quasi 4 point measurement to be smaller than 20 mOhm per contact.
While the contact resistance of soldered contacts is superior to silver paint and silver epoxy, it is
important to note that the superconductivity of the solder (Tc ∼ 7.1 K) [95] might be problematic
for measurements at low temperatures. These solder joints are also significantly more mechanically
robust and are better able to survive thermal cycling than silver paint contacts.

3.B

Experimental Methods

Four point resistivity measurements during our uniaxial stress and hydrostatic pressure experiments
were performed using a Stanford Research Lock In amplifier (SR830). The output of the lock-in
amplifier was converted to a constant current source using a 1 kOhm series resistor. The voltage
signal was amplified with a Stanford Research transformer preamplifier (SR554).
All resistivity measurements used the same cryostat, a PPMS from Quantum Design. The
temperature was swept slowly at a rate of 0.5K/min. The sample temperature was measured using
a Cernox CX-1050 temperature sensor from Lakeshore mounted on the Ti body of the CS100 cell
(for uniaxial stress experiments) and the Cu-Be body of the hydrostatic pressure cell, respectively.
The temperature sensors were sampled using a Lakeshore 340 temperature controller. The thermal
lag of the sample as compared to the measured cell temperature was estimated by taking resistivity
measurements during cooling and warming runs. Thermal lags of about 0.1 K and 0.25 K were found
for our uniaxial stress and hydrostatic pressure experiments, respectively.
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B2g strain is known to turn the phase transition into a
crossover and smear all the related features. This is indeed
what we observe in our experiment applying uniaxial stress
along the tetragonal [110] axis. Figure 8 shows the data for
the B2g strain experiment. The feature corresponding to the
nematic phase transition (step change in the derivative of the

Hydrostatic pressure experiments were performed using a Quantum Design HPC-30 Cu-Be based
self-clamping pressure cell. Although this version is no longer commercially available, information
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on the very similar updated version, HPC-33, can be found on the Quantum Design website. Hydrostatic pressure up to ∼3Gpa is applied using a hydraulic press. Daphne Oil 7373 is used as a
pressure transfer medium. Note that the freezing point of the Daphne oil is always below room temperature for pressures less than 2 GPa. This ensures a high degree of hydrostaticity throughout the
experimental range [66]. Pressure measurements were performed by probing the superconducting
transition temperature of a lead manometer [67]. In addition, the temperature dependence of the
hydrostatic pressure within the HPC-30 pressure cell was determined by calibration measurements
using both, a lead and a manganin manometer [97]. Below 100 K the hydrostatic pressure was found
to be almost independent of temperature.

3.C

Finite element simulations

The goal of our finite element simulation was to estimate the strain relaxation eﬀects in the glue
layers as well as the Ti mounting plates. The mechanical properties used within our simulations are
summarized in Tab. 3.1 below.
Table 3.1: Summary of the mechanical properties used for our finite element simulations. For the
tetragonal Ba(Fe0.975 Co0.025 )2 As2 , the Young’s modulus is given for stress along [100] (E) and [001]
′
′
(E ). In addition, the table also shows the in-plane (ν) and out-of-plane Poisson ratio (ν ), as
well as the in-plane (C66 ) and out-of plane shear moduli (C44 ). These properties correspond to
the mechanical properties of Ba(Fe0.963 Co0.0375 )2 As2 at 100 K, as found by resonant ultrasound
spectroscopy [92]. The mechanical properties of the mounting epoxy (Devcon 2-ton epoxy) at 100 K
were assumed to be slightly softer compared to filled Stycast 2850FT [64].
Material
Titanium grade2
Epoxy
Ba(Fe0.975 Co0.025 )2 As2

E (GPa)
105
10
82

′

E (GPa)
82

C66 (GPa)
39.5
3.8
10

C44 (GPa)
39

ν
0.33
0.3
0.26

′

ν
0.164

The elastic properties of Ba(Fe0.975 Co0.025 )2 As2 were estimated using the elastic stiﬀness tensor
for 3.7% Co doped BaFe2 As2 at 100 K [92]. The mechanical properties of the epoxy were estimated
to lie in between the properties of filled Stycast 2850FT and unfilled Stycast 1260 [64]. To our
knowledge, the actual mechanical properties of Devcon two-ton epoxy are not characterized down
to 100 K. To justify the assumed mechanical properties we compared measurements on samples
mounted using Devcon two-ton epoxy to measurements using Stycast 2850FT. Judged from the
strain dependence of the structural and magnetic transition temperature of Ba(Fe0.975 Co0.025 )2 As2 ,
Devcon two-ton epoxy yields only a moderately smaller strain transmission as compared to Stycast
2850FT. Since the exact mechanical properties are unknown, we estimated the associated systematic
error by varying the mechanical properties used within our finite element simulations by ±50%.

In order to minimize the computational requirements, the model shown in Fig. 3.9 was cut along

mirror planes such that eﬀectively only 25% of the model had to be meshed and simulated. The model
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2% [Fig. 9(c)]. The strain transfer ratio !xx /!xx used for
analyzing our data was found to be 0.7 ± 0.07. The error bar
was estimated from varying the mechanical properties of the
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has been constrained such that the mounting plates were free to move only along a path parallel to
x. A symmetric displacement corresponding to a reduction in the distance of the mounting plates
by 8 µm (corresponding to a nominal $disp
xx of 1%) was applied. For meshing, brick shaped elements
were chosen. The element size was set to be 15 µm. The contacts between the sample and the epoxy
as well as the epoxy and the mounting plates were chosen to be perfectly rigid.
The strain within the sample along x was found to be nearly constant 100 µm away from the
mounting plate edges. As can be seen from the results shown in Fig. 9, out of plane shear strain
(introduced by the asymmetric glue layer thickness on top and bottom) is small, resulting in a
diﬀerence of $xx on the top and bottom surface of the sample of only about 2% (Fig. 3.9(c)). The
strain transfer ratio $xx /$disp
xx used for analyzing our data was found to be 0.7 ± 0.07. The error

bar was estimated from varying the mechanical properties of the epoxy within ±50% as well as the
thickness of the bottom glue layer by ±15µm.

3.C.1

Elastic properties of Ba(Fe0.975 Co0.025 )2 As2

Since we focus on vertical shear-free deformations (as indicated by our finite element simulations),
the elastic constants Cij with i, j ≤ 3 (Voigt notation: 1 ≡ xx, 2 ≡ yy, 3 ≡ zz) fully describe the
stress-strain relations relevant for our experiments. Out of the four independent elastic constants 6 ,
C11 , C12 , and C33 have recently been reported by a resonant ultrasound spectroscopy (RUS) study
[92] for 3.7% Co doped BaFe2 As2 as a function of temperature. We here determine the missing C13
by assuming an equal in- and out-of-plane Young’s modulus (as suggested by a recent instrumented
indentation experiment [98]) and arrive at
.

92.5

/
C =/
027.3
19.7

27.3
92.5
19.7

1
19.7
2
19.72
3 GPa
88.3

for 3.7% Co doped BaFe2 As2 at 100 K. Using this tensor as an estimation for the shear-free mechanical properties of 2.5% Co doped BaFe2 As2 in the vicinity of its structural transition, it is
straightforward to calculate the symmetry decomposed strain fields from the measured hydrostatic
pressure and $xx for the two sets of experiments.

3.D

Strain decomposition

The relation between $A1g,1 =1/2($xx + $yy ) and $A1g,2 =$zz under the two stress conditions studied
here is determined by the elastic properties (the elastic stiﬀness tensor) of the investigated material.
6C

= Cji due to the symmetry of the free energy derivatives
symmetry
ij

∂
∂"i

!

∂F
∂"j

"

= Cij , and C11 = C22 due to crystal
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For hydrostatic pressure (σxx = σyy = σzz ), $A1g,2 =
σzz =0), $A1g,2 =

−2ν ′
1−ν $A1g,1 ,

1−2ν ′
1−ν−ν ′ $A1g,1 ,

′

for uniaxial stress (σxx ∕= 0, σyy =

where ν and ν are the in- and out-of-plane Poisson ratio.

Using these relations the total response of TS to $A1g,1 can be written as
#

$hyd
dTS
∂TS
1 − 2ν ′
∂TS
=
+
d$A1g,1
∂$A1g,1
1 − ν − ν ′ ∂$A1g,2
#
$uni
dTS
∂TS
2ν ′ ∂TS
=
−
d$A1g,1
∂$A1g,1
1 − ν ∂$A1g,2

(3.4)

for the hydrostatic pressure and the uniaxial stress experiment, respectively. Using the in- and outof-plane Poisson ratio determined from the elastic stiﬀness tensor C (ν = 0.26 and ν ′ = 0.164) as
&
'hyd
&
'uni
dTS
S
well as the experimentally determined responses d#dT
and
, the above equations
d#A
A
1g,1

can be solved for

∂TS
∂#A1g,i

. We find

∂TS
∂#A1g,1

K
= −6.35 %
and

1g,1

∂TS
∂#A1g,2

K
= +16.7 %
for the investigated

Ba(Fe0.975 Co0.025 )2 As2 confirming the largest linear contribution comes from $A1g,2 .
Errors reported in the paper represent statistical uncertainty. A full error analysis consider!
"
!
"
K statistical
K systematic
S
ing also systematic uncertainty yields, ∂#∂T
= −6.35 ± 0.23 %
± 2.28 %
and
A1g ,1
!
"
!
"
statistical
systematic
∂TS
K
K
± 1.45 %
. The main systematic errors considered are a
∂#A ,2 = 16.7 ± 0.32 %
1g

5% uncertainty in the elastic constants as well as the measured hydrostatic pressure, and a 10%
uncertainty in the strain relaxation factor. All errors were assumed to be uncorrelated. As the
sign of our measured responses is robust within the error bars, our main results and discussion are
unaﬀected by the systematic errors mentioned here.

Chapter 4

Nematic Quantum Criticality
Revealed by Strain Tuning
In this chapter, the strain-tuning technique established in the previous chapter is utilized to systematically study the eﬀect of A1g and B1g strains on the critical temperature of the coupled nematic/structural phase transition TS in Ba(Fe1−x Cox )2 As2 for various cobalt concentrations, x. A
power-law behavior of the critical temperature is observed as a function of a linear combination of
the tuning parameters, $A1g , $B1g , and x, providing a direct evidence for nematic quantum criticality in a representative material of iron-based superconductor family. Results from this chapter
are published in [72]. The figures are reproduced and the text is taken nearly verbatim from the
reference with the permission of the American Association for the Advancement of Science.

4.1

Introduction

Long range electronic nematic order, defined as electronic order that only breaks point group symmetries, is a ubiquitous feature of iron-based superconductors (see for example references [74, 6]
and references therein). For cuprate superconductors, mounting evidence points towards a generic
in-plane electronic anisotropy for underdoped compositions, implying the presence of at least a nematic component to an electronic ordered state, and possibly even a vestigial nematic state (see for
example references [99, 100] and references therein). From a theoretical perspective, several lines
of reasoning suggest that nematic fluctuations can provide a pairing interaction [42, 43, 44], and
hence suggest that the presence of nematic order in the phase diagrams of these high temperature
superconductors may not be coincidental. In particular, nematic fluctuations enhance superconductivity in any symmetry channel [45], and hence could be a key element for increasing the critical
temperature even when the dominant pairing interaction arises from spin fluctuations. A key open
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question is whether quantum critical nematic fluctuations are present, and if so over how much of the
phase diagram. Here, we directly address this latter question for a representative family of Fe-based
superconductors, revealing the presence of quantum critical nematic fluctua- tions by power-law
variation of the critical temperature of the nematic phase transition with respect to non-thermal
tuning parameters.
Direct evidence for a quantum critical regime in the Fe-based superconductors has been limited
thus far. A divergence of the eﬀective mass in BaFe2 (As1−x Px )2 has been inferred from penetration
depth, quantum oscillation, heat capacity, and resistivity measurements [101, 102, 48, 15, 2], suggesting the presence of a quantum critical point. These measurements cannot, however, establish
the character of the fluctuating order, in particular whether it is nematic or magnetic. In comparison, nuclear magnetic resonance measurements in NaFe1−x Cox As indicate the possible presence of
well-separated magnetic and nematic quantum critical points in that system[103]. Measurements
of the doping and temperature dependence of the nematic susceptibility for a wide variety of Febased superconductors, obtained via elastoresistivity [17, 47], elastic constant measurements [32],
Raman scattering [33, 34, 35], and nuclear magnetic resonance [50], reveal the presence of strong
nematic fluctuations and thus are suggestive of the presence of a nematic quantum critical point
beneath the superconducting ‘dome’ in all of these materials. Recent elastoresistivity measurements
in Ba(Fe1−x Cox )2 As2 for a fine comb of overdoped compositions approaching the critical doping (xc )
are consistent with a power-law divergence of the nematic susceptibility with respect to (x − xc );

however, the temperature dependence is not currently understood in detail, and hence the regime
over which quantum critical fluctuations extends is unknown [104].
Attempts to observe power-law behavior in thermodynamic quantities as a response to nonthermal tuning parameters upon ap- proaching the putative QCP face daunting challenges. These
challenges are associated either with diﬃculties in accurately determi- ning the magnitude of the
tuning parameters as the material is tuned infinitesimally close to the putative QCP (which is the
case for chem- ical substitution) or in obtaining suﬃcient fine-tuning of the tuning parameter in
that regime (which can be the case for hydrosta- tic pressure, another common tuning param- eter).
Here we bypass these diﬃculties by using symmetric strain ($A1g ) and orthogonal antisymmetric
strain ($B1g ) induced by in-plane uniaxial stress as essentially-continuously-variable tuning parameters. By doing so, we are able to show for underdoped compositions of the representative Fe-based
superconductors Ba(Fe1−x Cox )2 As2 that a single power law governs the variation rate of the critical temperature of the coupled nematic/structural phase transition (TS ) with respect to both of
these symmetry-inequivalent tuning parameters. This provides direct evidence of quantum critical
power-law behavior in this represetative material. Moreover, the perspective is widely applicable
with a variety of tuning parameters and phase transitions, assuming the condition of uniform tuning
parameter is achievable, establishing a useful framework to observe quantum criticality in other
materials in this class and beyond.
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Strain induced by external stresses breaks only point symmetries and consequently has a special
role to play in the study of electronic nematicity. In recent years, considerable prog- ress has been
made by exploiting the fact that strain with the same symmetry as the nematic order acts as an
eﬀective conjugate field be- cause of the bilinear coupling between the strain and the nematic order
parameter [17, 55, 18]. Here, we explore how strains of diﬀerent sym- metries couple to Ising nematic
order and determine the shape of the phase boundary in temperature-strain space. These ideas are
not specific to nematicity because they do not rely on bilinear coupling, and they could be applied
to an even wider set of strain- tuned phase transitions.

4.2

Eﬀect of Strain of Diﬀering Symmetry to the Critical
Temperature TS

The representative materials, Ba(Fe1−x Cox )2 As2 , belong to the D4h point group (corresponding to
the tetragonal system) and undergo a phase transition to an electronic nematic state with B2g symmetry. Because the coupling between the electronic and lattice degrees of freedom, the phase is also
characterized by a spontaneous B2g strain, $B2g ≡ $xy . We consider the eﬀects of strains belonging
to two other irreducible representations of the point group, namely the symmetry preserving strain

$A1g , and the orthogonal antisymmetric strain $B1g (fig.4.1A center and right panels). Here $A1g is
a combination of in-plane ($A1g,1 ≡ ($xx + $yy )/2) and out-of-plane ($A1g,2 ≡ $zz ) symmetric strains,

and $B1g is defined as $B1g ≡ ($xx −$yy )/2. Note here that the coordinates are defined in the two-iron

unit cell, i.e. $xx and $xy are the deformation along Fe-As bond and Fe-Fe bond, corresponding to
[100] and [110] crystallographic directions respectively. The tuning eﬀect of A1g and B1g strains are
diﬀerent, as has been shown previously [65]. In the small strain regime (which applies to this work),
A1g strain tunes the critical temperature TS linearly to leading order. The orthogonal antisymmetric
strain $B1g , however, can vary the critical temperature TS only quadratically to leading order; linear
variation with respect to $B1g is prohibited by symmetry [105]. Therefore, up to quadratic order,
the variation of the critical temperature TS in the presence of $A1g and $B1g strains is as follow:
TS ($A1g , $B1g ) = T0 + a$A1g + a′ $2A1g + b$2B1g

(4.1)

where T0 ≡ TS (0, 0) is the free standing critical temperature, and a, a′ and b are coeﬃcients to be
determined. Of particular relevance to the present work, measurements performed under hydrostatic
pressure conditions reveal that the coeﬃcient a is negligibly small for all compositions studied (Fig.
4.2). Hence, the tuning eﬀect of $A1g and $B1g can be unambiguously disentangled, even in the
presence of both symmetry strains. Because the A1g and B1g strains belong to diﬀerent irreducible
representations, the coeﬃcients a and b are ordinarily anticipated to be completely independent i.e. unrelated by any symmetry operations. As we will demonstrate below, this is no longer the case
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Figure 4.1: Consequences of uniaxial stress along [100] (A) In a tetragonal system, deformation
caused by the uniaxial stress applied along [100] direction can be expressed as the combination of the
symmetry preserving strain $A1g , and orthogonal antisymmetric strain $B1g . The ratio of these strain
components depends on the elastic moduli of the material. Note that orthogonal antisymmetric B1g
strain is defined as $B1g = ($xx − $yy )/2, while symmetry preserving A1g strain in this scenario is
a combination of the in-plane $A1g,1 = ($xx − $yy )/2, and out of plane $A1g,2 = $zz . Dashed lines
indicate the undeformed tetragonal unit cell. (B) The variation of coupled nematic/structural phase
transition temperature as a function of the measured strain along [100], $xx , for a representative
sample with cobalt concentration x = 4.8% ± 0.2%. The leftmost graph (purple) shows the (linear +
quadratic) variation caused by uniaxial stress. The center graph (blue) shows the linear contribution
from A1g strain, and the rightmost graph (red) shows the quadratic contribution from B1g strain.
(C) Schematic TS − $A1g − $B1g phase diagram. The experimental path lies along the straight line
between $A1g and $B1g axes. The eﬀects of these two tuning parameters are generally uncorrelated.
However, in the presence of strong quantum critical fluctuations, the coeﬃcients of both the linear
and quadratic strain responses (resulting from the response to the A1g and B1g strains, respectively)
1/θ
are both related to the zero-strain transition temperature as 1/T0 .
in the presence of strong quantum critical fluctuations.
Uniaxial stress was applied to Ba(Fe1−x Cox )2 As2 single crystals using a commercially available
strain cell (CS100, Razorbill Instrument) and varied in-situ in an almost continuous fashion. Barshaped single-crystalline samples (with typical dimensions of 2000 × 500 × 35µm, cut along [100]

direction) are glued onto two mounting plates, that can be pushed/pulled by varying the voltage to
sets of lead-zirconium-titanate (PZT) piezoelectric stacks. The strain cell is designed to compensate
for thermal expansion of the PZT [64], and because the diﬀerential thermal expansion of the cell
body and the sample is negligible, the strain is almost perfectly temperature independent at a fixed
voltage [65]. Strain along the [100] crystallographic direction, $xx , can be inferred from the change
in the mounting plate separation by measuring the change in capacitance of the capacitive sensor
inside the cell body using a capacitance bridge(Andeen-Hagerling AH2550A). Through finite element
simulation, the strain relaxation through the glue can be estimated, and the strain experienced by
the sample is found to be approximately ∼ 70% of the measured strain [65]. The strains $A1g and
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Figure 4.2: Response of TS to applied hydrostatic pressure for various compositions of
Ba(Fe1−x Cox )2 As2 . The green circles represent the measured critical temperature TS as a function
of applied hydrostatic pressure P . The black lines represent the linear fit to the data. It can be
seen that in all compositions, the variation is linear. Thus the quadratic variation in uniaxial stress
experiment is exclusively caused by the orthogonal antisymmetric B1g strain.
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$B1g are related to $xx via the elastic moduli cijkl of the samples. It can be shown that a variation in
cijkl within the composition and temperature range investigated here has no eﬀect on the conclusions
of this work. The critical temperature TS is determined using AC elastoresistivity [57], as well as in
some cases AC elastocaloric eﬀect described in detail elsewhere [61].

4.3

Result

Fig.4.1 illustrates schematically how the deformation stemming from the [100] uniaxial stress can
be expressed as a linear combination of the symmetric and antisymmetric strains $A1g and $B1g .
Because $A1g and $B1g are both linearly proportional to $xx , and that the coeﬃcient a′ is vanishingly
small, the variation of TS due to [100] uniaxial stress is
TS ($xx ) = T0 + α$xx + β$2xx ,

(4.2)

where α = dTS /d$xx ∝ ∂TS /∂$A1g and β = 1/2 × d2 TS /d$2xx ∝ ∂ 2 TS /∂$2B1g . Fig.4.1B shows

representative data for a sample with composition x = 4.8%±0.2% revealing the linear and quadratic
behavior.
Further investigation of the coeﬃcients α and β within the doping series of Ba(Fe1−x Cox )2 As2
reveals a notable result. Figure 4.3 shows the critical temperature TS becomes more sensitive to the
applied uniaxial stress as the cobalt concentration approaches the optimally doped composition. To
be more specific, the linear coeﬃcient α and the quadratic coeﬃcient β grow towards the optimally
doped composition.
Fig.4.4A shows the normalized coeﬃcients α/T0 and β/T0 as a function of cobalt concentration x.
Both normalized coeﬃcients grow monotonically and appear to diverge as the cobalt concentration
approaches the critical doping, xc . Here, xc is defined in the absence of superconductivity, and it was
recently measured to be xc ∼ 6.7 ± 0.2% using high magnetic fields to suppress the superconducting
phase [104].

In what follows, we argue that a power law describing the divergence of α/T0 and β/T0 is a
hallmark for quantum critical fluctuations. We start from the ansatz:
TS ∼ (gC − g)θ .

(4.3)

This suggests that within a regime dominated by quantum critical fluctuations, the finite temperature phase transition is governed by a power law of some (relevant) nonthermal tuning parameter,
g [49]. Here, gC is the value of g at the QCP, and θ is the critical exponent governing the phase
boundary in the immediate vicinity of the QCP [106]. In the context of this work, g can be varied by varying either $A1g or $2B1g [107], and we reiterate that these are distinct tuning parameters
belonging to orthogonal symmetry channels.
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Figure 4.3: Response of TS to applied uniaxial stress along [100] in various cobalt concentrations of Ba(Fe1−x Cox )2 As2 . (A) The purple circles represent the measured critical temperature TS as a function of the deduced strain $xx . The black lines represent linear + quadratic
fits to the data. As the cobalt concentration approaches the critical doping of xc ∼ 6.7%, both
the quadratic and linear coeﬃcients increase. Panel (B) and (C) represent the linear and quadratic
constituents due to A1g and B1g , respectively.
1/θ

Taylor expanding Eq. 4.3 in a small-strain region around zero strain and substituting gC ∼ T0

,

we arrive at a simple expression for the leading order eﬀect of the tuning parameter g on TS in the
quantum critical regime:

TS
Cθ
= 1 − 1/θ g + O(g 2 ),
T0
T0

(4.4)
−1/θ

where C is a constant. Substituting $A1g or $2B1g for g gives α/T0 ∼ −T0

−1/θ

and β/T0 ∼ −T0

respectively. This is the power law that governs the morphology of the strain-tuned phase diagram
in the presence of quantum critical fluctuations. Notice in particular that in the quantum critical
regime, the same power law governs the behavior of both symmetry channels, even though these two
strains belong to distinct irreducible representations of the point group (fig.4.1C). Notice also how
the composition x does not enter into Eq. 4.4. All that is needed is a measurement of T0 and of the
rate of suppression of TS with respect to $A1g and $2B1g . If the material is in the quantum critical
regime tuned by x, then these two coeﬃcients will follow the same power-law behavior.
The distinct advantages of this perspective lie in (i) the fine tunability of $xx , allowing for the
accurate determination of dTS /d$xx and d2 TS /d$2xx ; (ii) the simultaneous determination of the eﬀect
of two tuning parameters (symmetric and antisymmetric strains) within a single experiment;(iii) the
circumvention of the large uncertainties in determining the chemical composition, i.e., the determination of the chemical composition is unnecessary; and (iv) our approach completely bypasses the
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Figure 4.4: Power law divergence of dTS /d$xx and d2 Ts /d$2xx as a function of cobalt
concentration x in Ba(Fe1−x Cox )2 As2 . (A) The linear coeﬃcient of the variation of TS caused
by symmetric A1g strain, and (B) the quadratic coeﬃcient caused by antisymmetric B1g strain,
each case normalized by the zero-strain critical temperature T0 . The schematic insets illustrate the
appropriate irreducible representations of strain for the two cases. Both the linear and the quadratic
coeﬃcient diverge as the cobalt concentration approaches the critical doping of xc ∼ 6.7% (vertical
dashed line). (c) The same normalized coeﬃcients as a function of zero-strain critical temperature T0
shown in a log-log scale. The linear behavior seen in this plot at low temperatures indicates similar
power law behavior for both symmetry channels. The slopes of the linear regimes are equal to the
inverse critical exponent 1/θ, which is found to be 1/θ = 1.75 ± 0.2 and 1/θ = 1.87 ± 0.7 for A1g
and B1g strain respectively; these values agree within a standard deviation. Note that extracting
statistically significant quadratic coeﬃcients requires data extending to relatively large strains. For
two experiments (two extra data points in the blue traces), this strain regime could not be reached
before the mechanical failure of the sample, so only the linear coeﬃcients are shown.
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need to determine the critical value of the tuning parameter gC (with respect to composition or
strain), because the analysis investigates the variation of TS with respect to the tuning parameter
in the limit of small strains (this is especially useful in the present context because of the presence
of the superconducting dome, but more generally it eliminates all errors that one would ordinarily
incur from considering decades of variation in the quantity δ = g − gC when both g and gC suﬀer
from large uncertainty).

The power law behavior in α/T0 and β/T0 is visualized best as a log-log plot for which a straight
line with a slope of 1/θ is expected for both coeﬃcients. This is precisely what is observed, as is
shown in fig.4.4B. As the zero-strain critical temperature (T0 ) decreases (tuned by composition, x),
there is an apparent tendency for the strain coeﬃcients towards a linear behavior in the log-log plot,
indicated by the dashed lines. The cross-over regime appears at a similar value of T0 for both α/T0
and β/T0 . Moreover, the slopes of the best-fits which represent the inverse critical exponents appear
to be similar in both cases, with the value 1/θ = 1.75 ± 0.2 for α/T0 , and 1/θ = 1.87 ± 0.7 for β/T0 ,

agreeing within experimental error. Averaging the two exponents obtained from the temperature
dependence of the linear and quadratic coeﬃcients, we obtain θ = 0.56 ± 0.07.

4.3.1

The eﬀect of variation in elastic moduli to the observed power-law
behavior

Since our experiment is done with samples with various cobalt concentration, it is important to
understand the eﬀect of the variation in the elastic moduli to our observed power-law behavior.
This symmetry-preserving strain $A1g can be expressed as a linear combination of the in-plane $A1g,1
and the out-of-plane $A1g,2 symmetry preserving strain and the relative magnitude of the two strain
modes depends on the applied uniaxial stress, and the elastic moduli of the samples. If the elastic
moduli change, the ratio of $A1g,1 and $A1g,2 (and also $B1g ) will change, which could in turn alter
our result. Here we will show that in the range of our experiment, the eﬀect of changes in the elastic
moduli is very small, such that the power law stays intact.
According to [108], the elastic tensors for x = 3.7% and x = 6.0% samples are
.
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(4.6)

respectively. Note here that since C13 cannot be measured accurately because of the crystal shape,
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C13 is assumed to be equal to C12 , the same way in[108] .
The relation between $A1g,1 and $A1g,2 , and $xx is found to be $A1g,1 = 12 (1 − ν)$xx and $A1g,2 =

−ν ′ $xx , where ν and ν ′ are in-plane and out-of-plane Poisson’s ratio. From the elastic tensors,

′
one obtain ν3.7% = 0.11 and ν3.7%
= 0.27 for x = 3.7% cobalt concentration, and ν6.0% = 0.18
′
and ν6.0%
= 0.26 for x = 6.0% cobalt concentration. This change in the Poisson ratios causes the

prefactors −ν ′ and 12 (1 − ν) to change by −4% and −9% from 3.7% to 6.0% cobalt concentration.
For $B1g = 12 (1 + ν)$xx , the change of the prefactor is +6%.

The changes of the Poisson ratios enters in the coeﬃcients α and β in Eq.(2) in the main text.
However, the coeﬃcients α and β change by more than 100% from x = 4.8% to x = 5.7%. Therefore,
the eﬀect of change in elastic moduli is negligible to wide extent.
Furthermore, these changes are unlikely to contribute to the power law dependence in temperature. Consider a power law in case of two tuning parameters
1/θ

TS = (T0

1/θ

− a1 $A1g,1 − a2 $A1g,2 )θ = (T0

− C$xx )θ

(4.7)

where a1 and a2 are constants and C = 12 (1 − ν)a1 − ν ′ a2 . The change in C is at most -9% as shown
above. Taylor expansion to leading order yields Eq.(4) in the main text:
TS
Cθ
= 1 − 1/θ $xx + O($2xx ),
T0
T0

(4.8)

Since C has absorbed the change in the Poisson ratios, one would expect it to change as a function
of chemical substitution. Given that there is no critical behavior in the elastic moduli, as it has
not been observed in previous work [108], we assume that C changes slowly and linearly in doping:
C = C0 + k(xc − x) where xc is the critical doping. Substitution into Eq.(4.8) gives
TS
(C0 + k(xc − x))θ
=1−
$xx + O($2xx ) = 1 −
1/θ
T0
T
0

)

C0 θ
1/θ

T0

*

+ D $xx + O($2xx )

(4.9)

where the last equality comes from the fact that (xc − x) ∼ T 1/θ . This shows that the slowly

varying elastic moduli do not aﬀect the temperature dependence of the linear coeﬃcient α/T0 . The
same result can analogously also be found for B1g strain.

4.4

Scaling collapse of TS as a function of combined tuning
parameters

The power-law behavior observed in the previous section can equivalently be illustrated by a scaling
collapse with respect to the combined non-thermal tuning parameters. As a function of the 3 tuning
parameters in the experiment, x, $A1g and $B1g , the critical temperature TS varies in the quantum
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critical regime as follows:
TS (x, $A1g , $B1g ) = δ θ ,

(4.10)

where δ is the magnitude of the ”relevant” perturbation which is thus a linear combination of the
various tuning parameters. In the context of our experiment, δ can be expressed as
δ = A1 $A1g ,1 + A2 $A1g ,2 + A3 $2B1g + A4 (x − xC ).

(4.11)

where Aj , for j = 1 − 4 are constants. If the (free standing) material lies within quantum critical

regime, then its free standing critical temperatures can also be expressed as a power law of doping
T0 (x) ≡ TS (x, 0, 0) ∼ (x − xC )θ . Substitute this into Eq. 4.10, and use the fact that $A1g,1 , $A1g,2 ,
and $B1g are linearly proportional to $xx , one arrives at

TS (x, $xx ) = [T0 (x)1/θ + A′1 $xx + A′2 $2xx ],

(4.12)

where A′1 and A′2 are constants. With appropriate fit values of A′1 , A′2 , and θ, the data points
should collapse into a single line inside the quantum critical regime. In order to find appropriate fit
parameters, Eq. 4.12 is rearranged into
TS (x, $xx )1/θ − T0 (x)1/θ = A′1 $xx + A′2 $2xx ,

(4.13)

and fit the data into this second-degree polynomial with various θ values. The best fit θ can be
obtained from an R-square analysis of this fit (Fig.4.5). Data collected from samples with Coconcentration between 4.8% and 6.2% are used in this fit, as they are in quantum critical regime
as shown in Section 4.3. Samples with lower Co-concentration are outside of the quantum critical
regime, and will not collapse into the same curve. The θ scan is shown in Fig.4.5 where the best
fit value is θ = 0.52 ± 0.02 (the uncertainty is obtained using Trust-Region optimization methods).
This value agrees with the the analysis in the previous section within the experimental uncertainty.
Figure 4.6 illustrate the relationship in Eq. 4.10 with appropriate fit parameters described above.
1/θ

A linear relationship of δ and TS

can be seen in strain-tuned samples with TS ranging from ∼25K

up to ∼ 70K (sample with Co-concentration higher than 4.8%), establishing a nematic quantum
critical regime where the energy scale of the system is dominated by quantum critical fluctuations.
Samples with lower Co-concentration does not exhibit this scale collapse, indicating that non-critical
degrees of freedom (microscopic) start to dominate the energy scale of the system.

4.5

Discussion

This value of θ implies that the x derivative of TS diverges as x approaches xc , which is consistent
with the shape of the phase diagram (fig.4.7B). Presumably this value of θ relates to universal
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Figure 4.5: Theta scan. The plot shows the R-square value of the least square fit of Eq.(4.13) for
various θ values ranging from 0.4 − 0.65. θ = 0.52 ± 0.02 give the best fit with R-equare of 0.994.
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Figure 4.6: Scaling collapse of non-thermal tuning parameters. (A) The scaling collapse
1/θ
described in Eq. 4.12, in which TS is plotted versus δ. The best fit value θ = 0.52 ± 0.02 is
extracted using the method explained in Section 4.4. Symbols represent samples with diﬀering
dopings. The data is expected to collapse onto a single line in the quantum critical regime which is
observed for samples within a range of Co concentrations between x = 4.8% and 6.2%. This regime
is magnified in the plot in panel (B), which shows a collapse over almost a decade of δ.
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exponents of a universality class appropriate for metallic Ising nematic systems with disorder, and
as such provides a test for future theoretical treatments.
It is worth noting that the measured value of θ is equal within experimental error to the theoretically predicted value (θ = 0.5) for a zero-temperature structural transition in a (Fermi liquid)
metal [109]. However, although considerations of universality suggest that this observation may be
pertinent asymptotically close to the putative QCP, in most or all of the parameter range covered
by our experiments, the nematic fluctuations are primarily a property of the metallic degrees of
freedom. In particular, a variety of experiments. including elastoresistivity [17, 47], elastic stiﬀness
measurements [32], and Raman scattering [33, 34, 35] have shown that the driving force for the
nematic transition comes primarily from the low-energy metallic degrees of freedom and that the
response of the lattice is mostly parasitic.
Ideally, power law behavior is established over decades of a tuning parameter. In the present case,
however, the presence of superconductivity at Tc,max ∼ 25K limits the accessible parameter range
(chemical doping or T0 ) for our investigation. Nevertheless, the observation of such closely similar

behavior for the two fully-independent tuning parameters $A1g and $B1g , and the scaling collapse
shown in fig.4.6, provide compelling evidence that the apparent power law behavior is driven by
critical fluctuations.
The power law variation of α/T0 ∼ −1/T 1/θ and β/T0 ∼ −1/T 1/θ implies that the normalized

quantities, T 1/θ × α/T0 and T 1/θ × β/T0 , should be constant so long as the material is in the
quantum critical regime. This behavior is verified in fig.4.7A, which shows the variation of the
normalized quantities as a function of composition, x. This figure makes clear two very important
points. Firstly, the composition x does not need to be accurately determined to deduce that the
material is in the quantum critical regime; it is suﬃcient solely that the normalized quantities
have constant values, and the absolute value of the x-coordinates in fig.4.7A does not matter in
reaching this conclusion. Secondly, the regime of power law exists over a substantially wide regime
of composition and temperature (gray brackets in fig.4.7A and fig.4.7B), extending over the majority
of the superconducting dome for these underdoped compositions. The immediate implications for
superconductivity are unknown. However, these experimental results empirically establish that the
superconductor is not only born out of a metal that hosts strong nematic fluctuations (as has been
previously inferred from a wide variety of measurements [47, 17, 33, 34, 35]), but more specifically is
born from a metal that exhibits quantum critical nematic fluctuations. Put another way, for a wide
range of compositions in the x − T plane, the material ‘knows’ how far it is from the nematic QCP

tuned by chemical composition, and this approximately correlates with the range of compositions
over which the material superconducts.
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Figure 4.7: Quantum criticality in Ba(Fe1−x Cox )2 As2 phase diagram. (A) The normalized
linear α/T0 (left axis) and quadratic coeﬃcients β/T0 (right axis), scaled with the expected zero−1/θ
strain critical temperature dependent T0
. These quantities are expected to be constant in the
quantum critical regime, which spans the higher dopings, as suggested by the dotted line. The green
shading represent the ratio of these scaled coeﬃcients with their saturated value. (B) Phase diagram
of Ba(Fe1−x Cox )2 As2 [7]. Power law behavior is observed for materials with a cobalt concentration
between x = 4.8% ± 0.2% all the way to x = 6.2% ± 0.2%, above which TS is unobservable due to
the presence of superconductivity. This power-law behavior signifies the presence of strong nematic
fluctuation of quantum origin due to the presence of the nematic QCP at xc . Note that the dotted
lines in (B) denotes the phase transition lines which presumably backbend inside the superconducting
state [16].

Chapter 5

Probing nematic susceptibility
while continuously tuning the
system with strain
In this chapter, I describe an experimental approach that permits, at least in principle, measurement
of the B2g nematic susceptibility while simultaneously tuning the nematic critical temperature with
A1g and B1g DC oﬀset strain. The patterning of the microstructure, an essential component of this
chapter, was carried out with the assistant of M.D. Bachmann.

5.1

Introduction

In the previous two chapters, it has been shown that A1g and B1g strains can be used to tune the
critical temperature of the nematic phase transition TS . A quantity of fundamental interest is the
nematic susceptibility, χB2g . Ideally, one would like to devise means to tune TS while simultaneously
measuring χB2g . This chapter briefly motivates why such a measurement would be so desirable and
describes a method that does exactly this. We do this using a combination of an applied magnetic
field and a time-varying strain. Our results indicate that the coeﬃcient coupling this eﬀective field
to the nematic order parameter is too small to be measured in this material. However, the technique
has distinct promise for other material systems. Therefore, we describe both the method and specific
results here, hoping that this will be useful for future investigations of alternative materials.
How disorder plays a role in nematic fluctuations, especially in the context of quantum criticality,
is an ongoing debate. It has been shown (see supplementary materials of [47]) that even weak disorder can grow stringer upon approching criticality. It can even induce non-perturbative eﬀects such
as quantum Griﬃth phases, which could alter thermodynamic properties of the material [110, 111].
72
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Measurement of nematic susceptibility in cobalt-substituted BaFe2 As2 via elastoresistivity shows
a peculiar behavior [47]. The elastoresistivity coeﬃcient mB2g ,B2g deviates from Curie-Weiss behavior at low temperature. This eﬀect is most severe close to the optimally doped composition,
and diminishes away from it in both underdoped and overdoped directions. In fact, at 2.5% cobalt
concentration or lower, mB2g ,B2g fits Curie-Weiss function perfectly down to the critical temperatue
TS . This behavior is also seen in potassium- and nickel- substituted BaFe2 As2 , which are hole- and
electron-doped systems, respectively. Remarkably, this eﬀect is totally absent in the phosphorussubstituted BaFe2 As2 , which is an isovalently-substituted system and the least disordered system of
them all. This suggests that the eﬀect may be originated from an interplay between disorder and
quantum criticality. Significantly, a glassy incommensurate magnetic phase was observed via neutron scattering experiment around to the putative quantum critical point in the nickel-substituted
BaFe2 As2 system, interrupting the nematic and magnetic phase transitions from reaching zero temperature. As a result, the quantum critical point is ‘avoided’ [3, 4, 6].
To gain insights into the eﬀect of disorder on the nematic susceptibility, one seeks a new tuning
parameter that does not alter the disorder or doping level in the material. Naturally, one such
tuning parameter is the hydrostatic pressure; however, to induce the nematic order parameter, a
symmetry-breaking strain is required, which cannot be achieved inside a hydrostatic pressure cell.
A more viable candidate is the uniaxial stress, introduced in Chapter 3. With this setup, symmetrybreaking strain can be induced. Furthermore, both A1g and B1g strains become more eﬀective tuning
parameters close to the nematic quantum critical point due to the power-law behavior [72], making
this prospect even more compelling.
Since B2g conjugate field smears the phase transition (see Section 1.3.2), the problem statement
is, therefore, how to tune TS with large A1g and B1g strains, while keeping B2g conjugate field small
only to measure the susceptibility. One can quickly see that simply misaligning the sample with
the strain axis does not work, as a large B2g will also be induced when a large oﬀset uniaxial stress
is applied. The technique introduced in the next section uses a novel B2g conjugate field, which is
a combination of the time derivative of B1g strain and magnetic field to induce the nematic order
parameter for measuring the susceptibility. Since only B1g strain is required, stress is applied along
[100] crystallographic direction of the material. This allows for tuning with large A1g and B1g strains
while applying infinitesimal B2g conjugate field for measuring nematic susceptibility.

5.2

The Trilinear coupling

To construct a new conjugate field, consider the product table in Table 1.2. A B2g quantity can be
produced by combining a B1g quantity and an A2g quantity. According to the character table (1.1),
the A2g quantity can be represented by a rotation around the z-axis, Rz , or equivalently an axial
vector that point along the z-axis. This description fits the magnetic field, Hz precisely. However,
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since Hz is antisymmetric under the time-reversal operator, a time operator is required to make
the overall term symmetric under the time-reversal operator. This can be achieved by taking a
derivative with respect to time. The following trilinear coupling was proposed by R.M. Fernandes:
∆Ftrilinear = ηHz $̇B1g ψB2g ,

(5.1)

where $̇B1g is a time derivative of the B1g strain, Hz is magnetic field along [001] crystallographic
direction, and ψB2g is the nematic order parameter. This makes the combined conjugate field $̇B1g Hz
a time-reversal symmetric B2g quantity, and hence couple directly to ψB2g .
In the disordered state, one can calculate the nematic order parameter induced by this conbined
conjugate field Hz $̇B1g by minimizing the Landau free energy with respect to the order parameter.
The total free energy in the presence of magnetic field and B1g strain is
∆F =

1 −1 2
2
χ ψB2g + λB1g B1g ,B2g B2g $2B1g ψB
+ ηHz $̇B1g ψB2g ,
2g
2

(5.2)

where the second term is the biquadratic coupling between $B1g and ψB2g as intruduced in Section
1.3.2; and as shown the section, this coupling results in a shift in TS by renormalizing χ−1 . This
term can, therefore, be absorbed into the χ. Minimizing the free energy with respect to the order
parameter obtains:
ψB2g = ηχHz $̇B1g .

(5.3)

Here the conbined conjugate field Hz $̇B1g can induce the nematic order parameter just like the B2g
strain.
The induced nematic order parameter can be probed by measuring the resistivity anisotropy in
the B2g channel, which can be expressed as
#

∆ρ
ρ

$

= gT,x ψB2g = gT,x ηχHz $̇B1g ,

(5.4)

B2g

where gT,x is a constant that relates the resistivity anisotropy to the nematic order parameter, the
exact one defined in Section 1.3.3.
Taking the derivative of the resistivity anisotropy with respect to Hz and $̇B1g , one obtains a
quantity which is a proxy for the nematic susceptibility:
∂2
∂ $̇B1g ∂Hz

#

∆ρ
ρ

$

,
,
,
,
B2g ,

Hz =#̇=0

= gT,x ηχ ∝ χ.

(5.5)

The quantity that is similar to mB2g ,B2g ; however, this is not an elastoresistivity coeﬃcient, as
the resistivity anisotropy is not induced by the B2g strain. Rather, it is induced by a combination of
time-derivative of strain and magnetic field. This quantity is dubbed the Hall viscosity coeﬃcient.
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This nomenclature comes from the combination of the Hall coeﬃcient1 and the viscosity. The
Hall coeﬃcient is defined as the derivative of the transverse resistivity with respect to the applied
magnetic field. The viscosity is defined as the derivative of stress tensor with respect to the shear
velocity2 . Therefore, it is appropriate to call the quantity, which is defined as the derivative of the
Hall coeﬃcient with respect to the B1g shear velocity, the Hall viscosity coeﬃcient.
The method used to measure the Hall viscosity coeﬃcient is inspired by the transverse elastoresistivity method explained in Section 2.4. This is outlined in the next section.

5.3

Measurement of the Hall viscosity coeﬃcient

The simplest way to induce the $̇B1g term is by applying oscillating stress along [100] direction. The
combination of the oscillating strain and the magnetic field Hz will induce the resistivity anisotropy
in the B2g channel according to Eq.5.4. This B2g resistivity anisotropy will be oscillating with time
and out of phase with strain, as the time derivative introduces an extra phase of 90◦ . This can
be measured via transverse resistivity configuration similar to that introduced in Section 2.4, and
since the resistivity anisotropy is oscillating, it can be measured using the amplitude demodulation
method [57], with some subtle diﬀerence from what is introduced in Section 2.4.
Measuring resistivity anisotropy via transverse resistivity configuration
The B2g resistivity anisotropy can be expressed in the cartesian coordinate as
#

∆ρ
ρ

$

=
B2g

#

∆ρ
ρ

$

xy

=%

∆ρxy ($̇, H)
∆ρxy
%
=
,
ρxx
ρxx ($̇, H = 0) ρyy ($̇, H = 0)

(5.6)

as defined in Eq. 1.6 and 1.8, and ρxx = ρyy in the tetragonal state. The Hall viscosity coeﬃcient
is therefore
∂2
∂ $̇B1g ∂Hz

#

∆ρ
ρ

$

,
,
,
,
B2g ,

Hz =#̇=0

,
1
∂ 2 ρxy ,,
=
,
ρxx ∂ $̇B1g ∂Hz ,Hz =#̇=0

note that we can drop the ∆ inside the derivative since

∂2
∂ #̇B1g ∂Hz ρxy ($̇, H

(5.7)

= 0) = 0. Hence, the

Hall viscosity coeﬃcient can be obtained by measuring the transverse (Hall) resistivity, ρxy and the
longitudinal resistivity ρxx .
From Eq. 5.4, the change in Hall resistivity due to the trilinear coupling is
∆ρxy = ρxx gT,x ηχHz $̇B1g .
1 It

will become apparent in the next section why we use a Hall geometry to measure this signal.
velocity is a quantity that is equivalent to the time derivative of shear strain.

2 Shear

(5.8)
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Figure 5.1: (A) The geometric of the sample. Biaxial strain $α = $α,0 +$α,1 sin(ωs t)m, (α = xx, yy) is
induced by gluing the sample onto the PZT stack. The $α,0 is used to tune the critical temperature
TS , while the oscillating part $α,1 sin(ωs t) is used to induce the nematic order parameter with
magnetic field Hz . (B) the phase diagram comparing the three terms in Eq.5.10. The Hall resistivity,
and the anisotropy induced by the B2g strain is in phase with the strain. The anisotropy induced
by the trilinear coupling is in quadrature with strain and is linearly dependent on frequency.
Substituting this term into Eq.5.7 yields
,
1
∂ 2 ρxy ,,
= gT,x ηχ ∝ χ.
ρxx ∂ $̇B1g ∂Hz ,Hz =#̇=0

(5.9)

This indicates that the Hall viscosity coeﬃcient can be a proxy for the nematic susceptibility. In
practice, this is not the only term that contributes to the resistivity in the Hall channel. The
magnetic field will naturally introduce the Hall eﬀect, and some misorientation of the sample to the
strain axis will produce finite B2g strain, which will also contribute to the Hall resistivity.
Disentangling the Hall signal
Even though these eﬀects appear in the same channel, they can be disentangled. Consider the total
resistivity in the Hall channel:
ρxy = RH Hz + ρxx gλB2g ,B2g χ$B2g + ρxx gηχHz $̇B1g ,

(5.10)

The first term is the Hall eﬀect, where RH is the Hall coeﬃcient of the sample. The second term
arises from the bilinear coupling between the nematic order parameter ψB2g and the B2g strain (which
arises due to imperfect sample alignment), and λB2g ,B2g is the nemato-elastic coupling between ψB2g
and $B2g . The third term is the trilinear coupling introduced in this chapter.
Sinusoidal voltage V = V0 sin(ωs t) is applied into the PZT stacks at frequency fs = ωs /2π,
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Field dependence
Frequency dependence
Phase relative to strain

RH Hz
Yes
No
0◦

ρxx gλB2g ,B2g χ$B2g
No
No
0◦
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ρxx gηχHz $̇B1g
Yes
Yes
90◦

Table 5.1: There are three terms that contribute to the Hall resistivity in equation 5.11: the Hall
eﬀect, the resistivity anisotropy induced by B2g strain, and the resistivity anisotropy induced by the
trilinear coupling. These trilinear coupling can be distinguished completely from the other terms by
looking at the the field dependence and the frequency dependence of the signal, and the phase of
the signal relative to that of the induced strain.
inducing the oscillating strain. The time-dependent resistivity in Eq. 5.10 can be expressed as
ρxy (t) = RH Hz + ρxx gλχ$B2g ,1 sin(ωs t) + ρxx gηχHz $B1g ,1 ωs cos(ωs t),

(5.11)

where $xx,1 and $yy,1 are the amplitude of the oscillating xx and yy strains, respectively. The
notation $1 ’s are used as the $0 ’s are already used for DC oﬀset strains.
The beauty of this method is that the trilinear coupling term can be distinguished completely
from the rest by observing temperature, magnetic field, and strain frequency dependence of the Hall
signal. This is summarized in Table 5.1. The trilinear coupling is the only term that has a (i) linear
magnetic field dependence, (ii) linear strain frequency dependence, (iii) Curie-Weiss temperature
dependence, and (iv) is 90◦ out of phase with respect to strain. In this way, the trilinear coupling
term can be distinguished from others.
The amplitude demodulation method
In order to measure the trilinear part of the Hall signal, we utilize the amplitude demodulation
technique [57] introduced in Section 2.4:
Consider only the trilinear coupling term from Eq. 5.11:
ρxy,t (t) = ρxx gηχHz $B1g ,1 ωs cos(ωs t). = ρxy,t cos(ωs t).

(5.12)

An AC current Ix (t) = I0 sin(ωt) is sourced through the sample at a carrier frequency fc (∕= fs ),
resulting an oscillating voltage with the following form:
Vy (t) = Ix (t)Rxy,t (t) = I0 Rxy,t sin(ωc t) cos(ωs t),

(5.13)

where Rxy,t = ρxy,t /t is the trilinear contribution of the Hall resistance, and t is the thickness of the
sample. A trigonometry identity is used to obtain
Vy (t) = I0 Rxy,t sin(ωc t) cos(ωs t) =

1
I0 Rxy,t [sin(ωc + ωs )t + sin(ωc − ωs )t].
2

(5.14)
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Figure 5.2: (A) Typical microstructure with 6-point-contact geometry. (B) Top view of the microstructure. Labels indicates the current path, and the longitudinal voltage Vx and the transverse
voltage Vy . These scanning electron microscope pictures were taken inside of the FIB machine by
M.D. Bachmann
The signal can be measured using lock-in amplifier to lock in to either of the sideband frequency at
|ωc ± ωs |. The measured sideband is
Sxy,t =

1
I0 ρxx gηχHz $B1g ,0 ωs .
2

(5.15)

By comparing this equation to Eq.5.9, the sideband and the Hall viscosity are related through the
following relation:
∂2
∂ $̇B1g ∂Hz

#

∆ρ
ρ

$

,
,
,
,
B2g ,

Hz =#̇=0

∝

1
∂2
Sxy ∝ χ.
ρxx ∂fs ∂Hz

(5.16)

Note here that S is the X-component of the sideband.
To obtain ∂ 2 Sxy /∂fs ∂Hz , first, the Hall signal is measured as a function of the magnetic field;
this should give a linear dependence of the signal. The slope of the linear fit gives ∂Sxy /∂Hz . This
is repeated with many strain frequencies. This allows us to take the second (partial) derivative of
the signal with respect to the magnetic field and strain frequency, i.e. ∂ 2 Sxy /∂Hz ∂fs . Since the
nematic susceptibility has a Curie-Weiss form, one should see this temperature dependence when
repeating the measurement at many temperatures close to TS .

5.4

Experimental setup

Following the discussion from the previous section, the desired geometry is a rectangle with [100] and
[010] parallel to the side of the rectangle illustrated in Fig.5.1. Current is sourced along the length

CHAPTER 5. PROBING NEMATIC SUSCEPTIBILITY WHILE STRAIN TUNING

79

of the sample, and transverse and longitudinal voltage can be measured simultaneously. Stress is
applied along the [100] direction of the sample. This enables oscillating B1g strain for measuring the
nematic susceptibility, and A1g and B1g strain for tuning TS .
A preliminary experiment in a bulk sample indicates that the signal is very small. Therefore,
it becomes extremely important to have a sample with large resistance and very well controlled
electrical contact placement. This necessitated preparations of crystals using Focused Ion Beam
(FIB).
Single crystals of BaFe2 As2 were grown using the method described elsewhere [7, 62]. Sample
of thickness less than 20µm was glued onto a piezoelectric stack (Piezomechanik GmbH model
PSt150/5×5/7 cryo 1) with Angstrom Bond AB9110LV epoxy. The [100] crystallographic direction
is aligned parallel to the length of the PZT. The sample is milled with FIB using Helios NanoLab
600i DualBeam at Stanford Nanoshare facility. The sample preparation process is explained in more
detail in Section 2.1.
A typical microstructure is shown in Fig.5.2. The active area (marked by the rectangle) has
a typical thickness of 1µm. Compared to the typical thickness of as-cleaved samples of ∼ 30µm,

the Hall resistance increases by 30-fold after the milling process. The contact misalignment can
be determined by measuring Vy /Vx with the typical value of less than 1%. A common concern
with the microstructure is it can be damaged when a large current is applied due to heating. An
appropriate current range suitable for the measurement can be determined by measuring the voltage
as a function of current (V-I curve). For BaFe2 As2 microstructure with a typical dimension of
100µm × 20µm × 1µm, the V-I curve exhibits a linear behavior up to more than 10mA. This ensures
that there is no significant heating, and the measurement is in the Ohmic region at all time.

Current is sourced by converting the voltage output from Stanford Research SR860 to current
using Stanford Research CS580 Voltage-Controlled Current Source. The voltages across the PZT
stack is controlled using Stanford Research SR860 Lock-In amplifier and amplified by a factor of 25
through a Tegam 2350 precision power amplifier. The sideband is measured using the dual mode of
the SR860. The measurement was performed in Quantum Design Physical Properties Measurement
System (PPMS), with the magnetic field up to 14T in both +z and −z direction. This allows for
up to 28T of magnetic field sweep.

5.5

Result and discussion

The measurement is performed in the stoichiometric parent BaFe2 As2 with TS ≈ 132.5K. Figure
5.3 summarizes the results. The X component of the sideband signal from Hall voltage is first
antisym
antisymmetrized with respect to the field Sxy,t
=

1
2 [Sxy,t (Hz )

− Sxy,t (−Hz )]. This is done to

eliminate any elastoresistance that may be picked up from contact misalignment3 .

3 According to Onsager’s reciprocal relation, the magnetoresistivity of a material is an even function of the applied
magnetic field [112]. Antisymmetrizing the Hall signal eliminates the contamination from contact misalignment.
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Figure 5.3: (A) The antisymmetrized sideband from the Hall channel. It is linear as a function of
the applied magnetic field, and the slope increases as a function of strain frequency. This plot is
antisym
∂
smoothen using the smoothing spline method in MatLab. (B) The slope ∂H
Sxy,t
is plotted as a
z
function of strain frequency, revealing a linear dependence. The slope of this plot,
2

antisym
∂2
,
∂fs ∂Hz Sxy,t

antisym
is directly proportional to the Hall viscosity coeﬃcient. (C) ∂fs∂∂Hz Sxy,t
is plotted as a function
of temperature. The expected Curie-Weiss temperature dependence was not observed, implying the
observed Hall viscosity coeﬃcient may come from other origins.
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Figure 5.3A shows the antisymmetrized sideband as a function of the magnetic field at various
strain frequencies at 133K, just above the critical temperature TS for this sample. It is apparent that
antisym
Sxy,t
is linearly dependent
on Hz , and the slope is larger for higher strain frequency fs . The field
,
antisym ,
∂
derivative ∂Hz Sxy,t ,
is extracted from each trace by fitting a linear function to the data. This
Hz =0

is then plotted as a function
, of frequency in Fig.5.3B, and it shows a linear frequency dependence.
2
antisym ,
To obtain ∂fs∂∂Hz Sxy,t
, a linear function is fitted to the field derivative of temperature.
,
Hz ,f =0

The slope is proportional to the Hall viscosity coeﬃcient. The temperature dependence of the Hall
viscosity coeﬃcient is obtained by repeating this process at many temperatures. The result is shown
in Fig.5.3C. It can be seen that all the data points lie within each other’s standard deviation, which
is not the anticipated temperature dependence, as the nematic susceptibility is expected to have a
Curie-Weiss functional form [17, 47].
Theoretically, the Hall viscosity diverges at TS , and the Hall viscosity coeﬃcient should always
be observed close to TS . However, it is a matter of how close the temperature has to be to TS
to observe this signal; and it is the trilinear coupling coeﬃcient η that dictates this temperature
range. It can, therefore, be inferred from our result that the trilinear coupling coeﬃcient η in this
system is extremely small, such that the temperature has to be infinitesimally close TS to observe the
divergence. Although the the observed signal does not follow the expected temperature dependence
in this material, I hope it has future uses in other phases or materials where this type of coupling is
large.
Lastly, it shall be noted that, although the signal we observed does not have an expected temperature dependence, it is non-zero. The observation implies that the observed Hall viscosity coeﬃcient
may come from other microscopic origins, as it is allowed by symmetry for the conjugate field $̇B1g Hz
to couple to any other B2g objects, such as the B2g phonon mode.
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Strain response of the PZT

The frequency response of a PZT stack is obtained by measuring induced strain amplitude. This can
be done by gluing the strain gauge onto the back of the PZT (see Section 2.2.1 with the amplitude
demodulation method. Using the result from Section 2.4, the strain amplitude is calculated from
the relation $SG = SSG /CSG , where SSG and CSG are the sideband and the central band of the
strain gauge, respectively. The upper panel of Fig.5.4 shows the strain amplitude induced by a 20V
peak-to-peak input to the PZT. This exhibits almost a flat response as a function of frequency, but
has a significant temperature dependence, as the strain amplitude is reduced by nearly a quarter
200K to 25K. However, in our temperature range between 135K and 175K, the change in strain
amplitude is slight.
The bottom panel of Fig.5.4 shows the phase of the sideband SSG . The expected phase is 90◦ (see
Section 2.4); however the deviation from that value is observed. At low frequency, this is expected
due to the capacitive eﬀect of the PZT. At high frequency, the phase started to deviate, especially
at high temperatures. The physical origin of this deviation is unclear as it may cause by many
factors such as a high-frequency noise or inductance in the wiring of the cryostat. Nevertheless, this
observation establishes the limits of the frequency range to perform this experiment.

Strain amplitude for 20V p-p
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Figure 5.4: Frequency response of the PZT obtained by attaching a strain gauge to the back of the
PZT and measured with amplitude demodulation method described in Section 2.4
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Comments on the strain dependence of the Hall coeﬃcient

As the oscillating stress is applied to the sample, the Hall coeﬃcient will oscillate accordingly. We
can approximate the size of this Hall eﬀect using a one-band free electron approximation:
RH (t) =

1
Ω(t)
=
,
ne (t)e
Ne

(5.17)

where Ω is the volume of the sample, and ne and N are the number density and the number of the
electrons, respectively. The fractional change of the measured Hall voltage due to oscillating strain
is therefore equal to the fractional change of the sample’s volume:
∆Vxy
∆RH
∆Ω
=
=
.
Vxy
RH
Ω

(5.18)

The fractional volume change can be expressed in terms of strain:
∆Ω
∆x ∆y ∆z
=
+
+
= $xx + $yy + $zz .
Ω
x
y
z

(5.19)

This can be expressed in terms of $xx and the out of plane Poisson’s ratios of the sample, ν ′ = 0.164
(see Table 3.1), and the Poisson’s ratio of the PZT, νP = 1/2.3 = 0.43 :
∆Ω
= (1 − νP )(1 − ν ′ )$xx ∼ 0.4$xx .
Ω

(5.20)

Figure 5.4 shows that the strain amplitude in the xx component is at 150K is approximately
3×10−5 . This translate into the fractional change in volume of approximately 1.2×10−5 . Therefore,
∆Vxy ∼ 1.2 × 10−5 Vxy

(5.21)

for this strain amplitude. The maximum value of Vxy , measured at 14T and 150K, is approximately
5 × 10−6 for a parent BaFe2 As2 sample with a typical microstructure (Fig.5.2). This means that

the maximum signal caused by this eﬀect is approximately ∆Vxy ∼ 6 × 10−11 V , which is more than
one order of magnitude smaller than the sensitivity of the instrument (Stanford Research SR860).
Indeed, this eﬀect was not observed in any of our measurement.

Chapter 6

Final summary and future works
6.1

Summary of this thesis work

My thesis is motivated by the phenomenon of nematic quantum criticality in iron-based superconductors. Understanding the role of electronic nematicity could lead to a more complete understanding
of unconventional superconductivity. Because the physical properties in vicinity of a quantum critical point is governed by power laws, it is crucial to have a continuous tuning parameter that can
move the system infinitesimally close to the critical point. This motivates me to look for new tuning
parameters, and this is presented in Chapter 3. Strain, specifically strain induced by an externally
applied stress, is a potential candidate for such tuning parameter, as it can be done in-situ and is
essentially a continuous tuning parameter. This experiment investigates the variation of the critical
temperature TS of the nematic phase transition as strain is induced from two diﬀerent environments:
inside a hydrostatic pressure cell and on a uniaxial stress cell. The two distinct stress environments
allow for a full decomposition of in-plane A1g,1 and the out-of-plant A1g,2 symmetry-preserving
strains, and the orthogonal antisymmetric B1g strain. The result shows that B1g strain is a powerful continuous tuning parameter. Furthermore, it is observed that the A1g,1 and A1g,2 strains
work against each other in the hydrostatic environment but work together in the uniaxial stress
environment. This makes uniaxial stress a very powerful tool to tune the nematic phase transition.
Chapter 4 utilizes uniaxial stress to investigate the nematic quantum criticality. The response of
TS to uniaxial stress is systematically studied in various compositions of Ba(Fe1−x Cox )2 As2 close to
the putative quantum critical point. It is observed that uniaxial stress becomes more eﬀective close
to the putative quantum critical point. By symmetry decompose the uniaxial stress into A1g and
B1g strains, it is found that this phenomenon is caused by the power-law behavior of TS as a function
of non-thermal tuning parameters. This provides the first direct evidence for the nematic quantum
critical point in the form of power-law behavior. The power-law regime exists over a remarkably
wide range of composition and temperature, extending over the majority of the superconducting
85
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dome for these underdoped compositions. This empirically establish that the superconductor is not
only born out of a metal that hosts strong nematic fluctuations but specifically is born from a metal
that exhibits quantum critical nematic fluctuations.
The realization that uniaxial stress is an excellent continuous tuning parameter close to the
quantum critical point motivates us to measure the nematic susceptibility while tuning the system
with uniaxial stress. In the final experiment (Chapter 5), I present a new technique to measure
the nematic susceptibility with a novel conjugate field $̇B1g Hz , which is a combination of a timevarying B1g strain and a magnetic field. This combined conjugate field belongs to the B2g irreducible
representation, and thus can couple to the B2g nematic in a bilinear fashion. In theory, this allows
for the measurement of nematic susceptibility while tuning the system with A1g and B1g strains. We
measured a non-zero Hall viscosity coeﬃcient, a quantity that is a proxy for nematic susceptibility.
However, it does not have the anticipated temperature dependence. This implies that the coupling
constant between the combined conjugate field and the nematic order is small, and the measured
Hall viscosity coeﬃcient is dominated by coupling to other non-critical degrees of freedom. Even
though this result suggests that this technique is not applicable for this material, it is nevertheless
an important technique that may be applied to other material systems.

6.2

Future outlooks

Although this thesis has pushed the boundary of establishing the nematic quantum critical phenomena, much work is to be done to understand the complete picture of this unconventional superconductor. A question that immediately follows is what happens to the quantum critical nematic
fluctuations under the superconducting dome. Specifically, whether the nematic phase transition
persists, and if so, does the power-law behavior also persists, and what is the critical exponent of
that power law. A diﬃcult part of that experiment is the lack of probe to detect the phase transition
under the superconducting dome, as all the transport measurements are rendered ineﬀective, and
the signal from heat capacity measurement is also heavily blurred by the disorder eﬀects. There are,
however, a recent development that could allow this measurement. AC elastocaloric eﬀect, developed by M.S. Ikeda in our group [61], has the potential. It is a thermodynamic probe that is not
obstructed by the presence of superconductivity and has proven to have an excellent signal to noise
ratio - allowing the measurement of specific heat anomalies even in highly disordered materials.
One may also take an alternative route and extend the normal state down to lower temperatures
by suppressing the superconductivity using, for instance, a magnetic field. Some work has already
been done, led by J.C. Palmstrom and J.A.W. Straquadine of our group [113, 104], using a high
magnetic field up to 65T to partially suppress the superconductivity and measuring the nematic
susceptibility in that region.
Another exciting avenue that can be explored with this perspective is in other materials in
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the family of iron-based superconductors that do not exhibit the usual phase diagram, such as
Ba(Fe1−x Cux )2 As2 and FeSe1−x Sx . The phase diagram of Ba(Fe1−x Cux )2 As2 is mostly similar to
Ba(Fe1−x Cox )2 As2 , where the nematic and magnetic states are suppressed and superconductivity
emerges [114]. The big diﬀerence is the superconducting dome is much smaller. It peaks at ∼1K
at the optimally doped composition - raising the question of whether there are quantum critical
fluctuations in the system and what role disorder plays in a quantum critical system. FeSe1−x Sx
presents a unique phase diagram [115], where the electronic nematic phase is present by itself without the accompaniment of a magnetic phase. The parent FeSe compound superconducts at ∼9K,
and remains essentially constant when the nematic phase is suppressed. This indicates a diﬀerent

type of interplay between electronic nematicity and superconductivity. Studying these materials
may help elucidate another big question: how much does the electronic nematicity influence the
superconductivity.
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A. McCollam, Y. Matsuda, T. Shibauchi, and A. Carrington. Evolution of the fermi surface
of BaFe2 (As1−x Px )2 on entering the superconducting dome. Phys. Rev. Lett., 104:057008, Feb
2010.
[103] C. G. Wang, Z. Li, J. Yang, L. Y. Xing, G. Y. Dai, X. C. Wang, C. Q. Jin, R. Zhou,
and Guo-qing Zheng. Electron mass enhancement near a nematic quantum critical point
in NaFe1−x Cox As. Phys. Rev. Lett., 121:167004, Oct 2018.
[104] J. C. Palmstrom, P. Walmsley, J. A. W. Straquadine, M. E. Sorensen, D. H. Burns, and I. R.
Fisher, Comparison of temperature and doping dependence of nematic susceptibility near a
putative nematic quantum critical point, arXiv:1912.07574.
[105] In a tetragonal system, positive and negative B1g has the same eﬀect to the material, therefore,
Ts can only be an even function of B1g strain - quadratic to leading order.
[106] In cases where a scaling hypothesis holds, the critical temperature is set by an energy scale
that is inversely proportional to the critical correlation time τC ∼ (gC − g)−νz where ν is
critical exponent for the correlation length, and z is dynamical scaling exponent. In such case,
θ = νz [49], but we persist in writing the exponent simply as θ to preserve generality.
[107] Positive and negative B1g strain suppress the critical temperature equally, hence the square
on $B1g .
[108] Chiaki Fujii, Shalamujiang Simayi, Kouhei Sakano, Chizuru Sasaki, Mitsuteru Nakamura,
Yoshiki Nakanishi, Kunihiro Kihou, Masamichi Nakajima, Chul-Ho Lee, Akira Iyo, Hiroshi
Eisaki, Shin-ichi Uchida, and Masahito Yoshizawa. Anisotropic Grneisen parameter and diverse
order parameter fluctuations in iron-based superconductor Ba(Fe1−x Cox )2 As2 . Journal of the
Physical Society of Japan, 87(7):074710, 2018.
[109] Mario Zacharias, Indranil Paul, and Markus Garst. Quantum critical elasticity. Phys. Rev.
Lett., 115:025703, Jul 2015.

BIBLIOGRAPHY

98

[110] Daniel S. Fisher. Random transverse field ising spin chains. Phys. Rev. Lett., 69:534–537, Jul
1992.
[111] Olexei Motrunich, Siun-Chuon Mau, David A. Huse, and Daniel S. Fisher. Infinite-randomness
quantum ising critical fixed points. Phys. Rev. B, 61:1160–1172, Jan 2000.
[112] Herbert B. Callen. The application of onsager’s reciprocal relations to thermoelectric, thermomagnetic, and galvanomagnetic eﬀects. Phys. Rev., 73:1349–1358, Jun 1948.
[113] J. A. W. Straquadine, J. C. Palmstrom, P. Walmsley, A. T. Hristov, F. Weickert, F. F.
Balakirev, M. Jaime, R. McDonald, and I. R. Fisher. Growth of nematic susceptibility in
the field-induced normal state of an iron-based superconductor revealed by elastoresistivity
measurements in a 65 t pulsed magnet. Phys. Rev. B, 100:125147, Sep 2019.
[114] N. Ni, A. Thaler, J. Q. Yan, A. Kracher, E. Colombier, S. L. Bud’ko, P. C. Canfield, and
S. T. Hannahs. Temperature versus doping phase diagrams for Ba(Fe1−x TMx )2 as2 (TM =
Ni, Cu, Cu/Co) single crystals. Phys. Rev. B, 82:024519, Jul 2010.
[115] M. D. Watson, T. K. Kim, A. A. Haghighirad, S. F. Blake, N. R. Davies, M. Hoesch, T. Wolf,
and A. I. Coldea. Suppression of orbital ordering by chemical pressure in fese1−x sx . Phys.
Rev. B, 92:121108, Sep 2015.

