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axis, ρa for samples of Ba1−xKxFe2As2 with four different potas-

sium doping levels in the strain-free, twinned, state. The curves

are shown using normalized plots, ρ(T )/ρ(300K). Arrows in-

dicate the transition temperatures and were determined by the

maximum in the derivative of the resistivity and from polarized

optical microscopy. . . . . . . . . . . . . . . . . . . . . . . . . . 51

Figure 6.3 Upper panel: Normalized temperature-dependent resistivity, ρ(T )/ρ(300K),

for the Ba1−xKxFe2As2 samples with x = 0.202 and x = 0.235.

The red lines show the resistivity along the ao-axis (ρa) while the

blue lines show ρb. The inset zooms at the structural transition,

where a clear reversal of the anisotropy from ρb > ρa for x = 0.202

to ρb < ρa for x = 0.235 occurs. Lower panel: temperature de-

pendence of % for different K-doping levels. The arrows mark the

magnetic transition temperatures. . . . . . . . . . . . . . . . . . 53
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6.4 Top panel: Phase diagram of the electron- and hole-doped BaFe2As2

system focusing on the under - doped regime with the supercon-

ducting region shown in green. The region of the orthorhombic

(antiferromagnetic) phase below transition from the tetragonal

phase, TS, is shown in yellow. Nematic fluctuations (red region)

persist far above TS and affect the in-plane resistivity anisotropy

in strained samples. The lower panel shows the maximum in-

plane anisotropy %max as a function of doping. Note the signifi-

cant asymmetry of %max(x) and its sign change in the hole-doped

regime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Figure 6.5 Top panel: doping dependence of the in-plane resistivity anisotropy

at 0.95TN in both electron- and hole-doped BaFe2As2. The red

line is a guide to the eye. The nematic/magnetic and supercon-

ducting domes are shown in the background for reference only,

without a temperature scale. Bottom panel: theoretical calcula-

tion of the maximum in-plane resistivity anisotropy in the para-

magnetic phase normalized by the residual resistivity, ρ0, as a

function of the change in the electron occupation number, ∆n/n0,

where n0 = (kFa)2/(π). The insets schematically show the dif-

ferences in the scattering rates corresponding to different Fermi

velocities at the hot spots for electron- and hole-doped systems.

When the hot-spot Fermi velocity has a larger component along

the b (a) direction, the magnetic scattering rate is larger along

the b (a) direction. The hot spots are obtained by displacing the

electron pocket (yellow ellipse) by (π, 0), making it overlap with

the hole pocket (green circle). The shaded red area denotes the

predicted sign reversal of the anisotropy. . . . . . . . . . . . . . 57
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ABSTRACT

Many iron-based superconductors undergo a tetragonal to orthorhombic change of

their crystallographic lattice symmetry, as well as paramagnetic to anti-ferromagnetic

ordering upon cooling through a characteristic temperature TN . The anisotropic struc-

ture of the orthorhombic crystal symmetry would naturally lead one to expect to find

in-plane electronic anisotropy.

Upon cooling through Ts, and going into the orthorhombic symmetry, crystals divide

into many small twin domains. Although crystallographically identical, the twin domains

express four different rotations of the orthorhombic lattice within the ab-plane making

direct measurements along an individual orthorhombic axis impossible. This complica-

tion lead to the developement of uniaxial stress and strain detwinning, which makes one

of the four domain rotations far more energetically favorable than the other three, to

the extent that more than 90% of the entire crystal volume may be represented by the

dominant domain. Once in this detwinned state, measurements may be made along the

individual orthorhombic axes, allowing one to probe in-plane anisotropy.

Following the developement of the detwinning technique, measurements of the in-

plane resistivity anisotropy between the orthorhombic ao and bo axes were made. The

results, however, turned out to be the opposite of what is predicted from simple models

of electrical resistivity. Many different competing theories were developed to understand

this unusual behavior. The goal of my doctoral research is to understand the validitiy

of these different theories and discover the primary driving force behind this unexpected

result.

My experiments on the effects of doping on the in-plane resistivity anisotropy yielded
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an interesting result that not only is there an assymetry between electron and hole doping,

but also that the sign of the anisotropy changes sign with sufficient hole doping. This

result, along with the tempreature dependence of the in-plane resistivity anisotropy,

provide very strong evidence that the primary source is anisotropic scattering due to

magnetic spin fluctuations.
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CHAPTER 1. Introduction

1.1 Motivation

Electrical resistance has a profound effect on our daily lives whether or not it is

immediately obvious. As an electrical current passes through any imperfect conductor,

energy is lost in the form of heat. This loss not only has a monetary cost, but also

places limitations on the capabilities of all systems which rely on electrical power. For

example the U.S. Office of Electricity Delivery and Energy Reliability estimates that

nearly 7% of all electrical power, generated in the US, is lost in transmission between the

power plant and the consumer. For a typical high tension power line, the loss per mile

of transmission carries a monetary cost of over $1.03 million and an environmental cost

of more than 2.7 million pounds of carbon emissions [1]. These losses are not limited

to electrical transmission. Electrical appliances themselves also suffer from the same

loss, creating further waste. Additionally power losses also create technical limitations

ranging from the speed of computer processors to the time between recharging portable

electrical devices.

The reasons above clearly demonstrate the value in finding ways to reduce energy

waste. There are many ways to reduce energy waste, but one particularly promising

candidate is a class of materials called superconductors.

In 1908, physicist, Heike Kamerlingh Onnes succeeded in liquefying helium [2], allow-

ing him to reach colder temperatures than had ever previously been achieved and began

a rigorous study of the properties of very pure metals at low temperatures. In 1911,
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Onnes made the startling discovery that, at temperatures below 4.2 K, mercury ceased

to show any electrical resistance [3]. Onnes had discovered the first superconductor, a

material with no electrical resistance allowing electricity to flow without loss. Shortly

thereafter other materials were discovered to be superconducting such as lead at 7 K [4]

and niobium at 9.3 K [5]. As time went on, many more superconducting compounds

were discovered.

No doubt, these materials are of great interest because of their potential use in

both power transmission and electrical devices as they have no electrical resistivity and

consequently have absolutely no energy losses. Although superconductors are used in

some specialized applications today, there are techincal limitations preventing them from

them being used broadly.

Superconductivity is already in use in modern technology. Current applications in-

clude magnetic levitation in maglev trains, RF filters in cell phone base stations, and

magnets used in medical imaging systems such as MRI, not to mention applications

in highly specialized scientific instruments. Unfortunately superconductivity is currently

only used in very specialized applications as the necessary temperatures are still very low

compared to ambient temperatures. The highest temperature superconductor to date

is HgBa2Ca2Cu3Ox [6] which superconducts at temperatures up to 133 K, which is

still 160 K below room temperature. Although such temperatures can easily be reached

with liquid nitrogen (77 K), these materials are complicated to produce and are brittle

ceramics lacking the malleability we normally associate with metal wires, making them

difficult to integrate into real world applications.

Many scientists would argue that the Holy Grail of current condensed matter physics

and materials science research is the development material which superconducts at am-

bient temperature and pressure. Although this goal is likely still many years away, it has

motivated over 100 years of superconductivity research which is ongoing today.

At this point we still don’t have enough of an understanding of superconductivity



3

to even predict which materials are superconducting. For this reason it is important

to explore every possible facet of superconductivity and superconductors themselves.

Unfortunately these facets are often intertwined and require study from many different

experimental angles to disentangle the individual effects. Consequently the discovery of

a new superconducting material generates a flurry of excitement and new research. In

2008, a new class of superconductors, based on iron, was discovered [7] and became the

primary interest of this work.

This work focuses on studying in-plane anisotropic properties, primarily in the normal

(non-superconducting) state, but in close proximity to superconductivity in iron-based

superconductors. These anisotropic properties provide an interesting oppourtunity to

study the effects variation of a parameter within an individual sample which may there-

fore be interpreted much more directly because of the smaller number of effects which

must be disentangled.

1.2 The Twin Domain Problem

Crystal twinning is a property where two separate crystals share lattice points. This

causes an intergrowth of crystallographically identical twin domains but with different

orientations. The size of individual domains varies widely depending on the material.

Selenite crystals with twin domains as large as 14 metres have been discovered in the fa-

mous Naica Mine, in northern Mexico. By comparison pyrite often forms centimeter size

twin domains, while granite exhibits domains that can only be seen under a microscope.

The existence of twin domains can be problematic because many experimental mea-

surements become infeasible without single crystals of a minimum practical size. For

example neutron diffraction and resistivity measurements become nearly impossible for

crystals with sub-milimeter dimensions. The iron-based superconductors exhibit sponta-

neous twin domain formation after undergoing a tetragonal to orthorhombic phase tran-



4

Figure 1.1 A pyrite crystal with simple penetration twinning of three cubic domains.

sition. These twin domains have micrometer widths which make some measurements

impossible.

The twin domain problem is, however, not unique to iron-based superconductors.

The intensly studied cuprate superconductors also exhibit a tetragonal to orthorhombic

transition which causes the spontaneous developement of micrometer size domains. This

situation is quite different however, as the transition occurs well above room temperature

in copper-oxide superconductors (for example the transition occurs around 450 oC in

Y Ba2Cu3O7−δ).

Figure 1.2 Polarized microscopy images of Y Ba2Cu3O7−δ (left) and CaFe2As2 (right),
well below TN . The colored stripes are twin domains, which are crystal-
lographically identical, but with different in-plane rotation angles. Both
materials undergo a tetragonal to orthorhombic structural transition which
leads to the formation of twin domains.
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Various techniques were developed to eliminate twin domains, in the cuprates to allow

experiments to be performed on large, truely single domain, crystals. The most simple

of which is to exert uniaxial stress on a twinned crystal [8] which makes one domain

orientation more energetically favorable than the others. After a stress of approximately

25 MPa was applied, the crystal would become detwinned, and remain as a single domain

crystal after the stress was released.

Detwinning Y Ba2Cu3O7−δ, and the cuprates in general, is a much simpler situation

than it is for the family of iron-based superconductors. In the cuprates, the structural

transition is well above room temperature which means uniaxial force detwinning can

be performed in ambient conditions. For iron-based superconductors however, the tran-

sition temperatures range from 100-200 oC below room temperature which means that

detwinning must be performed in a cryogenic environment and imposes a host of tech-

nical challenges. A major part of this thesis was overcoming those challenges which is

discussed at length in Chapter 3.
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CHAPTER 2. Iron-based superconductors

2.1 Introduction

In 2006 superconductivity was discovered in LaFeOP by Y. Kamihara et al. [9]. This

was the first discovery of superconductivity in an iron-based superconductor. Although

it was novel, the transition temperature was found to be rather low at 3.2 K which is

even lower than many pure elemental superconductors (for example, lead superconducts

at 7 K), and consequently did not generate much excitement.

In 2008, the same group of researchers found that flourine doping of LaFeAsO could

achieve superconducting transition temperatures as high as 26 K [7]. This was the first

of the RFeAsO (R=rare earth) family of superconductors, commonly denoted as the

”1111” system, and displayed transition temperatures up to 55K. With 30 K generally

being considered the threshold for classification as a high temperature superconductor,

this new result generated immediate interest. This set into motion an explosion of

research into iron-based superconductors.

This led to the search for other materials containing FeAs layers with Fe atoms in a

square planar lattice arrangement, similar to the RFeAsO ”1111” system. Among the

FeAs layered compounds which displayed superconductivity were the AFeAs ”111” and

AFe2As2 ”122” systems (A=alkali earth for both systems).

Although the ”122” system has only displayed a maximum Tc of 38 K, the system is

particularly interesting because of the coexistence of superconductivity and magnetism

over a broad range of the phase diagram especially considering that magnetism generally
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supresses superconductivity. This system also has an advantage over other systems in

that it produces comparatively much larger single crystals which are invaluable for mea-

surments such as neutron scattering and in-plane anisotropy measurements (discussed in

detail below). For these reasons the ”122” system is the primary focus of this work.

2.2 AFe2As2 Properties (A = Sr,Ba, Ca,Eu)

2.2.1 Crystallographic Structure

Figure 2.1 Crystallographic structure of SrFe2As2 (identical to the ThCr2Si2 structure),
common for the entire ”122” family of iron-based superconductors. The
black arrows represent the Fe atoms and their magnetic ordering directions
(discussed in detail below). Image from J. Lynn and P. Dai, Physica C 469,
469 (2009)

The crystal structure of the ”122” family of iron-based superconductors, Fig. 2.1, con-

sists of alternating FeAs layers separated by alkali earth layers forming a body-centered-
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tetragonal structure (space group I4/mmm) at room temperature [11; 12; 13]. The alkali

earth layers are arranged in a square lattice within the ab-plane and are the center of a

distorted tetrahedron of As atoms. In the tetragonal symmetry the aT and bT - lattice

vectors are equal in length.

Upon cooling through a characteristic (see Table 2.1) structural transition temper-

ature, Ts, the crystal undergoes a symmetry lowering to a face-centered-orthorhombic

(space group Fmmm) crystal symmetry. In the orthorhombic phase the lattice vectors

in the ab-plane are no longer equal with aO>bO.

Table 2.1 Properties of AFe2As2 Parent Compounds

Material (Ts) ao/bo (10 K) Ref.

BaFe2As2 135 K 1.007 [15]

CaFe2As2 170 K 1.013 [16]

EuFe2As2 190 K 1.006 [17]

SrFe2As2 201 K 1.011 [18]

2.2.2 Magnetic Ordering

In the ”122” fmaily of iron-based superconductors, the structural transition is ac-

companied by magnetic ordering of magnetic moments of the iron atoms. At room

temperature the moments are randomly oriented. Upon cooling through a characteristic

temperature, TN , the moments undergo a Néel transition to antiferromagnetic (AFM)

ordering [16]. In the parent compounds Ts=TN .

The magnetic ordering below TN is ”stripe” type AFM order, illustrated in in Fig. 2.2.

The iron moments align parallel to the longer, ao, orthorhombic axis, forming magnetic

”stipes” parallel to the bo-axis. The moment direction alternates between being parallel

and anti-parallel to the ao-axis as one moves along the ao- or co-axes.
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Figure 2.2 Stripe type antiferomagnetic (AFM) ordering in AFe2As2 superconductors.
In the antiferromagnetically ordered state, the iron moments are aligned
parallel to the longer, ao, orthorhombic axis, forming magnetic ”stipes” par-
allel to the bo-axis. Moment directions alternate as one moves along the ao-
and co-axes. The black dashed line indicates the orthorhombic (structural)
unit cell while the shaded blue area indicates the magnetic unit cell.

2.2.3 Doping Phase Diagrams

The ”122” family of iron-based superconductors have a rich phase diagram upon dop-

ing, by chemical substitution, of both the alkali earth site as well as the iron site. Early

investigations suggested that BaFe2As2 had similarities to LaFeAsO which suggested

it might be an excellent candidate for serving as a parent compound for oxygen-free

iron-arsenide based superconductors [10] with the ThCr2Si2, ”122” structure. Soon

after experimental investigations found that indeed, doping at either site may induce

superconductivity.

Isostructural KFe2As2 was known to exist since the 1980’s [14]. This knowledge,

coupled with the fact that Ba2+ and K+ have a similar ionic radius (0.217 vs. 0.227 nm)

made potassium an excellent candidate for hole dopping BaFe2As2 on the barium site.

Superconductivity was readily discovered in Ba1−xKxFe2As2 with Tc up to 38 K, at an

optimal doping of 40% potassium [19].

Doping of the iron site is represented by form A(Fe1−xTx)2As2 with A=alkali earth
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Figure 2.3 Temperature vs. doping phase diagram for Ba1−xKxFe2As2. Both AFM or-
dering and the tetragonal to orthorhombic phase transition are suppressed
upon doping. Sufficient doping induces superconductivity.Superconductivity
and magnetism coexist until nearly optimal doping. Superconductivity ex-
tends out to 100% potassium substitution of the barium site.

and T=transition metal (disccusion in this work is primarily T=Co, Ni, Ru) where x rep-

resents the fraction of chemical resubstitution. Bulk superconductivity induced by elec-

tron doping in the ”122” family of compounds was first reported for Ba(Fe0.9Co0.1)2As2

with Tc=22 K[23]. Soon after a detailed study of the Co dopping vs. temperature was

peformed [20] and revealed a superconducting dome beginning around x=0.04, and ter-

minating around x=0.12. It was also discovered that the structural transition, TS, and

magentic ordering temperatures, TN are suppressed by roughly 15 K for every 1% iron

substitution by cobalt.

2.3 Twin Domains

2.3.1 Types of Twins

Mineralogists have studied crystal twinning for over a century for it’s value in iden-

tifying and classifying minerals. Mineralogy textbooks generally define crystal twins as
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Figure 2.4 Phase diagram for Ba(Fe1−xCox)2As2. Increasing Co substitution of Fe sup-
presses the structural transition and magnetic ordering temperatures, while
forming a superconducting dome. AFM ordering and the structural tran-
sition are fully suppressed near optimal doping. Further doping suppresses
superconductivity and eventually terminates the dome. Figure is from Ref
[22], reporting Ts from X-ray data and Tc from magnetization data. TN is
from Ni et al. [20] and Fernandes et al. [21].

being a rational, symmetrical intergrowth of two or more individual crystals of the same

species [24]. That is to say two separate crystals, which share lattice points, for different

rotations of the same crystallographic structure.

There are three main causes of types of twin formation: growth twins, gliding twins,

and transformation twins.

As the name suggests, growth twins form during crystal growth and occurs either as a

result of the intergrowth from multiple nucleation points or from environmental factors.

This often results in large twin domains such as those in the twinned pyrite crystal in

Fig 1.1.

Glide twins occur as a result of a crystal plastically yielding to stress causing the
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translation of large sections of crystal planes. In some cases the glide twins remain after

the stress is removed if there are local minimums in the structural energy and there are

large barriers separating them from the lowest energy state. Shocked quartz is a notable

example, which is only found at the site of meteor impacts and nuclear detonations.

Transformation twins, result from a crystal undergoing a symmetry lowering which

usually takes place upon cooling. Transformation nuclei spontaneously appear in various

parts of the crystal and grow domains outward from their centers until reaching another

domain or the edge of the crystal. In this fashion, the crystal is randomly populated with

roughly equal populations of domains of each allowed orientation in the lower symmetry

phase.

The iron-based superconductors do form growth twins. However the availability of

large single crystals in the ”122” family, allows for the selection of samples which are

free of growth twins. For this reason the rest of the discussion will be limited to the

transformation twins which arrise upon cooling through the tetragonal to orthorhomic

transition in iron-based superconductors.

2.3.2 Domain Formation in Iron-based Superconductors

As noted above, upon cooling through TN , the AFe2As2 crystals undergo a lowering

of the crystal lattice symmetry from a tetragonal to orthorhombic symmetry driven by

a sheer distortion. In the tetragonal phase, the aT and bT lattice vectors are equal in

length (see Fig 2.5). In the orthorhombic phase the aO lattice vector is longer than the

bO by as much as aO/bO=1.013 in the parent compound, CaFe2As2.

This distortion can occur in four different directions and in a free standing crystal

each possible direction for distortion is equally likely. Upon cooling through TN , this

distortion beings at multiple nucleation points and begins growing domains in long thin

strips until reaching the edge of the sample or another domain. Thus the sample be-

comes equally populated with a random distrobution of the four allowed twin domains
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Figure 2.5 Top panel: At ambient conditions the A122 compounds have a tegrago-
nal crystal symmetry (pictured in 3D in Fig 2.1). In this configuration
the aT and bT lattice vectors are of equal length. Bottom panel: upon
cooling through TN (see Table 2.1), the crystal symmetry is lowered to an
orthorhombic symmetry.

as is schematically represented in the right panel of Fig. 2.6. As noted above, these

twin domains are crystallographically identical, but with different rotations of their or-

thorhombic axes.

As the sample is equally populated with the four different domain orientation, mea-

surements of anisotropy within the ab-plane become impossible for any bulk measure-

ment. For example if one wants to make a resistivity measurement, an equal fraction

of the the electrical current with flow through domains whose aO-axis is parallel to the

current as those domains whose bO-axis is parallel to it.
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Figure 2.6 Left Panel: Orthorhomic distortion of the lattice occurs in four different al-
lowed orientations. Right Panel: Schematic representation of a free standing
sample after becomeing equally populated with domains of each of the four
allowed orientations of the distortion after cooling through the structural
phase transition.
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Figure 2.7 A comparison of domain evolution with temperature as viewed by polar-
ized optical microscopy (left panels) and X-ray diffraction (right panels) in
SrFe2As2 (for experimental details see Chapter 3). The top panels show
data taken at 6 K, deep in the Ort/AFM state. The long thin stripes in
the polarized microscopy images show the presence of twin domains. Four
peaks can be seen in the X-ray diffraction pattern corresponding to the four
orthorhombic domain orientations. The center panels show the same sample
at 200 K. Domains are much fainter than in the top panel as the intensity
is proportional to the orthorhombic distortion (see 3.2.1). At this temper-
ature the four orthorhombic twin domain peaks are also visible as well as
the tetragonal peak, clearly showing the coexistence of the tetragonal and
orthorhombic phases. Bottom panels: At 201 K the sample is entirely in the
tetragonal phase and magnetically unordered. As there are no longer twin
domains, no stripes can be seen. Similarly only a single peak corresponding
to the tetragonal symmetry remains.
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CHAPTER 3. Experimental Methods and Analysis

This chapter begins with the details of preparing samples for experimental measure-

ments. The research presented here requires large, plate-like, single crystal samples in

order to probe in-plane anisotropy. This process begins by growing the crystals. Samples

must then be cut into strips of proper dimensions along specific directions with respect

to the crystallographic structure. This chapter then goes on to describe the experimental

techniques and equipment used in this work.

3.1 Sample Growth and Preparation

3.1.1 Crystal Growth

AFe2As2 crystals studied in this work were grown using either FeAs or Sn flux. This

process includes firing elemental components to create polycrystalline material which is

then mixed with a flux, sintered again, and slowly cooled to produce large crystals, after

which the flux may be decanted away from the crystals. A typical example growth for

SrFe2As2 follows:

”Elemental Sr, Fe, and As were fired at 850 C for 12 h and 900 C for 20
h with intermediate grinding. The prefired pellet, which contains mainly
SrFe2As2 with 5% FeAs impurity, was broken into smaller pieces and
added to Sn flux in the ratio of SrFe2As2 : Sn=1:48 and placed in a 2
ml crucible. A catch crucible containing quartz wool was mounted on top
of growth crucible and both were sealed in a silica ampoule under approx-
imately 1/3 atmosphere of argon gas. The packing and assembly of the
growth ampoule were performed in air since the prefired pellet is stable in
air. The sealed ampoule was heated to 1000 C and cooled over 36 h to 500
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C in a programmable furnace. At 500 C, the Sn was decanted from the
SrFe2As2 crystals.” [Excerp from J.-Q. Yan, et al. (2008), Ref [18]]

Ideally plate-like crystals with dimensions up to 1 square cm by 1 mm thick can be

grown by this technique. However, typical crystals studied here, had dimensions of 3-4

mm across and 0.5 mm thick.

3.1.2 Preparing Samples

The majority of this work focuses on anisotropy between the orthorhombic crys-

tallographic ao and bo directions which requires long narrow samples cut parallel the

orthorhombic directions. The orthorhombic crystallographic directions lie at 45 degrees

to the tetragonal axes. As sample preparation was performed at room temperature

(therefore in the tetragonal state) cleaving samples for anisotropy measurements was not

possible as crystals cleave most readily along their crystallographic axes. This difficulty

necessitated precise cutting parallel to the orthorhombic directions, rather than cleaving.

Samples were oriented using polarized optical imaging (described in detail in section

3.2.1). Samples were then glued to a glass substrate, using cyanoacrylate-based ”super

glue”, and then cut on a precision wire saw. Cuts are made using an oscillating 50 um

wire blade with a continuous abrasive slurry drip. The abrasive slurry consists of 300

mesh carborundum powder suspended in glycerin. This allows for cuts with a notch

width of about 60 um and easily allows cutting samples with a minimum dimension of

0.5 mm. The cyanoacrylate glue can easily be dissolved with acetone to remove the

sample from the glass substrate.

Contact leads for both straining and resistivity measurements, described in 3.2.3

and 3.3, were made by soldering thin silver wires with tin based solder (U.S. Patent

8,450,246, Ref [25]) Initial experiments were performed using 125 µm diameter wires.

Futher experimentation showed that 50 µm were more suitable, as they are much less

rigid and therefore create less unintended strain in samples. Samples were glued to either
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a hypodermic needle or a glass substrate to stabilize them during soldering. This was

usually done with silver paste which can easily be dissolved.

Figure 3.1 A typical sample mounted on the end of a hypodermic needle. Contact leads
have been soldered to the sample in a four probe resistivity configuration.
A penny in the background gives the reader an impression of the size of a
sample.

3.2 Experimental Techniques

3.2.1 Polarized Microscopy

Domains in iron-based superconductors exhibit the optical properties of birefringence

and dichroism. The property of birefringence causes the index of refraction to change

depending on the direction of the polarization vector of light incident on the sample.

Dichroism, on the other hand, is a property where a materials absorbtion spectrum varies

with polarization direction. In iron-based superconductors, the directional dependence of
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these optical properties depends on the polarization direction relative to the orientation

of the domains. These properties can be exploited to allow for direct visualization of

domains under polarized microscopy [26].

Figure 3.2 Domains in iron-based superconductors exhibit the optical properties of bire-
fringence and dichroism. Left panel: In birefringence, the index of refrac-
tion changes depending on the direction of the polarization of light pass-
ing through it. Right panel: In dirchroic materials, the absorbtion spectra
changes depending on the direction of the incident light’s polarization direc-
tion.

This work utilized a Leica DMLM polarized microscope. White light is directed

through a polarizer and shined onto a sample. The reflected light then passes through

the microscope objective, followed by an analyzer and onto a CCD camera. The polarizer

and analyzer are nearly in the crossed position. This configuration allows one to see a

contrast between the domains due to the birefringence and dichroic properties discussed

above.

The microscope is set atop a continious flow liquid helium coldfinger inside an evac-

uated cryostat. Samples are mounted to the cold finger using thermal grease. This

configuration allows for temperatures in the range of 5 K to 300 K.

When imaging domains, the highest contrast is observed when the sample is aligned

with the [100] tetragonal direction at a 45o to the polarization direction of incident light

(parallel and perpendicular to the orthorhombic ao in different domains.) The contrast of
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domain images depends on the quality of the surface and the homogeneity of the samples.

The color of the domains depends on the orientation of the orthorhombic directions with

respect to the polarizer and is not a consequence of sample’s chemical composition.

Figure 3.3 A schematic diagram of the polarized microscope used in this work. In-
coming white light is polarized and reflected off a splitter. The light then
reflects off the sample surface and passes back up through the splitter and
then through an analyzer. Finally the image is recorded by a CCD camera.

3.2.2 X-ray Diffraction

X-ray measurements presented in this work were performed in the MUCAT sector

(beamline 6ID-D) of the Advanced Photon Source, at Argonne National Lab. The ex-

periments were performed at 99.3 keV giving an absorbtion length of the X-rays of about

1.5 mm. This allows full penetration through typically 0.05 to 0.1 mm thick samples,

mounted with their c direction parallel to the incident x-ray beam. The beam size is

reduced to 0.2x0.2 mm2 by a slit system. As a result, each measurement averages over

the entire sample volume selected by the beam dimension in the (ab) plane and its pro-
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jection through the sample along the c direction. The direct beam was blocked by a

beam stop behind the sample. Two-dimensional scattering patterns are measured by a

MAR345 image-plate positioned 1730 mm behind the sample. During the recording, the

sample is tilted through two independent angles, µ and η, perpendicular to the incident

x-ray beam by 3.2 deg. Typical exposures were 10 minutes each.

Figure 3.4 Visual representation of X-ray diffraction data. The left panel shows one
complete X-ray exposure. The bright spots are Bragg peaks. The right
panel shows a zoom on one of the Bragg peaks in the left figure. The original
Bragg peak is actually comprised of four split peaks corresponding to each
of the four twin domain orientations. The relative intensity of each of the
split peaks is proportionate to the total volume fraction of the corresponding
twin domain orientation within the area probed by the beam.

The X-ray MAR data was analyzed using the program, Fit2D. Data is stored as an

array of 3450x3450 pixels. Each pixel tallies the total number of x-ray counts at that

pixel site, during the length of the exposure. Individual Bragg peaks are fit to a two

dimensional gaussian to determine the peak centers and to allow for integration of the

total number of X-ray counts within a peak.
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3.2.3 Resistivity Measurements

Temperature dependent resistivity measurements were performed in a Quantum De-

sign Physical Property Measurement System (PPMS). The bulk of the resistivity mea-

surements in this work were made in the range of 5 K to 300 K. Typically warming and

cooling rates were set at 5 K/min with data points collected every 0.25 K. In the vicinity

of the structural and magnetic phase transitions, many compositions show a dramatic

temperature dependent evolution of the resistivity necessitating more careful measure-

ments and a larger density of data points. For this reason the warming and cooling rates

were slowed to 1 K/min with data points collected every 0.1 K for a window of roughly

25 K above and below the structural and magnetic transitions. All measurements were

performed using the standard four-probe method.

3.3 Detwinning

3.3.1 Uniaxial Force Detwinning

As discussed above, iron-based superconductors and their parent compounds undergo

a structural transition from a tetragonal to orthorhombic symmetry upon cooling through

Ts. As this happens the sample divides into many twin domains comprised of four

different rotations of the orthorhombic ab-plane. This makes any bulk measurement of

anisotropy impossible, thus necessitating a technique to detwin the sample.

3.3.2 The Horseshoe Straining Device

The underlying principle of detwinning via uniaxial force is quite simple: When a

strain is applied through a sample, the most energetically favorable orientation is when

the longer axis, ao is parallel the direction of the strain. Similarly if a stress is apllied

through a sample, it becomes most favorable for the shorter axis, bo, to be parallel to
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Figure 3.5 In the twinned state, samples are separated into many twin domains. When
a strain is applied to a sample, the most energetically favorable orientation is
one with the longer orthorhombic axis, ao, along the direction of the strain.

Figure 3.6 Schematic drawing of the horseshoe deviced for straining samples.

the direction of the stress. The degree of energetic favorability naturally depends on the

magnitude of the force.

For this work, a straining device was designed, consisting of a ”U”-shaped brass

frame, which can be deformed by a mechanical push screw, causing the frame to open

up. This device is nicknamed a ”horseshoe” and will be refered to as such throughout

the rest of the text. Silver wires, ranging from 50-125 µm are soldered to the ends of the

samples and then soldered to the ends of the horseshoe. By this means, as the horeshoe

is deformed, the contact wires tighten and strain the sample. These straining contact
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wires also act as voltage leads for a standard four probe measurement described in the

section on resistivity (3.2.3).

The horseshoe can also be used to stress a sample. In this case the pushscrew is

tightened prior to mounting a sample on it and so the horseshoe is open during mounting.

After the sample is mounted on the horseshoe, the pushscrew may then be loosened

causing the horseshoe to close and apply a stress on the sample. For this process 125 µm

contacts are necessary as thinner contacts simply bend as the horseshoe closes. This work

focused on strain detwinning, but all the descriptions can also apply to stress detwinning.

3.3.3 Completeness of Detwinning

It is difficult to determine the magnitude of the strain produced by the horseshoe

and therefore to precisely apply the necessesary force to detwin a sample. For this

reason the easiest method is to incrementally increase the strain and examine the relative

domain population. The most direct way to do this is using X-ray diffraction (technical

description above). Limitations on the availability of access to high energy X-ray facilities

and time make it infeasible to do diffraction measurements on every sample.

Polarized optical microscopy provides an efficient way to determine if sufficient strain

has been applied to detwin a sample, but lacks the accuracy of X-ray diffraction. For

this reason, samples were incrementally strained and imaged under polarized microscopy

after each strain increment, until domains were no longer visible. X-ray diffraction was

then performed on these samples and the results demonstrated that when domains are

no longer visible under polarized microscopy, approximately 90% of the sample volume

is represented by the dominant domain orientation (i.e. the one whose orthorhombic ao

axis is parallel to the strain).
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Figure 3.7 X-ray data of BaFe2As2 corroborates that polarized microscopy can be
used to determine if samples are detwinned. The top panel shows a sam-
ple mounted on a horseshoe. Immediately below that are polarized mi-
croscopy images of both the unstrained/twinned region (label A, left) and
the strain-detwinned region (label B, right). The bottom panel shows the
corresponding X-ray data, centered on the position of the (400) orthogonal
Bragg peak. The unstrained region (left) shows four roughly equal inten-
sity Bragg peaks corresponding to each of the four domain orientations, and
demonstrating they represent nearly equal parts of the sample volume frac-
tion. In the strained region (right), a single peak comprises about 90% of the
total intensity, suggesting that the dominant domain occupies roughly 90%
of the volume fraction. This data and similar measurements on SrFe2As2
demonstrate that polarized microscopy is an effective way to determine if a
sample is nearly detwinned.
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CHAPTER 4. Detwinning and Resistivity Anisotropy in

SrFe2As2

4.1 Summary of Results for SrFe2As2

Intrinsic, in-plane anisotropy of electrical resistivity was studied on mechanically

detwinned single crystals of SrFe2As2 above and below the temperature of the coupled

structural/magnetic transition, Ts. Resistivity is smaller for electrical current flow along

the orthorhombic ao direction (direction of antiferromagnetically alternating magnetic

moments) and is larger for transport along the bo direction (direction of ferromagnetic

chains), which is similar to CaFe2As2 and BaFe2As2 compounds. A strongly first order

structural transition in SrFe2As2 was confirmed by high-energy x-ray measurements,

with the transition temperature, and character unaffected by moderate strain. For small

strain levels, which are just sufficient to detwin the sample, there is a negligible effect

on the resistivity above Ts. With the increase of strain, the resistivity anisotropy starts

to develop above Ts, clearly showing the relation of anisotropy to an anomalously strong

response to strain. This study suggests that electronic nematicity cannot be observed in

the FeAs based compounds in which the structural transition is strongly first order.

4.2 Experimental

Single crystals of SrFe2As2 were grown out of tin flux and were characterized by single

crystal x-ray diffraction [18]. Resistivity measurements were also reproduced on FeAs flux

grown [13] showing a similar transition temperature to Sn-grown samples. The crystals
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Figure 4.1 Top panel- a schematic of the sample mounted on a ”horseshoe”.. The sec-
ond panel shows a zoom of the central area of a SrFe2As2 sample, overlaid
with a spatial map, taken at 6 K, of the percentage of domain popula-
tion with orthorhombic distortion along the strain (domains O2, O4 in the
schematic presentation of the x-ray Laue pattern, third panel) as determined
from the integrated x-ray intensity over all four possible domains, with ac-
tual x-ray data shown below in Fig. 4.2. Thick dashed lines at potential
contacts show the area above the soldered contact. The bottom panel shows
polarized optical microscopy images, of the same sample, in the strained
(left) and unstrained (right) areas at 5 K, revealing mechanical detwinning
on the surface of the sample between potential contacts.

were cut into strips along the tetragonal [110] T direction (which below TTO becomes

either the [100]o a-axis or [010]o b-axis in the orthorhombic phase.) Mechanical strain

was applied through either thick (0.125 mm) or thin (0.05 mm) silver wires, soldered to

form voltage probes [27], see top panel in Fig. 4.1. The ends of the wires were mounted

on two insulator boards attached to a brass horseshoe. The horseshoe was deformed by

a stainless push-screw, and thereby strained the crystals. Thin silver wires ( 0.050 mm)

were soldered to the ends of the samples to form current leads. These wires were bent

so as to create minimal strain. Use of thinner wires for transmission of strain resulted
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in improved control of strain in the samples. Four-probe resistance measurements were

carried out in a Quantum Design PPMS from 5 K to 300 K. Visualization of structural

domains in unstrained samples and their absence in detwinned samples was performed

in a 4He flow-type cryostat mounted on the table of a polarized - light Leica DMLM

microscope (see section 4.2.1). Samples were imaged before and after the application of

strain from room temperature to 5 K. The highest contrast of images was achieved for a

configuration when the tetragonal [100] direction was 45o with respect to the polarization

plane. High-energy x-ray measurements were performed on detwinned SrFe2As2 grown

out of Sn-flux selected by the criterion of the sharpness of their resistive features and

polarized optical imagaig. Measurements using high-energy x-rays were made from 6K

to 215K in 10K increments through the entire temperature range and at 1K increments

in the vicinity of the structural transition.

4.3 Results

4.3.1 Detwinning

To obtain twin-free regions in the samples, crystals were strained at room temperature

and kept under strain while measuring temperature-dependent resistivity and studying

domain images with polarized light microscopy at 5 K. Strain was progressively increased

until no twins were observed in the area between potential contacts. The images in the

bottom panels of Fig. 4.1 illustrate the effect of the strain in detwinning SrFe2As2, with

a zoom of the spots on the sample (as shown in the top panel) in the strained (left) and

unstrained (right) areas. The entire area of the crystal between the straining contacts

(∼ 1.8× 0.6 mm2) was found to be essentially free of twins under polarized microscopy.
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Figure 4.2 SrFe2As2 temperature evolution of the (220)T peak of high energy x-ray
Laue patterns in twinned and detwinned parts of the crystal, as shown in
Fig. 4.1. At 6 K, four peaks in the twinned part of the crystal correspond
to four twin domain orientations, with very close to equal populations rang-
ing between 23 and 26% of the sampled volume. In the strained portion
of the crystal, the dominant spot comprises ∼96% of the integrated peak
intensity, the second spot approximately 4%, while the other two peaks go
below our resolution limit (∼ 0.1%). Phase coexistence of the orthorhombic
and tetragonal peaks at 200 K (second panel) clearly illustrates that (1) the
structural transition remains at the same temperature and is first order; (2)
the domain population clearly changes with temperature. The phase coex-
istence disappears abruptly within a 1 K step, as seen in both the strained
and unstrained regions of the sample (right panels) in 201 K image, where
the orthorhombic peaks are completely gone.

4.3.2 X-ray

Scanning the x-ray beam across the sample allows a spatially resolved characteriza-

tion of the domain population as demonstrated in the second panel of Fig. 4.1. The map

shows spatial distribution of the percent volume fraction of the crystallographic domains

with distortion along the strain in the crystal. This was obtained by the analysis of

the x-ray intensity distribution in the 6 K pattern arising from splitting (220)T peak, as

schematically shown in the third panel in Fig. 4.1. In the twinned area of the crystal,

four possible crystallographic domains, with orientations along ao (O2 and O4) and bo
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(O1 and O3) are equally populated, leading to four equal intensity spots. Application of

strain makes formation of domains with the ao axis along the strain energetically favor-

able, therefore in the strained regions, only two reflections are visible. The integrated

intensities of these two reflections reveal relative orthorhombic domain populations of

about 96% and 4 % for the two visible reflections.

As can be seen from the map, areas under the soldered contacts show random domain

populations. In the strained part of the crystal between potential contacts, the volume

fraction of a single domain reaches above 90%. Since we do not see any other domains in

the polarized microscopy image, we come to the conclusion that the domain population

may have depth profile. This would be naturally expected in our experiment, in which

deformation is applied through the contacts soldered to one sample surface and can lead

to depth profile in strain distribution. Despite the fact that detwinning is not complete

in the bulk, we are able to get a clear trend in the temperature- dependent resistivity,

since contact resistance is much smaller than sample resistance and thus contacts work to

shorten the unstrained areas. As can be seen from the domain distribution map (second

from top panel in Fig. 4.1), current flow between potential contacts (excluding the area

of the contacts themselves, shown with dashed line) proceeds through the area in which

3 out of 24 pixels have a preferred domain population of 63 to 67%, 3 more pixels have

a domain population of in 75 to 78% range, while the other 17 pixels have a volume

population above 80% and block any direct current path between the contacts through

the areas with low-percent domain population.

4.3.3 Resistivity

Resistivity measurements were performed using the same contacts on samples before

and after application of strain. Nearly complete detwinning of the crystal, leads to a

notable change of the temperature dependence of its resistivity. In Fig. 4.3 we show

the resistivity of the same crystals #1 and #3 measured in the twinned and de-twinned
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Figure 4.3 Left panel. Temperature dependence of resistivity, in SrFe2As2, measured
along the tetragonal [110]T direction in twinned (ρt, black curves) and de-
twinned (ρao, red curves) states for sample #1 grown from Sn flux and
sample #3 grown from FeAs flux with subsequent annealing (A-FeAs). The
blue line shows the calculated temperature-dependent resistivity for #1 in
the ρbo direction. The green line shows the temperature-dependent resis-
tivity for another Sn-grown sample #2, partially detwinned by application
of stress with a preferable orientation of domains in the b orthorhombic di-
rection. The right panel shows the temperature dependent resistivity for
sample #3 in the vicinity of the structural transition as a function of rela-
tive strain (in arbitrary but monotonically increasing units). The red curve
(015) shows the resistivity in the detwinned state, showing a sharp transi-
tion with no features above TTO. With further increase of strain the feature
at the transition broadens and reveals strain-induced resistivity anisotropy
in the nominally tetragonal phase.

states. The partial superconductivity in Sn-grown samples at 20 K is due to surface strain

[28] associated with cleaving and shaping the sample and is not focus of this study. This

trace superconductivity is not observed in the annealed samples. The resistivity, ρ(T ),

of unstrained samples cut along the [110]T direction is very close to that measured on

samples from the same batch with current along the [100]T direction [29]. It shows a

feature at the structural/magnetic transition at ∼202 K. Straining the crystal gradually

increases its resistivity at 300 K, however, the use of 0.05 mm diameter wires notably

reduced fatigue, as compared with ∼1% value per strain as found in CaFe2As2 and

CaFe2As2 compounds in our initial study [27].

Temperature dependent resistivity, measured with the current along the strain direc-
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tion, ρao(T ), shows a sharp drop (17% percent resistivity decrease in less than 1K change

in # 1) immediately below the transition temperature TTO, as opposed to a mild slope

change in the twinned crystals. This sharp drop, as corroborated by imaging in polar-

ized light, is the main resistive signature of the detwinned samples. Sharp jump-down is

very similar to the behaviour found in strain-detwinned BaFe2As2 and CaFe2As2. This

feature is not as pronouced in stress-detwinned samples [30], presumably due to incom-

plete detwinning in the direction perpendicular to the applied stress. Of note, the sharp

feature at the transition remains at the same temperature, though the ρ(T ) dependence

changes dramatically.

The resistivity of the sample #1, used in the x-ray study, reveals very weak anisotropy

above the transition. To check if this anisotropy is associated with intrinsic anisotropy

of the unstrained state (i.e. nematicity) or induced by the strain vector itself break-

ing rotational symmetry, we performed a systematic study of resistivity as a function

of applied strain on yet another sample, #3. In the bottom panel of Fig. 4.3 we show

temperature-dependent resistivity of the sample mechanically detwinned with systemat-

ically increasing strain. Strain values can be estimated to be in the 1 to 5 MPa range.

As can be seen, the resistivity change above the transition, in the samples strained only

enough to achieve a detwinned state (as found in polarized optical microscopy study),

does not show any anisotropy above the transition. With further increasing strain, the re-

sistivity changes its temperature dependence in the nominally tetragonal crystallographic

phase and the transition is preceded by a range of decreased resistivity extending approx-

imately 10 K above the transition. This observation suggests that small ∼1% anisotropy

found in sample #1 above the transition is induced by strain vector.

4.3.4 Structural Order Parameter

To get further insight into the behavior of the structural order parameter, δ ≡ (ao−bo)
(ao+bo)

,

we made a quantitative analysis of the temperature-dependent x-ray peaks (shown for
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Figure 4.4 Temperature dependence of the structural order parameter δ = (ao−bo)
(ao+bo)

as

determined from the analysis of the (220)T spot splitting in single domain
and twinned areas of the SrFe2As2 single crystal. The positions of the peaks
were determined from the fit of the pixel profile to a Gaussian, as shown
in the inset for strained area at three characteristic temperatures. Solid
line shows anisotropy of electrical resistivity (right scale), normalized to
match the magnitude of the structural order parameter at low and high
temperature. Anisotropy peaks below the transition and finds a very small
residual value above the transition, coinciding within error bars with the
magnitude of the strained-induced lattice distortion.

selected temperatures in Fig. 4.2). The peak position was determined by fitting the

intensity to a Gaussian shape, as shown in inset in Fig. 4.4.

The temperature dependence of the order parameter for the orthorhombic phase in

strained and strain-free parts of the sample is shown in Fig. 4.4. The difference between

the curves for strained and unstrained parts of the crystal as well as the tiny residual

orthorhombicity above TTO reflect the residual effect of strain. For comparison in Fig. 4.4

we show the calculated resistivity anisotropy of sample #1 in the orthorhombic plane,

ρbo/ρao − 1. The value of ρao was measured directly in detwinned state of the sample.

The value of ρbo was calculated from ρao and resistivity measured in a twinned state of

the sample, ρt, assuming random statistic averaging. As can be seen from comparison of

the two quantities in Fig. 4.4, their relative changes above the transition are coinciding

within error bars. Together with systematic evolution of resistivity in the tetragonal
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phase as a function of strain, Fig. 4.3, this observation suggests that the tiny effect in

resistivity above the transition comes from permanently applied strain.

4.4 Conclusions for Chapter 4

In conclusion, electrical resistivity of SrFe2As2 in the orthorhombic phase reveals

unusual electronic anisotropy with a resistivity decrease along the a-axis (direction of

antiferromagnetic spin ordering) and increase along the b-axis (ferromagnetic chain di-

rection). This behavior and temperature dependence of the anisotropy, ρbo(T )/ρao(T ),

with a maximum at/or slightly below TTO, is similar in all parent AFe2As2 compounds.

The magnitude of the anisotropy monotonically increases with the ionic radius of the

alkaline earth element, A. The resistivity anisotropy in SrFe2As2 is negligible above the

strongly first order structural transition. However, the anisotropy in the tetragonal phase

is easily induced by the application of a mild strain in the MPa range, suggesting a strong

responsiveness of the compound. Our results suggest that electronic nematicity may not

be observed in materials with a strong first order character of the structural transition.

Additional studies are needed to clarify the effect of the strain itself on the electronic

anisotropy in BaFe2As2 based materials to study the origins of the experimentally ob-

served electronic anisotropy (nematicity) above the structural transition.



35

CHAPTER 5. Resistivity Anisotropy and Effect of Strain in

BaFe2As2

5.1 Summary of Results from BaFe2As2

In this section, the effect of uniaxial mechanical strain on the structural/magnetic

transition in the parent compound of the iron arsenide superconductor, BaFe2As2, is

characterized by temperature-dependent electrical resistivity, x-ray diffraction and quan-

titative polarized light imaging. These measurements show that strain induces uniaxial

structural distortion above the first-order magnetic transition and significantly smears the

structural transition. This response is different from the ones found in the parent com-

pounds, SrFe2As2 and CaFe2As2, in which coupled structural and magnetic transitions

are strongly first order. This difference in the structural response explains the in-plain

resistivity anisotropy above the transition in BaFe2As2. This conclusion is supported by

the Ginzburg-Landau - type phenomenological model of the effect of the uniaxial strain

on the resistivity anisotropy.

5.2 Experimental

Single crystals of BaFe2As2 were grown from an FeAs flux as described in Ref [20].

Crystals were cut into strips with typical dimensions of 0.6 mm wide, 3 to 5 mm long

and had a thickness of approximately 0.1 mm. The lengthwise cuts were made parallel to

the tetragonal [110] direction, which will become the orthorhombic ao or bo axes below

the transition temperature (see 3.2.1 for cutting details).
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Polarized light images were taken at temperatures down to 5 K using a Leica DMLM

polarization microscope equipped with a flow-type 4He cryostat. High-resolution images

were recorded with a spatial resolution of about 1 µm. Measurements were done with

the polarizer and analyzer nearly crossed.

100 um

A B

Figure 5.1 The top right panel shows a schematic of the horseshoe with the potential
leads used to apply the strain by adjusting the push-screw. The current
leads are mounted strain-free. The top left panel shows a BaFe2As2 sample,
cut along the tetragonal [110] axis direction, with soldered contacts. The
area ”A” on the left side of the sample represents the unstrained region.
Its polarized light image at 5 K (bottom left panel) reveals clear domain
pattern by the alternating blue and orange stripes. The region ”B” is located
between the potential contacts in the strained part of the sample. It is shown
in its detwinned state in the bottom right panel.

The leads for electrical resistivity measurements were formed by Ag wires, 50 µm in

diameter, soldered to the samples with tin. Four-probe measurements were conducted

in a Quantum Design PPMS from 5 K to 300 K. Measurements were first made on a

free standing sample with the current leads mounted so as to produce no strain on the

sample. Tensile strain was applied by means of a horeshoe straining device (see 3.2.3).

The temperature-dependent resistivity was measured after every strain increment.

For the evaluation of the tensile stress value in our experiment we compared our data

with the data of T. Liang (Ref. [31]), who found a roughly +5 K shift of the tetragonal-
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to-orthorhombic transition feature upon a stress change from 15 to 50 MPa. Similar

to Liang’s data we observed an upward shift of about 3 K, which was achieved over

four equivalent stress increments, which suggests that each strain increment is in the 4-5

MPa range for our horseshoe straining device. Therefore the strain at the highest level

is estimated to be in the range of 16-20 MPa.

The sample was periodically imaged via polarized microscopy. The bottom panels

in Fig. 5.1 show two areas of the sample: area A (left panel) is located between current

and potential leads and remains twinned during measurements; area B (right panel) is

located between the potential contacts in the strained part of the sample and becomes

nearly twin-free under strain.

5.3 Results

5.3.1 Polarized Microscopy

The optical contrast of the domains is determined by the anisotropy of the bi-

reflectance and is proportional to the orthorhombic distortion. It increases with decreas-

ing temperature, and is weaker in BaFe2As2 than in CaFe2As2 [26]. Simultaneously,

due to dispersion of the bi-reflectance, initially white incident light on reflection acquires

color depending on the orientation of the orthorhombic axes with respect to the polariza-

tion direction of the incident light. This results in different colors of structural domains

as can be seen in the bottom left panel of Fig. 5.1. Therefore, the color of the image

contains information about the orthorhombic distortion, albeit in arbitrary units, and

can be used for the analysis of its temperature dependence even in the detwinned state

below the structural transition or in the strained state above the transition.

Figure 5.2 shows images from the strained region B of Fig. 5.1, below (130 K, left

top panel) and above (160 K, left bottom) the transition. This region is completely

detwinned by strain. The red square shows the small clean area of the sample, where
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160 K

130 K

Figure 5.2 Left panels show polarized light images of the strained portion ”B” of the
sample below (130 K, top) and above (160 K, bottom) the structural tran-
sition temperature. The intensity in red, green and blue (RGB) channels
for each pixel was digitized using 256 intensity bins. The total intensity
was found by summing the intensities of all pixels in the selected region.
The RGB color was characterized by the percent contribution of each chan-
nel to the total intensity, plotted against the value of each bin to produce
the histograms. Right panels show the RGB histograms of a small area of
the strained portion ”B” of the sample, indicated by the red square in the
top left panel at the same temperature. Whereas the blue channel remains
almost unchanged, the intensities of the green and red channels shift dra-
matically indicating overall spectral change. The temperature dependence
of this change is quantitatively analyzed in Fig. 5.3

the color of the image was analyzed numerically. The right panels in Fig. 5.2 show red-

green-blue (RGB) histograms of that area. The images were taken every 5 K from 80

to 260 K in BaFe2As2. Fig. 5.3 shows the normalized intensity of the green channel,

indicating that the structural distortion does not vanish abruptly at the transition but

remains notable up to 200 K. For reference we show the results of the equivalent analysis

in the parent compound CaFe2As2. Here the transition is strongly first order, and the

data show no tail above the transition.
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Figure 5.3 Normalized temperature variation of the green color channel’s intensity
through the magnetic transition in detwinned crystals of BaFe2As2 and
CaFe2As2. Arrows indicate the temperatures of the respective magnetic
transitions. While there is a clear signature of the transition at about 135
K in BaFe2As2, the curve changes smoothly through the transition with a
second order character. In CaFe2As2, the transition is quite sharp around
160 K, and is strongly first order.

5.3.2 X-ray

X-ray analysis was done in both the unstrained (area A) and strained (area B) parts

of the same crystal, as shown in Fig. 5.1. In the unstrained region, the tetragonal (220)

Bragg peak splits below TTO into four peaks, each representing a distinct orthorhombic

domain, labeled O1, O2, O3 and O4. The four orthorhombic reflections merge back into

a single tetragonal Bragg peak on warming above TTO (see Fig. 5.4). The integrated

intensities of the reflections at 6 K allow us to determine the relative population of

orthorhombic domains. In the unstrained area, the population of the four domains ranges

19 to 31 % of the total peak intensity, characteristic of a near random distribution. In the

strained region, the domain whose aO-axis lies along the direction of the strain accounts

for nearly 90 % of the probed sample volume.

These effects are schematically described in Fig. 5.5. The separation between the
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Figure 5.4 Temperature evolution of the two-dimensional x-ray diffraction pattern near
the tetragonal (220) Bragg diffraction peak in BaFe2As2. Left and right
columns of images show diffraction patterns in the unstrained and strained
parts of the crystal, respectively. Four spots in the unstrained part at 6 K
(top left) represent four domains in the sample with domain populations
(proportional to integrated intensity) ranging between 19 and 31%, close
to random). In the strained portion of the sample (6 K, top right panel),
the dominant domain occupies nearly 90 percent of the volume of the sam-
ple area probed by the x-ray beam. Between 132 and 134 K, the sample
undergoes an orthorhombic to tetragonal structural transition. The sec-
ond-order nature of the transition is evidenced by the lack of coexistence of
orthorhombic and tetragonal domains. This coexistence is clearly observed
[32] in SrFe2As2 (see Fig. 4.2), in which the transition is strongly first-order,
see Fig. 5.5 for schematic elaboration.

Bragg peaks resulting from the orthorhombic O1 and O2 domains is fixed because the

relative angle between their twinning planes is fixed. The same is true for the peaks from

the O3 and O4 domains. However there exists no such rule for the separation between the

O2 and O4 peaks because the angle between their twinning planes is determined by their

relative domain populations. In a sample with perfectly equal domain populations the

four Bragg peaks would produce a square with each reflection having equal intensity. As

the relative population of one domain orientation grows, the angle between the twinning
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Figure 5.5 Schematic diagrams of the displacements of atoms in the twinned orthorhom-
bic phase and the resulting Bragg reflections in BaFe2As2. As demonstrated
in the top panel, a perfect crystal with equal populations of each domain ori-
entation results in a square pattern between the (400) and (040) orthorhom-
bic reflections. Conversely, the bottom panel illustrates the result of an
unequal distribution of domain orientations. Here the angle between the O4
and the O2 domain orientations is significantly smaller and consequently
moves the reflections closer together. Further, the population of each do-
main is proportional to the intensity of its Bragg reflection. These effects
can be seen in the X-ray data of Fig. 5.4, especially the T=132 K panels.

planes of the O2 and O4 peaks becomes smaller and consequently the separation of

the their Bragg peaks diminishes. This behavior is readily seen in the X-ray data in

Fig. 5.4. The unstrained region of the crystal manifests relatively similar populations of

each domain orientation and produces a pattern not quite square but slightly trapezoidal

below the transition temperature. By contrast in the strained region of the crystal, where

the dominant domain orientation represents nearly 90% of the sample volume, the O2

and O4 peaks are no longer distinguishable as two separate reflections.
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Figure 5.6 Temperature-dependent normalized resistivity, ρa(T)/ρa(300 K) of the
BaFe2As2 sample in the free-standing, ρt (black curve), and strain-de-
twinned, ρa (red curve) regions of the same sample used for X-ray measure-
ments in Figs 5.2, 5.3, and 5.4. The third (blue) curve shows ρ∗b , calculated
as ρ∗b = 2ρt − ρa. The anisotropy can be seen for all temperatures below
the transition, and a slight anisotropy can be found above the transition.
Inset: Progression of the effect of increasing strain on the resistivity (ρa in
the detwinned state). The black curve represents a free standing crystal.
Tensile stress incrementally increases until reaching approximately 20 MPa
for strain 5, see text for details. Strain 2 is sufficient to detwin the sample,
revealing a sharp drop in resistivity at the transition. On further strain
increase the jump rounds and its onset shifts up in temperature.

5.3.3 Resistivity

After sufficient stress was applied to detwin the crystals (the sample in Fig. 5.6 was

nearly completely detwinned after the second strain increment, Strain 2, as determined

by polarized optical imaging), we performed a careful study of the effect of additional

stress on the resistivity anisotropy. As described the Experimental Methods section

above, each strain increment represents a roughly 4-5 MPa increase in the stress from

which we conclude Strain 2 to be in the 8-10 MPa range. The stress, whose magnitude at

the highest level is estimated to be in the 20 MPa range, increases the onset temperature

of the resistivity anisotropy. However the most dramatic effects of the resistivity change
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are clearly around the point where the strain is sufficient to detwin the crystal.

5.4 Discussion

5.4.1 Strain Induced Anisotropy
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Figure 5.7 Comparison of the temperature-dependent resistivity anisotropy,
ρ∗b
ρa

, and the

orthorhombic distortion, ε = (aO−bO)
(aO+bO)

in the temperature range close to TN ,
in BaFe2As2. Both quantities show a pronounced “tail” above a sharp drop
in the order parameter at 135 K, revealing that the anisotropy is directly
related to strain.

Figure 5.7 shows a direct comparison of the temperature-dependent degree of the or-

thorhombic distortion, ε(T ), and of the resistivity anisotropy, ρb/ρa, in the same sample

of BaFe2As2 under identical strain conditions. The two quantities reveal a clear correla-

tion. Both show a rapid rise below approximately 135 K with decreasing temperature.

In addition both ε and ρb/ρa show a clear ”tail” above 135 K, in agreement with the

color analysis discussed above. In strain-free samples of BaFe2As2, the tetragonal-to-

orthorhombic structural transition at TN is of the second order and precedes a strongly

first-order magnetic transition at TN ≤ TTO [33]. It is then natural to assign the rapid
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increase of the anisotropy below 135 K to a magnetic transition, while the “tail” above

135 K correlates with the orthorhombic distortion. The exact meaning of the structural

transition in the presence of the strain field becomes unclear, as the order parameter

varies smoothly with temperature. Therefore from this direct comparison we conclude

that externally applied strain is the cause of the structural and transport anisotropy

above TTO.

5.4.2 Comparison of the effect of strain on first and second order transition:

BaFe2As2 vs SrFe2As2
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Figure 5.8 Comparison of the temperature-dependent orthorhombic distortions,
ε = aO−bO

aO+bO
, in strain detwinned areas of SrFe2As2 (green triangles),

Ref.(detwinning2), and BaFe2As2 (black circles). The data are presented vs.
normalized temperature T/TN . A pronounced ”tail” above TN in BaFe2As2
is caused by an anomalously strong susceptibility of the lattice to strain.

In Fig. 5.8 we compare the temperature dependent orthorhombic distortions, ε, for

two strained AFe2As2 compounds each with a very different character of the transition:

strongly first-order in SrFe2As2 and second order in BaFe2As2. The data are plotted on
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a normalized temperature scale, T/TN . As is clear from the Figure 5.8, the ”tail” of

the anisotropy above the transition is virtually absent in SrFe2As2, whereas it is quite

noticeable in BaFe2As2.

5.5 Phenomenological model of the effect of uniaxial strain

Figure 5.9 Evolution of the anisotropy parameter ϕ ∝ ρb − ρa vs. temperature param-
eter r, r ∝ T − T 0

s . Left column of panels is for h = 0, right column is for
h = 0.01w. The bottom pair of panels shows a second-order transition for
u=w=1, the other pairs of the panels show first-order transitions for u=-w,
u=-0.5w and u=-0.1w (top to bottom). The dashed lines show the size of
the jump ∆ϕ in the absence of an external field.

Regardless of which electronic degree of freedom ϕ is responsible for the electronic

anisotropy, it should be proportional to the orthorhombic distortion, since both break

the tetragonal symmetry of the lattice close to TTO. For example, ϕ can be associated
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with magnetic fluctuations [41]. By symmetry, φ and ε are bilinearly coupled in the

free energy expansion, i.e. they give rise to the term φε. Since the external strain σ also

couples bilinearly to the orthorhombic distortion ε = (aO−bO)/(aO+bO), it has an effect

on φ similar to that of a magnetic field h on Ising ferromagnets. In order to compare the

effect of a finite h on the second-order and the first-order structural phase transitions,

we consider the phenomenological free energy:

F =
r

2
ϕ2 +

u

4
ϕ4 +

w

6
ϕ6 − h ϕ (5.1)

with temperature parameter r ∝ T −T 0
s , where T 0

s is the mean-field structural transition

temperature. Here u and w are phenomenological parameters of Ginzburg-Landau theory

describing the phase transition. (Note that a similar Ginzburg-Landau approach was

employed by A. Cano [44]) to address the order of the magneto-structural transitions in

the iron pnictides.) To ensure the stability of the free-energy expansion, w has to be

positive. If u > 0 as well, we have a second-order transition. If u < 0, we have a first-order

transition. In this case, the ratio −u/w determines how strong the first-order transition

is, i.e. what is the magnitude of the jump of the order parameter. For u > 0, we have a

second-order phase transition at r = 0 for h = 0. The effect of a small but finite h is to

extend the region of finite ϕ asymptotically to r →∞, giving rise to a “tail” in the plot

of ϕ as function of temperature (see Fig. 5.9). Formally, there is no strict Ts, although

experimentally there will be a temperature above which the distortion anisotropy is too

small to be detected. Notice that, at T 0
s , the value of ϕ scales with the applied field

according to ϕ ∼ h1/δ, where δ = 3 is the mean-field critical exponent. Let us consider

u < 0, which gives rise to a first-order phase transition. As usual for first-order phase

transitions, there is a coexistence region where the states with ϕ = 0 and ϕ 6= 0 are both

local minima of the free energy. If we consider an adiabatic change of temperature, such

that the system always chooses the global minimum, from the minimization of Eq. 5.1 it

is straightforward to find that the transition takes place above T 0
s , at r

w
= 9

48

(
u
w

)2
. We

also find that the jump in the order parameter is ∆ϕ =
√

−3u
4w

. Therefore, the ratio |u| /w
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controls the strength of the first-order transition. The effect of a finite field on the jump

∆ϕ will depend on the value of the ratio h/ |u|. In Figure 5.9, we plot the temperature

evolution of ϕ for different values of |u| /w = {1, 0.5, 0.1}, keeping h/w = 0.01 constant.

The dashed line shows the magnitude of the jump ∆ϕ for h = 0. Notice that when

the first-order transition is stronger, the jump is barely affected by the finite field. In

particular, above the temperature where the jump takes place, the order parameter is

never zero but is always very small, giving rise to a rather small “tail”. On the other

hand, when the first-order transition is weaker, the same field can completely smear

out the jump. This gives rise to a noticeable and continuous ”tail”, and therefore to a

second-order transition [45].

This analysis suggests that the anisotropy above the second order transition originates

from the fact that the orthorhombic transition is actually not strictly defined in the

strained (and thus orthorhombically distorted) tetragonal phase under uniaxial stress.

On the other hand it suggests that the susceptibility to stress is notably enhanced in

case of a weak second order transition character. We would also like to note an alternate

theory was suggested [46] in which the order of the transitions could be determined by

comparing the temperature of the structural transition to the critical temperature of a

spin density wave state due to their linear-quadratic coupling in the Landau free energy.

I would again like to acknowledge Rafael Fernandes for developing the phenomeno-

logical model of the effect of uniaxial strain.

5.6 Conclusions of Chapter 5

Systematic characterization of the effect of permanently applied stress on the prop-

erties of BaFe2As2 using x-ray, polarized optics and electrical resistivity measurements

suggest that the applied stress is actually the cause of the resistivity anisotropy in the

nominally tetragonal phase. Thus the resistivity anisotropy ”tail” above the tempera-
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ture of the structural transition is solely due to the effect of the uniaxial strain applied

to detwin the samples. This point is reinforced by the data in Chapter 4, on SrFe2As2,

which the transition is strongly first order and the resistivity does not show this ”tail” in

the presence of strain (also see Ref. [32]). The difference between AFe2As2 compounds

with various alkali earth metals is determined by the character and the strength (or-

der parameter jump) of the structural transition. These conclusions are supported by a

phenomenological model of the effect of the uniaxial strain on the structural transition,

similar to the effect of a magnetic field on Ising ferromagnets. It is interesting to notice

that this strong susceptibility to the effect of strain is also found in the orbital splitting

in ARPES measurements ([47], [48]), and in the temperature dependence of the shear

modulus in ultrasonic experiments [49].



49

CHAPTER 6. Ba1−xKxFe2As2 Resistivity Anisotropy as

Evidence for a Spin Fluctuation Scattering Model

6.1 Summary of Results from Ba1−xKxFe2As2

In the BaFe2As2 family, most of the studies on its in-plane resistivity anisotropy have

focused on the parent and electron-doped compounds, finding % > 0 in both magnetic and

nematic phases [30; 27; 34]. More recently, experiments in underdoped Ba1−xKxFe2As2

found a rather small, but still positive, value of % [35].

This chapter reports that for larger K-doping levels, not explored in the previous

studies, the anisotropy % changes sign both near Ts (nematic phase) and at very low

temperatures (magnetically ordered phase). Since the sign of ϕ is fixed by the small

applied uniaxial strain, the coupling parameter κ must change sign across the mag-

netic/nematic dome. We interpret this sign-change as a result of asymmetric changes in

the magnetic scattering and in the magnetically reconstructed band structure for electron

and hole doping. This unique complexity of the nematic dome observed in the iron pnic-

tides suggests that spin-scattering dominates transport in the normal state, establishing

a possible connection to a magnetically mediated mechanism of superconductivity.

6.2 Experimental

Single crystals of Ba1−xKxFe2As2 with a size up to 7x7x1 mm3 were grown from FeAs

flux as described in Ref [36]. The potassium content in the samples was determined

using electron probe microanalysis with wavelength dispersive spectroscopy (WDS), see
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Ref [37] for details. Samples, had typical dimensions of 0.5 mm wide, 2 to 3 mm long

and 0.05 mm thick, and were cut from cleaved slabs along the tetragonal [110] direction

(which becomes either the orthorhombic ao or bo axis below TSM). Optical imaging was

performed on the samples while mounted on a cold finger in a continuous flow liquid

helium cryostat (allowing for precise temperature control in 5K to 300K range) using a

Leica DMLM microscope.

Figure 6.1 Polarized light microscopy of Ba1−xKxFe2As2 samples with doping levels
x=0.108, 0.202, 0.235, 0.259, from top to bottom. Images were taken at
temperatures just above the tetragonal-to-orthorhombic structural transi-
tion (T>Ts, right) and 5K (T<Ts, left), the latter showing formation of
structural domains due to four different orientations of aO and bO axes. The
difference in color of the domains is due to spectral dependence of bire-
flectance, depending on angle between the aO direction and the polariza-
tion plane of incident white light. Since bireflectance is proportional to the
orthorhombic distortion, the contrast naturally vanishes in the tetragonal
phase (right panels). The scale bar is 100 µm.
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Polarized light microscopy was used for visualization of the structural domains and

the sample selection was based on the clarity of domains in the image. In Fig. 6.1 we

show polarized light images of the area between potential contacts in Ba1−xKxFe2As2

crystals used in this study, with x=0.108 (non-superconducting), x=0.202 (Tc=10K),

x=0.235 (Tc=26K) and x=0.259 (Tc=28K). Images were taken on cooling at a temper-

ature slightly above Ts and at base temperature. The highest contrast is observed when

the sample is aligned with the [100] tetragonal direction at a 45o to the polarization

direction of incident light (parallel and perpendicular to the orthorhombic ao in different

domains.) The contrast of domain images depends on the quality of the surface and the

homogeneity of the samples. Domains are observed for samples with x ≈ 0.26, and are

no longer observed for samples with a higher doping level, x=0.34, which also do not

show any features associated with structural transition in ρ(T ).

Figure 6.2 Temperature-dependent resistivity along the orthorhombic ao-axis, ρa for
samples of Ba1−xKxFe2As2 with four different potassium doping levels in
the strain-free, twinned, state. The curves are shown using normalized plots,
ρ(T )/ρ(300K). Arrows indicate the transition temperatures and were deter-
mined by the maximum in the derivative of the resistivity and from polarized
optical microscopy.

Selected samples were mounted for four-probe electrical resistivity measurements,
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with contacts made by soldering 50 µm Ag wires using low-resistance Sn soldered contacts

. Initial resistivity measurements on each sample were carried out using a flexible wire

arrangement with no strain applied to the sample (free standing state). The results are

plotted in Fig. 6.2. Since these measurements are performed in the twinned state of the

sample and contain contributions from both components of the in-plane resistivity in

the orthorhombic phase, we call it ρt. Samples were then mounted on a brass horseshoe

straining device, and strain was applied through the voltage contact wires by deformation

of the horseshoe. Strain in this configuration is applied along the tetragonal [110] axis,

which selects the orthorhombic ao axis as a preferable direction upon cooling below Ts.

The strain was incrementally increased, and for each increment, temperature dependent

resistivity measurements were made and the domain structure was imaged to determine

the completeness of detwinning. Our previous studies using X-ray diffraction have shown

that when crystals are strained to the point at which no domains are visible in polarized

microscopy, about 90 % of the whole bulk of the sample represents the domain whose

orthorhombic aO axis is oriented along the direction of the strain and therefore parallel to

the current. Therefore in the detwinned state we are predominantly measuring the ao axis

resistivity, ρao, while in the unstrained state of the sample roughly equal contributions

of both resistivity components are measured. Therefore, we may calculate the bo axis

resistivity, ρb(T)=2ρt(T) - ρa(T).

6.3 Results

Figure 6.3 presents the most important experimental finding in this chapter, the

sign reversal of the in-plane resistivity anisotropy. For Ba1−xKxFe2As2 samples with

x ≤ 0.202, the resistivity is larger along the shorter orthorhombic axis, ρa < ρb, whereas

for samples with x ≥ 0.235, the longer axis has higher resistivity, ρa > ρb. This is clearly

seen in the inset zooming in on the structural transition region. It is also apparent that,
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due to the applied uniaxial strain, the in-plane anisotropy starts to appear well above

the structural transition TS of the unstrained sample.

Figure 6.3 Upper panel: Normalized temperature-dependent resistivity, ρ(T )/ρ(300K),
for the Ba1−xKxFe2As2 samples with x = 0.202 and x = 0.235. The red
lines show the resistivity along the ao-axis (ρa) while the blue lines show ρb.
The inset zooms at the structural transition, where a clear reversal of the
anisotropy from ρb > ρa for x = 0.202 to ρb < ρa for x = 0.235 occurs.
Lower panel: temperature dependence of % for different K-doping levels.
The arrows mark the magnetic transition temperatures.

In the bottom panel of Fig. 6.3 we plot the temperature-dependent anisotropy ratio,

%, for several compositions. We use two characteristic features of the %(T ) curves to

further analyze the data. First, we plot in the bottom panel of Fig. 6.4 the maximum in-

plane anisotropy %max for different x. In the upper panel of Fig. 6.5, we plot %(T ≈ TN),
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i.e. at temperatures immediately below the magnetic transition, which coincides with

the structural transition temperature of the unstrainned Ba1−xKxFe2As2 samples.

This sign-change happens at all temperatures, even near TN, as shown in the bottom

panel of Fig. 6.3 and in the upper panel of Fig. 6.5. Furthermore, as it can be seen in

the bottom panel of Fig. 6.3, the magnitude of the temperature-dependent anisotropy

ratio, %(T ), is maximal close to TN in the parent and slightly hole-doped compositions,

but increases monotonically on cooling for higher hole doping levels. This signals that

the low-temperature anisotropic reconstruction of the band structure due to long-range

magnetic order plays a progressively more important role near the hole-doped edge of

the nematic/magnetic dome.

6.3.1 Electron vs. Hole Doping

An interesting general picture emerges from the analysis of the experimental obser-

vations of this and previous studies [30; 27; 35]. On the one hand, for all electron-

doped Ba(Fe1−xCox)2As2 and parent compositions, the resistivity anisotropy is pos-

itive, %(x) > 0. The maximum anisotropy, %max(x), shown in the bottom panel of

Fig. 6.4, is peaked at some intermediate electron doping, vanishing near the edge of the

magnetic/nematic dome, due to the vanishing orthorhombic distortion. On the other

hand, on the hole-doped side, %max(x) remains positive up to moderate hole-doping,

but decreases by more than one order of magnitude, from %max(x = 0) ≈ +0.3 to

%max(x = 0.202) ≈ +0.02. Even more surprisingly, %max(x) changes sign and exhibits

a minimum at a higher hole doping concentration, %max(x = 0.235) ≈ −0.034, before it

eventually approaches zero close to the edge of the magnetic/nematic dome, near x = 0.3.
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Figure 6.4 Top panel: Phase diagram of the electron- and hole-doped BaFe2As2 sys-
tem focusing on the under - doped regime with the superconducting region
shown in green. The region of the orthorhombic (antiferromagnetic) phase
below transition from the tetragonal phase, TS, is shown in yellow. Ne-
matic fluctuations (red region) persist far above TS and affect the in-plane
resistivity anisotropy in strained samples. The lower panel shows the maxi-
mum in-plane anisotropy %max as a function of doping. Note the significant
asymmetry of %max(x) and its sign change in the hole-doped regime.

6.4 Discussion

Naively, the fact that ρb > ρa across most of the phase diagram seems surprising,

because the ferromagnetic direction appears to be less conducting than the antiferromag-

netic one. From the orbital ordering point of view [38; 39; 40] one expects the opposite

effect. However, a closer look at the Fermi surface reconstruction [27; 34] and the mag-

netic scattering mechanisms [41; 42] suggests that the anisotropy sign is decided by

quantitative factors that depend on the electronic structure, going beyond general order
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parameter arguments. Moreover, the different contributions to the transport anisotropy

do not necessarily compete with each other. To sort them out, we focus first on the

nematic paramagnetic phase, in which scattering by magnetic fluctuations dominates

and the band structure is not yet reconstructed by the magnetic order.

The experimental doping evolution of %(T ≈ TN), shown in the upper panel of Fig. 6.5,

displays a rather monotonic behavior, changing sign for sufficient hole-doping levels and

vanishing at the edges of the nematic dome. Such a sign-change was previously predicted

by the theoretical model of Ref. [41] for the anisotropic magnetic scattering in the ne-

matic phase. The minimal model of Ref. [41], consistent with first-principles calculations,

consists of a circular hole pocket at the center of the square-lattice Brillouin zone and

two elliptical electron pockets centered at momenta (π, 0) and (0, π), which coincide with

the magnetic-stripe ordering vectors. In the nematic phase, the amplitude of the fluctu-

ations around these two ordering vectors becomes unequal [43], breaking the tetragonal

symmetry of the system and inducing anisotropic scattering. In the experiment, the

applied strain selects the (π, 0) fluctuations.
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Figure 6.5 Top panel: doping dependence of the in-plane resistivity anisotropy at
0.95TN in both electron- and hole-doped BaFe2As2. The red line is a guide
to the eye. The nematic/magnetic and superconducting domes are shown
in the background for reference only, without a temperature scale. Bottom
panel: theoretical calculation of the maximum in-plane resistivity anisotropy
in the paramagnetic phase normalized by the residual resistivity, ρ0, as a
function of the change in the electron occupation number, ∆n/n0, where
n0 = (kFa)2/(π). The insets schematically show the differences in the scat-
tering rates corresponding to different Fermi velocities at the hot spots for
electron- and hole-doped systems. When the hot-spot Fermi velocity has a
larger component along the b (a) direction, the magnetic scattering rate is
larger along the b (a) direction. The hot spots are obtained by displacing
the electron pocket (yellow ellipse) by (π, 0), making it overlap with the
hole pocket (green circle). The shaded red area denotes the predicted sign
reversal of the anisotropy.
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CHAPTER 7. Summary, Conclusions, and Future Work

7.1 Summary

The 2008 discovery of high temperature superconductivity in iron-based compounds

set off a flurry of research activity. This thesis began just before that discovery and made

this new class of materials an ideal topic of study.

In Chapter 1, the motivations for understanding superconductivity were explored. As

was illustrated there, these materials offer the potential for financial savings and reduced

pollution, but also for furthering the progress of technology and scientific knowledge.

As very little was known about this new class of iron-based materials which displayed

superconductivity, the scientific community began studying every imaginable property

in an attempt to capture a greater understanding of superconductivity as a whole.

These materials have a rich phase diagram in terms of both structure and magnetic

ordering. Of particular interest is the coexistence of superconductivity and magnetism.

These materials undergo a tetragonal to orthorhombic symmetry lowering of the crystalo-

graphic structure as well as antiferromagnetic ordering upon cooling through a character-

istic temperature, TN (see Table 2.1). This symmetry lowering results in the formation

of four sets of crystalographically identical twin domains, but with different rotations

of their axes within the orthorhombic ab-plane. Free standing samples become equally

populated with a random distrobution of these twin domains which have micrometer

dimensions. Bulk measurements, such as resistivity, practically speaking, require single

domain samples with millimeter dimensions. Consequently the small size of these do-
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mains relative to the necessary sample size prohibits any directionally dependent bulk

measurement.

One of the major goals of this thesis was to study the electric anisotropy between the

orthorhombic aO and bO axes. This meant that a sample would have to be forced into

a single domain state. The AFe2As2’s (A= alkali earth) became the natural choice as

their growth produced the largest and highest quality single crystals. The first obstacle

was detecting these domains. X-ray diffraction is clearly the most quantitative method

available, but is costly and time consuming. However, this work demonstrated that

the optical properties of the domains allowed them to be viewed by polarized optical

microscopy which is a much easier measurement.

Once an insight into detecting the domains was gained, research efforts were directed

towards creating a method to force samples into a single domain state in the orthorhombic

state. As the orthorhombic axes differ in length, it was logical to assume that in the

presence of a uniaxial strain, it would become energetically more favorable for the longer

orthorhomic axis (aO) to be aligned parallel to the strain direction. To this end a straining

device (nicknamed a horseshoe due to it’s shape) was developed. This U-shaped frame

could be deformed by means of a mechanical pushscrew which in turn would produce a

strain in the sample, transmitted through wires soldered between the horseshoe and the

sample.

It was then observed that when a sufficient strain was applied to a sample, that

multiple domains were no longer visible under polarized microscopy, suggesting a single

domain, detwinned state. This result was verified by X-ray diffraction and it was shown

that samples under sufficient strain that twin domains are no longer visible have greater

than 90% of their volume fraction occupied by the domain whose orthorhombic aO axis

was parallel to the strain. Samples with dimensions up to several millimeters could now

be forced into a nearly single domain state, allowing for direct measurements of bulk

properties along a chosen crystallograpic axis. Initial measurements on detwinned sam-
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ples the parent compounds SrFe2As2, BaFe2As2, CaFe2As2 , universally demonstrated a

larger resistivity along the orthorhombic bO axis than the aO axis, with values of ρb/ρa

ranging from 1.2 to 1.5.

The first detailed study in this thesis was on SrFe2As2. The resistivity anisotropy was

measured for many strain values in small incrementally increasing steps leading up to

the strain necessary for detwinning and then beyond. It was observed that the anistropy

evolved rather dramatically with strain below the detwinning threshhold. Subsequent

levels of strain had little impact on the magnitude of the anisotropy below the transition,

but dramatically broadened the transition leading to a small but non-neglible anisotropy

above the transition temperature, TN . Additionally, X-ray data showed a strongly first

order structural transition with the coexistence of intense Bragg peaks from both the

tetragonal and orthorhombic lattices at 201K.

As BaFe2As2 was known to exhibit a second order structural transition, it was an

obvious target of study to compare and contrast against the results of the strongly first

order SrFe2As2. Similar to the study of the evolution of resistivity anisotropy with in-

creasing strain in SrFe2As2, BaFe2As2 showed little change in the anisotropy below TN .

However BaFe2As2 demonstrated a much larger resistivity anisotropy above TN than

had been observed in SrFe2As2. Previous reports had attributed this as being a so called

electron nematic phase in which the large anisotropy above the transition was intrinsic.

The results of this work however, demonstrated a strong coupling between the magnitude

of the strain and the resistivity anistropy above TN . Modeling via a simple Ginzburg-

Landau picture indeed suggested that the more second order the material’s structural

transition behaved, the stronger the anisotropy would couple to the orthorhombic dis-

tortion including that induced by the strain field. Unfortunately the question of whether

or not an electronic nematic state exists remains unanswered as a measurement of the

anisotropy on a detwinned sample in a strain free state has not yet been performed. This

issue will be futher discussed in the Future Work section of this thesis.
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Following these studies as well as other group’s studies on electron-doped compounds

(primarily Ba(Fe1−xCox)2As2), a clear understanding of the source of the anisotropy had

not yet been explained. As parent and electron-doped compounds had been throughly

studied, hole-doped materials became an obvious direction to continue research and a

study was undertaken on Ba1−xKxFe2As2. In this material, the magnitude resistivity

anisotropy decreased with increasing K-doping and eventually reached zero near 20% K

substitution. Interestingly, upon further doping the resistivity anisotropy redeveloped

but with negative sign, that is to say: ρa > ρb which was in stark contrast to all other

materials peviously studied where ρb > ρa. This result had already been predicted

in a model in which spin fluctuation scattering was the dominant source of resistivity

anisotropy. A comparison of the experimental doping dependence to that predicted by

the spin fluctuation scattering model shows a dramatic similarity (see Fig 6.5).

7.2 Conclusions

The goal of this thesis was to study electronic anisotropy in iron-based supercon-

ductors. This requires resistivity measurements along the orthorhombic aO and bO axes

which cannot be made directly measured because of the formation of twin domains. Our

work and results on this problem are as follows:

• In this work, it was shown that domains can be observed by polarized optical

microscopy.

– This provided a faster and less expensive way to study structural properties

of samples than X-ray diffraction.

– Most importantly for this work, it was shown that polarized microscopy can

determine whether or not a sample is twinned.
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• This work demonstrated that the application of uniaxial stress or strain along one

of the orthorhombic axes can force a sample from a twinned state into a nearly

single domain state, allowing for directional measurements of bulk properties.

• Samples of SrFe2As2, CaFe2As2, and BaFe2As2 (including daughter compounds

with various chemical substitutions) were detwinned via uniaxial stress/strain al-

lowing for successful completion of the goal of measuring in-plane electronic anisotropy

in iron-based superconductors.

• The order of the structural transition was observed to have a direct impact on the

nematic susceptibility of iron-based superconductors.

– In nearly second order materials, even a small strain could produce a notible

resistivity anisotropy above the structural/magnetic transition temperature.

– Strain had little affect on the resistivity anisotropy above the transition tem-

perature in first order materials.

• Resistivity anistoropy values ranging from ρb/ρa = 1.2 to 2 were observed for parent

and electron-doped compounds.

– In all parent and electron-doped samples it was observed that ρb > ρa

• Our study of the hole doped compound, Ba1−xKxFe2As2, revealed a dramatic asym-

metry in the effects of hole vs. electron doping on resistivity anisotropy.

– Unlike the parent and electron-doped samples where ρb > ρa, we demostrated

that for sufficient hole doping the resistivity anisotropy changes sign such that

ρa > ρb.

– This result strongly corroborated theoretical preditions of a model where spin

fluctuation scattering is the primary source of the electronic anisotropy within

the orthorhombic ab-plane.
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7.3 Future Work

The data produced while undertaking this work, most strongly corroborate with a

picture in which spin fluctuation scattering plays the dominant role in the source of

the resistivity anisotropy. This picture could be even more firmly solidified by study-

ing materials with different magnetic structures. One candidate for such a study is the

iron-chalcogenides. Several FeTe compounds show a similar tetragonal to orthorhombic

structural symmetry lowering upon cooling, however they display dramatically different

magnetic ordering. Consequently if resistivity anisotropy data matched theoretical pre-

dictions for a spin fluctuation scattering dominated model in a system with the FeTe

magnetic ordering, it would provide very strong evidence, solidifying the validity of this

model. However this material is technically very different from the AFe2As2 system and

indeed attempts to detwin FeTe via uniaxial strain were made during this thesis study,

but the results have so far been unsuccessful raising the question of whether the material

can be detwinned by strain. Another option would be to magnetically detwin FeTe and

would be an excellent project for future studies.

It has been clearly demonstrated that the magnitude of the anisotropy above TN is

coupled with the magnitude of the strain field. However, it remains unclear to what

degree (if any) the anisotropy above TN is intrinsic and would exist without the presence

of stress or strain. We have constructed an apparatus to apply and release stress or

strain in-situ. Although we have successfully detwinned several different materials in-

situ, we have only produced one sample (Ru doped BaFe2As2) which remained detwinned

after the stress was released. No doubt the situation becomes even more complicated

after attaching leads for a resistivity measurement. However the initial success should

at least leave an optimistic impression that with further work, a resistivity anisotropy

measurement on a detwinned, but no longer strained sample is feasible and will answer

this question once and for all.
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