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ABSTRACT
Visualizing nematicity in the pnictides
with scanning tunneling spectroscopy.
Ethan Philip Rosenthal
The origin of the nematic phase in the iron-based superconductors is still unknown,
and an understanding of its microscopic mechanism could have important implications
on the unconventional superconductivity in these materials. This thesis describes a
series of experiments using scanning tunneling microscopy (STM) and spectroscopy
(STS) to visualize the nematic electronic structure in NaFe1−x Cox As as a function of
energy, temperature, strain, and doping.
We first start with background material on the iron-based superconductors and
the iron pnictides in particular. We then extensively explore the physical details of
NaFe1−x Cox As which is the main material of study in this thesis. Additional attention
is paid to the electronic structure due to its relation to quasiparticle interference (QPI)
measurements made with STS.
The theoretical underpinnings of STM and STS are then derived as well as further
details of QPI. Many of the experiments described in this thesis were performed on a
custom-built, low temperature STM which the author helped build. We describe the
design of this system and report on benchmarking tests that were used to characterize
the system’s performance.
Both pristine, undoped NaFeAs and LiFeAs were measured by STM, and we compare and contrast these two materials which come from the same structural family.
The electronic local density of states (LDOS) of NaFeAs was measured at various temperatures in all three phases of the material (tetragonal paramagnetic, orthorhombic

paramagnetic, and orthorhombic spin density wave (SDW)). The electronic structure
in the SDW phase is highly anisotropic. QPI signals in this phase are found to be
well-explained by comparison to a joint density of states (JDOS) model using the
reconstructed bandstructure fit to angle-resolved photoemission spectroscopy data.
The electronic anisotropy is found to persist into the nominally tetragonal phase.
This persistence arises from built-in crystallographic strain coupling to high amplitude, unidirectional, antiferroic fluctuations. These fluctuations renormalize the bare
Green’s function which gives rise to anisotropic scattering.
We then describe the construction of a novel device created for variable-strain
STS. Antiphase domains in NaFeAs are visualized and found to change in size as a
function of unidirectional strain. These domains are tracked as a function of temperature and found to disappear at exactly the nematic transition temperature proving
that this is the temperature at which long-range order is lost. By measuring Co-doped
samples, we find that the domains disappear before optimal doping in an underdoped
sample with superconducting transition temperature of 18 K. However, the electronic
structure remains anisotropic implying that nematic fluctuations persist. These fluctuations are found even in overdoped samples and disappear with superconductivity
at heavy doping.
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Chapter 1
The Iron-Based Superconductors
1.1
1.1.1

Phenomenology
Introduction

It has been over 100 years since superconductivity was first discovered by Kamerlingh Onnes in 1911, and yet this macroscopic, quantum phenomenon continues to
be the subject of intense research worldwide. Onnes discovered the first hallmark of
the superconducting state: zero electrical resistance. Meissner and Ochsenfeld then
discovered the second hallmark, perfect diamagnetism, 22 years later[44]. However,
it was not until 1957, 46 years after Onnes’ original discovery, that a complete, quantum theory of superconductivity was formulated by Bardeen, Cooper, and Schrieffer
(BCS)[3]. The essential aspect of this theory are that electrons near the Fermi energy are unstable to a small, attractive force and pair together into Cooper pairs. In
conventional BCS superconductors, phonons mediate this attractive interaction, and
the resulting pairs form a bosonic superfluid.
BCS theory proved quite successful at describing many properties of superconductors. Even so, the highest superconducting transition temperatures (Tsc ) achieved in
a material in the 30 years after BCS was 23 K in Nb3 Ge[59]. Superconductivity re-
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search was a shrinking field until Bednorz and Müller discovered superconductivity
at 30 K in LaBaCuO in 1986[4]. The following years saw a rapid increase in Tsc to a
maximum of 138 K in HgBaCaCuO[19]. The common thread among these high transition temperature materials was the presence of a copper-oxide plane of atoms, and
hence these materials have been dubbed the “cuprates”. It was soon realized that the
cuprates were very different from conventional BCS superconductors. In their parent,
or undoped form, the cuprates are Mott insulators instead of metals. It also seems
unlikely that phonons mediate the attractive interaction. The parent state is antiferromagnetic, and spin fluctuations are commonly thought to produce pairing. Lastly,
the superconducting gap in the density of states (the binding energy of the Cooper
pairs) does not have conventional s-wave symmetry like BCS superconductors. Instead, it has dx2 −y2 symmetry which means that the gap not only changes magnitude
with angle but in fact changes sign in orthogonal directions. While there was a flurry
of research activity that followed the discovery of superconductivity in the cuprates,
there are many questions that still remain; namely, it is still not understood why
these materials superconduct.
Much of modern superconductivity stayed focused on the cuprates until the discovery of superconductivity in an iron-based compound, LaFeAsO1−x Fx , in 2008[34].
Although the superconducting transition temperature was only 26 K, a rapid material search quickly found iron-based superconductors with Tsc up to 56 K in both
SmO1−x Fx FeAs[72] and Gd1−x Thx FeAsO[63]. Recent experiments of single-layer FeSe
on SrTiO3 indicate transition temperatures approaching the temperature of liquid nitrogen (77 K)[51].
The defining characteristic of the iron-based superconductors is the presence of
either an iron-arsenide or iron-chalcogenide plane of atoms. The presence of arsenic,
a pnictogen, has resulted in the iron-arsenides being collectively known as the iron
pnictides, or just the pnictides. This plane of atoms is reminiscent of the CuO2 plane
in the cuprates, and there are many other similarities between the cuprates and the
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pnictides. The parent compound in both families is a magnetically ordered state. In
the case of the cuprates, the magnetic order forms an antiferromagnetic checkerboard
pattern with ordering wavevector Q = (π, π). In the pnictides, a spin density wave
(SDW) forms with antiferromagnetic ordering along one in-plane Fe-Fe axis and ferromagnetic ordering along the orthogonal Fe-Fe bond (Q = (π, 0) or (0, π)). Tuning
of the parent compound through electron doping, isovalent chemical substitution, or
pressure suppresses the magnetic order and gives rise to a superconducting dome in
temperature. This type of phase diagram now appears to maybe be a common theme
among unconventional superconductors. Fig. 1.1 shows various unconventional superconductor and superfluid systems which form a superconducting dome following
the suppression of an ordered, parent phase.
The rest of this chapter will explore the iron-based superconductors in more depth.
We will start with an overview of the structurally distinct families of iron-based superconductors and then explore the rich physics of the various ordered states throughout
the phase diagram and their associated electronic structure. We then delve deeper
into the physics of NaFe1−x Cox As with particular attention to the electronic structure.

1.1.2

The Various Families

The common thread among all iron-based superconductors is the presence of an
Fe2 As2 or Fe2 Se2 -layered structure unit. The Fe atoms form a square lattice with
As/Se atoms between next-nearest neighbor Fe atoms. The As/Se atoms buckle
above and below the Fe plane giving rise to two inequivalent Fe sites. These layers are then separated by either alkali cations, alkali-earth cations, LnO layers, or
perovskite-related oxydic slabs. The spacing layers are often relatively insulating
compared to the Fe plane causing the iron-based superconductors to be quasi-2D materials. The families of the materials are then identified by the number of atoms in
the unit cell. For example, the simplest structure, FeSe, has 1 Fe and 1 Se atom in the
unit cell and is referred to as a 11 material. Slightly more complex is the 111 family

CHAPTER 1. THE IRON-BASED SUPERCONDUCTORS

4

Figure 1.1: Electronic phase diagrams of different unconventional superconductors.

Adapted from [60]. (a) RE(O,F)FeAs (RE = La, Sm, Ce). (b)

(Ba,K)Fe2 As2 . (c) YBa2 Cu3 O7M . (d) A3 C60 (A = K, Cs, Rb). (e) CeRhIn5 . (f )
Phase diagram of superfluid 4 He. All these systems show abrupt disappearance of
the AF (or HCP solid phase in the case of helium) or coexistence of the AF and the
superconducting (SC) phases near the phase boundary.
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Figure 1.2: Crystal structures of several typical families of iron-based superconductors. Adapted from [13]. A, Ae, Ln, and M stand for alkalie, alkali-earth,
lanthanide, and transition metal atoms.
which consists of a Na or Li spacing layer between FeAs planes. Other prominent iron
pnictide materials are the 122s and the 1111s. Figure 1.2 shows the crystal structure
of the various families of iron-based superconductors.

1.1.3

Nematicity and Other Ordered Phases

Few of the iron-based superconductors are superconducting in their parent phase.
While there are some exceptions, such as LiFeAs, we shall focus on the characteristics
of the majority of iron-based superconductors in this section. At high temperatures,
the parent compounds are paramagnetic and exhibit tetragonal, C4 symmetry in the
Fe plane (This is slightly incorrect. Because of the buckling of the As/Se atoms, the
crystal is symmetric under the combination of a 90◦ rotation and a reflection about
the c-axis reducing the symmetry to be technically S4 .). Figure 1.3a shows a diagram
of the Fe-As/Se plane in the tetragonal, paramagnetic state.
Upon lowering the temperature, the crystal undergoes a structural distortion
wherein the Fe lattice elongates along one direction (the a axis) and compresses along

6
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a

Tetragonal Paramagnetic

b

c

Orthorhombic Paramagnetic

Tnem

Orthorhombic Spin Density Wave

Tmag
b

b
a

a

As (above)
Fe
As (below)

Figure 1.3: Diagram of structural and magnetic phases of typical iron-based
superconductors. (a) Diagram of Fe-As/Se plane. Fe atoms are drawn as purple
circles. As atoms are represented by red circles with two different radial gradients
indicating As atoms buckled above and below the Fe plane. High temperature, tetragonal, paramagnetic phase. (b) Orthorhombic, paramagnetic phase below Tnem where
a and b axes become inequivalent. Rotational symmetry is reduced from C4 to C2 .
(c) Orthorhombic, spin density wave state below Tmag where antiferromagnetic (ferromagnetic) order sets in along a (b) axis.
the orthogonal direction (the b axis) such that the unit cell Bravais lattice changes
from tetragonal to orthorhombic symmetry (Fig. 1.3b). This transition is called the
“nematic” transition, and the temperature at which it occurs is Tnem . Tnem marks
the highest temperature at which the symmetry between the x and y directions of
the Fe plane is spontaneously broken while still preserving time-reversal symmetry.
At or below Tnem , a magnetic transition occurs at Tmag wherein antiferromagnetic
(ferromagnetic) ordering sets in along the a (b) axis with a two atom periodicity (Fig.
1.3c). This new symmetry doubles the size of the unit cell which consquently halves
the Brillouin zone and folds the electron bands (we explore this further in Section
1.2.2).
Both the nematic and magnetic transitions may be suppressed by electron or hole
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doping, isovalent chemical substitution, or pressure. As these phases are suppressed,
a superconducting dome forms; critically, the coexistence of both superconductivity
and magnetic order is exhibited in many pnictides. Fig. 1.4a shows the phase diagram
for the prototypical iron pnictide Ba(Fe1−x Cox )2 As2 which is a member of the 122
family. Increasing the ratio of Co to Fe atoms electron dopes the material. As is
shown in the figure, the superconducting dome does not begin to appear until about
3% Co doping, but the structural distortion does not disappear until 6% doping.
Although both superconductivity and magnetism coexist in the doping range from
3%-6% under the superconducting dome, the structural distortion actually curves
back in doping under the superconducting dome. This can be seen more clearly in
Fig. 1.4b where the anisotropy between the a and b lattice parameters is plotted as
a function of temperature and doping.
At first glance, it may seem that the nematic transition is merely a regular structural distortion driven by phonons which does not provide for very novel physics.
This does not seem to be the case. Both theoretical[22, 67] and experimental work
have suggested that the nematic transition is actually driven by electronic degrees of
freedom. For example, the anisotropy in resistivity along orthogonal axes has been
shown to be much greater than the lattice anisotropy[15, 57]. Angle-resolved photoemission spectroscopy (ARPES) measurements with orbital resolution show that
the nematic transition is accompanied by a splitting of the degeneracy between dxz
and dyz orbitals. This splitting manifests as a ferro-orbital ordering. Fig. 1.5 shows
orbital-resolved ARPES cuts along orthogonal high-symmetry axes of BaFe2 As2 as a
function of temperature. At 160 K, it can be seen that the dxz and dyz bands are
completely degenerate. As the temperature decreases, the dyz (dxz ) band shifts up
(down) in energy. At low temperatures, the orbital splitting reaches 60 meV. We now
see that nematicity manifests in both the charge and orbital channels. In fact, torque
magnetometry measurements of BaFe2 (As1−x Px )2 show evidence for nematicity in the
spin channel, as well[35].
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b

Figure 1.4: Phase diagram and lattice anisotropy in Ba(Fe1−x Cox )2 As2 .
Adapted from ref. [45]. (a) Phase diagram of Ba(Fe1−x Cox )2 As2 . The x-axis indicates Co doping concentration. In keeping with the terminology of this thesis, TN
corresponds to Tmag , TS corresponds to Tnem , and TC corresponds to Tsc . Note the
curving back of Tnem under the superconducting dome indicating a possible competion
between nematicity and superconductivity. (b) Anisotropy between a and b lattice
parameters as a function of doping and temperature. Note the non-monotonicity of
the anisotropy temperature dependence upon entering the superconducting state.

CHAPTER 1. THE IRON-BASED SUPERCONDUCTORS

9

Figure 1.5: Orbitally-resolved ARPES cuts of BaFe2 As2 as a function of
temperature. Adapted from ref. [68]. Binding energy versus momentum ARPES
cut along Γ − X on the left and Γ − Y on the right. dyz (dxz ) band is seen to shift
up (down) in energy with decreasing temperature. Nematic and SDW transition is
at 138 K.
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If the fluctuations which drive the nematic transition are indeed electronic in nature, then these same fluctuations could also be responsible for the superconductivity
in these materials. More intriguing (and speculative) is the fact that there are hints of
electronic nematicity in other unconventional superconductors like the cuprates and
heavy fermions. It has been postulated that the superconducting paring mechanisms
in all of these materials share a common origin, and the possibility of a ubiquitous,
proximal nematic phase would further bolster such a “unified” theory. Consequently,
identifying the dominant fluctuation driving the nematic transition remains a primary
goal in superconductivity research[23].
We now seek to clarify the definition of the nematic state in the context of the
iron pnictides. The origin of the word lies in the connection to classical liquid crystal phases[26]. In these classical fluids, the microscopic structure of the constituent
molecules, which can be rod-like, along with anisotropic interactions produces a nematic phase. In this nematic phase, rotational invariance is spontaneously broken
which gives rise to orientational order. The order parameter for such a state is a
“director” which defines an axis but has no sense of direction and is often isotropic.
The nematic phase of the pnictides represents a quantum analog of classical liquid
crystals. There are many similarities between both versions with the main hallmark
of broken rotational symmetry but preserved time-reversal symmetry holding true in
both. However, due to the lattice symmetry in the pnictides, the director is limited
to point along either the x or y axis which corresponds to a Z2 (Ising-like) symmetry. The nematic phase generally manifests in three distinct ways with each pointing
to three distinct origins: the structural distortion implies a phonon-driven nematic
transition; the orbital ordering seen in ARPES measurements points to charge fluctuations; and anisotropy in the static spin susceptibility at temperatures above Tmag
indicate quadrupole magnetic fluctuations[35].
The experiments described in this thesis support a scenario in which spin fluctuations drive the formation of the nematic state. Fig. 1.6 shows a diagram in order
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to help explain this transition. We treat the Fe-As/Se plane as a square lattice of
point-like spins. At high temperatures, the system is paramagnetic, and the spins
have O(3) rotational symmetry. Because there are two degenerate ground states of
the SDW wave corresponding to ordering vectors Q1 = (π, 0) and Q2 = (0, π), the
full symmetry is O(3) × Z2 (see Fig. 1.6a). Consequently, transitioning into the
long-range, magnetically ordered state requires a breaking of both of these symmetries. Both symmetries are broken simultaneously in a mean-field treatment [23], but
fluctuations may split the two transitions producing an intermediate phase. This
phase corresponds to the nematic phase, as shown in the middle of Fig. 1.6b, and
consists of broken Z2 symmetry but preserved O(3) symmetry. While the spins still
have rotational freedom since < Si >= 0, the system has “picked” a direction as seen
in the spin correlations, < Si · Si+x >= − < Si · Si+y >. Only after the temperature
decreases through Tmag is O(3) symmetry broken and long-range, magnetic order
acquired.
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Figure 1.6: Real space diagram descrbing spin-driven nematicity. Adapted
from ref. [25]. (a) Disordered spins on a square lattice have both spin-rotational
(O(3)) and doubly-degnerate ground state (Z2 ) symmetry. Transitioning to a ground
state with antiferromagnetic ordering along the x or y axis necessarily breaks both
symmetries. (b) The O(3) × Z2 symmetry breaking can be a two step process. Z2
symmetry is first broken, but the system remains paramagnetic. Only after O(3)
symmetry is broken does long-range magnetic order exist.
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Pnictide Electronic Structure

The electronic structure of iron-pnictide superconductors is quite complex due to
their multioribital nature. We start with defining a unit cell (UC) in real space,
which is also the usual start of confusion. The simplest UC one can draw is a 1-Fe
UC. However, this UC does not take into account the buckling of the As atoms above
and below the Fe plane. Consequently, the correct UC is actually a 2-Fe UC at 45◦
√
with respect to the 1-Fe UC and 2 larger. Fig. 1.7a shows both of these unit cells
drawn on a similar diagram to Fig. 1.3 with the 1-Fe (2-Fe) UC drawn as a brown
(peach) colored square. We define the lattice parameter of the 1-Fe UC to be a0 and
√
the 2-Fe UC to be ã = 2a0 .
Tight binding calculations with hopping and on-site energies determined by density function theory (DFT) have been fairly successful at predicting the electronic
structure of the iron pnictides[21]. The calculations start in the orbital basis and
consist of the 5 3d iron orbitals: dxz , dyz , dxy , dx2 −y2 , and dz2 . For the 1-Fe UC, this
results in a 5 × 5 Hamiltonian. Diagonalizing the Hamiltonian changes the basis from
orbital to band space which is useful for considering the momentum space structure.
Most pnictides have 5 bands that cross the Fermi surface: three hole pockets and two
electron pockets. We show a schematic of this Fermi surface in Fig. 1.7b where the
brown box defines the 1st Brillouin Zone (BZ) boundary of the 1-Fe UC. Two of the
hole pockets sit at the Γ point while one sits at the zone corner. The two electron
pockets sit at the zone faces at X and Y which are at ( aπ0 , 0) and (0, aπ0 ), respectively.
There is actually a second, degnerate solution where the hole pockets are switched
between Γ and the zone corner, and the electron pockets are switched between X and
Y . Both versions are commonly seen in the literature.
The same tight binding calculation can also be carried out with a 2-Fe UC. This
results in a 10 × 10 Hamiltonian which takes into account the 5 orbitals on the 2 Fe
atoms with appropriate phase factors relating the two. Because the UC rotates by
√
√
45◦ and expands by 2 in real space, the BZ rotates by 45◦ but shrinks by 2 in
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Figure 1.7: 1- and 2-Fe unit cells in real and momentum space. (a) Real space
diagram of 1- and 2-Fe unit cell (UC). Like in Fig. 1.3, purple (red) circles correspond
to Fe (As) atoms. 1-Fe UC indicated by brown square with lattice constant a0 . 2-Fe
UC indicated by peach square with lattice constant ã. (b) 1st Brillouin Zone (BZ) in
1-Fe UC. Two hole pockets at Γ and one at zone corner. Elliptical electron pockets
with opposite dyz /dxz character at X and Y , respectively. (c) 1st BZ in 2-Fe UC. All
bands have been folded by 2Q̃ as indicated in b. Hole pocket from zone corner is now
at zone center, and electron pockets have been folded on each other.
momentum space. Consequently, one folds the bands by the wavevector 2Q̃ = ( aπ0 , aπ0 ).
This folds the lone hole pocket in the corner onto Γ, and the electron pockets fold
onto each other. Fig. 1.7c show the result of this folding.
After diagonalizing the Hamiltonian, one may project the band space eigenvectors
back onto the original orbital basis in order to look at the orbital “character” of the
bands. As it turns out, eigenvalues of the Hamiltonian with energies near the Fermi
energy tend to have a dominant orbital character for each pocket which evolves as
a function of angle. This can be thought of as an orbital polarization of the bands.
In Figs. 1.7b-c, we use color to denote the orbital character of the band. Blue
corresponds to dxy , red corresponds to dxz , and green corresponds to dyz .
This orbital character has important consquences on the physics of the pnictides.
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First, orbital ordering occurs at Tnem which splits the degeneracy between the dxz and
dyz orbitals. This causes both the hole and electron pockets to increase in ellipticity.
Second, the orbital character modulates interaction effects like the SDW hybridization. When there is long-range SDW order, in the viewpoint of the 1-Fe UC, the
UC doubles along the ordering direction in real space and becomes rectangular. Fig.
1.8a shows a real space diagram of the orthorhombic, SDW lattice. The original,
paramagnetic (PM) unit cell is outlined by the brown box, and the SDW unit cell is
denoted by the dotted box. In momentum space, the 1st BZ folds along Qsdw = ( aπ0 , 0)
(Fig. 1.8b-c), and hybridization gaps open where the bands cross. Mathematically,
we can consider a Hamiltonian combining orbital splitting (OS) and long-range SDW
H = H0 + HOS + HSDW where:

H0 =

X

HOS =

X

ξµν (k)c†µk cνk

(1.1)

∆µµ c†µk cµk

(1.2)

kσµ

kµ

HSDW = −

X

Mµν c†µk cνk+Q

+

M∗µν c†νk+Q cµk


(1.3)

kσµ

The spin indices have been omitted for simplicity and c†µk (cµk ) creates (annhilates)
an electron of momentum k and orbital µ. ∆ is the orbital splitting which is diagonal
and positive (negative) for dxz (dyz ) orbitals and 0 for the other three orbitals. M is
the magnetic order parameter. We can introduce creation and annhilation operators
in the new magnetic BZ, dνk = cνk+Q , which causes the eigenstates of the problem to
be given by the eigenvalues of the matrix:

H̄ = 

ξ¯k

−M̄

−M̄† ξ¯k+Q




(1.4)

Here, the bars above the symbols represent matrices and the OS term has been
¯ For the case of the 1-Fe UC, these are 5 × 5 matrices which reabsorbed into ξ.
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Figure 1.8: SDW unit cell in real and momentum space. (a) Real space diagram
of 1-Fe UC in orthorhombic paramagnetic (solid brown square) and orthorhombic
SDW (dotted brown square) states. (b) Paramagnetic momentum space 1st BZ in
1-Fe UC with SDW ordering vector Qsdw indicated. (c) SDW momentum space 1st
BZ. Electron pocket at X as been folded to Γ, and hole pocket at zone corner has
been folded to Y . Purple arrow denotes nesting of opposite orbital character bands
resulting in nodal SDW gap.
sults in a 10 × 10 Hamiltonian. The key aspect regarding the orbital polarization


is that M̄ = Mµν contains the intra- and inter-orbital SDW interactions along the
diagonal and off-diagonal component, respectively. It has been shown from symmetry
arguments[39] that M̄ should be mostly diagonal. Although there can be inter-orbital
SDW coupling between the dx2 −y2 and dz2 orbitals, this is not relevant to the Fermi
surface physics of the pnictides which is the main concern of this thesis. Because
of the exclusively intra-orbital nature to the SDW hybridization, gaps do not open
where bands of different orbital character cross, such as the region indicated by the
purple arrow in Fig. 1.8c. Consequently, nodal SDW gaps form which have even been
shown to produce Dirac cones[52].
For a comparison to ARPES and STS measurements, it is helpful to calculate the
Green’s function for NaFeAs. One may define the bare, retarded Green’s function as
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¯
Ḡ−1
0 (k, ω) = (ω + iδ)Ī − ξk where ω is the energy, δ is the energy broadening term,
and Ī is the identity matrix. Taking into account the SDW interaction, the full Green’s
function is thus


†
−1
(k,
ω)
·
M̄
(k,
ω)
−
M̄
·
Ḡ
Ḡ−1 (k, ω) = Ḡ−1
0
0

(1.5)

where Ḡ is defined within the magnetic BZ. For comparison to ARPES spectra, one
must calculate the spectral function which is proportional to the negative, imaginary,
trace of the full Green’s function:

A(k, ω) = −2π

X



Im Gµµ (k, ω)

(1.6)

µ

= −2πImT r

h

Ḡ−1
0 (k, ω)



− M̄ ·

Ḡ−1
0 (k, ω)

· M̄

†

i−1 

(1.7)

The nice thing about the spectral function is that it is the result of a trace. Because
the trace of a matrix is invariant under similarity transformations, one may leave the
tight binding Hamiltonian and M in the original orbital basis instead of having to
diagonalize into band space.

1.2
1.2.1

NaFe1−xCoxAs
Introduction

All STM measurements described in this thesis were performed on NaFeAs and LiFeAs
crystals. To the best of the author’s knowledge, these are the only two 111 iron
pnictides, and they have proven exceptional as a source of study for STM. Because
STM is a surface-sensitive probe, one ideally desires materials in which the surface
electronic and atomic structure is indicative of bulk behavior. Although there were
a host of STM measurements on 122[70, 43, 46, 17] and 1111[74] pnictides, due to
the nature of the surface cleavage plane, these materials suffered from both structural
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reconstructions and electronic surface states. The 111 pnictides enjoy weak van der
Waals bonding between alkali layers and twice the number of alkali atoms per unit
cell as the 122 pnictides which results in no surface reconstruction.
Fig. 1.9a shows a side view diagram of the NaFe1−x Cox As crystal structure. The
gray plane marks the presumed cleavage plane. Fig. 1.9b shows a top-down view
of the surface. The green spheres represent Na atoms which form a square lattice
with lattice parameter ã = 3.95 Å[48]. The Na atoms sit directly above the As atoms
that buckle lower than the Fe plane. In between nearest neighbor Na atoms, the Fe
atoms sit and form their own square lattice at 45◦ with respect to the Na lattice and
with lattice constant a0 =

√
2
ã
2

= 2.79 Å. In addition to the structural preservation

of the surface, a combined density functional theory and ARPES study showed that
the surface of LiFeAs is neutral, unlike the polar surfaces of the 122 materials, which
causes the LiFeAs surface electronic structure to represent that of the bulk to a
high degree[37]. The first reported STM measurements on LiFeAs and NaFeAs in
2012 showed that the surfaces were, in fact, reconstruction-free and well-suited for
STM[29, 2, 73]. The only drawback of the 111 pnictides is that Li and Na are highly
reactive in air. As such, the samples must be only handled in a glovebox. For this
thesis, all samples were prepared in a dry Argon glovebox and transferred in a plastic,
“Tupperware”-like container (McMaster-Carr product number 6840A21) filled with
Drierite. The samples were exposed to air when transferring from the plastic box
into the load lock of the STM, but the damage was undetectible. It proved possible
to transfer already-cleaved samples in the plastic box from the STM back to the
glovebox for repreparation multiple times without loss of sample quality.
Although NaFeAs and LiFeAs share a similar crystal structure and only differ by
one row in the periodic table, their phase diagrams are remarkably different. Contrary
to NaFeAs and all other iron pnictide superconductors, LiFeAs is superconducting in
its stoichiometric form and does not exhibit either a structural or magnetic transition.
While stoichiometric NaFeAs shows zero resistivity below 8 K, the superconducting
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Figure 1.9: Ball and stick model of NaFe1−x Cox As crystal structure. Adapted
from ref. [73]. (a) 3D side view of NaFe1−x Cox As crystal structure. The material is a
quasi-2D layered structure with weak van der Waals bonding between neighboring Na
layers. Gray plane marks presumed cleavage plane. (b) Top-down view of cleavage
surface. Na atoms are at the forefront and mask lower-buckled As directly below.
Blue sphere represents Co substitution at Fe site.
volume fraction is quite small (<20%)[48]. The superconductivity was inferred to be
filamentary at this doping[11] and at opposition with the bulk superconductivity in
LiFeAs. Both LiFeAs and NaFeAs may be doped by substituting Fe or Ni for Co
atoms. Ni has been shown to have double the effect of Co implying that electron
count is the dominant factor in this form of chemical substitution[50, 49]. Fig. 1.10a
shows the temperature dependence of Tsc in LiFeAs as a function of electron count
for both Ni and Co doping. It is clear that stoichiometric LiFeAs is already optimally
doped, and doping only serves to reduce Tsc .
Fig. 1.10b shows the phase diagram for NaFeAs as a function of Co doping.
NaFeAs is unique among the pnictides for having a wide temperature separation
between Tnem (=52 K) and Tmag (=41 K) even at zero doping. This makes this sample ideal for studying the region Tmag <T<Tnem with electronic nematicity but no
long-range magnetic order. Doping with Co suppresses the magnetic and nematic
transitions while increasing Tsc . There is a region of the phase diagram where both
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Figure 1.10: LiFeAs and NaFeAs phase diagrams as a function of doping (a)
Adapted from ref. [50]. Dependence of Tsc on doping. By scaling Co and Ni doping
by electron count, dopants are shown to have identical effects. Tsc is maximum at
zero doping and decreases with increasing electron doping. (b) Adapted from ref.
[61]. Dependence of structural, magnetic, and superconducting transitions on Co
doping. Tnem and Tmag are suppressed monotonically with doping and give rise to a
superconducting dome. Maximum Tsc occurs around .25-.3% Co doping.
magnetic order and large volume fraction superconductivity are present, but the microscopic nature of this region remains ill-defined. STS measurements have shown
the presence of both superconducting gaps and SDW gaps at the same points in
space of a sample[9], so phase separation seems unlikely. However, NMR and muon
spin-rotation (µSR) measurements provide multiple, conflicting explanations[66, 41].

1.2.2

NaFe1−x Cox As Electronic Structure

Having explored the general physics of NaFe1−x Cox As, we now turn the specific details of the electronic structure. Much information has been revealed through ARPES
measurements which are able to resolve the electronic structure with high resolution
in both energy and momentum. However, ARPES is not a local probe. Original low
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temperature measurements on NaFeAs would thus average over regions of the sample
with orthogonally-oriented C2 -symmetric domains[30]. The electronic structure of the
pnictides in the nematic and SDW state is highly anisotropic, but these measurements
could not distinguish the differences between Γ − X and Γ − Y . Subsequent measurements by two groups were performed on detwinned NaFeAs samples[71, 69]. In these
experiments, a spring is used to apply compressive stress along one of the Fe-Fe axes
of the crystal. This suppresses domains in which the orthorhombic transition would
cause the lattice to elongate along the compressed direction effectively enforcing one,
uniform domain throughout the crystal. The caveat is that stressing the crystals can
actually affect the physics of the material (such as shifting the nematic and magnetic
transition temperatures).
Compared to other pnictides, NaFeAs is unique in that both the hole and electron
pockets at the Fermi surface are quite small which corresponds to a small overlap
in energy between the two types of pockets. This makes the ARPES measurements
near the Fermi surface quite difficult because of the limited momentum resolution
and nonzero energy broadening of the spectral function. Nevertheless, Fig. 1.11a
shows the Fermi surface of NaFeAs at T=60 K in the paramagnetic, tetragonal state
from ref. [69]. Lines are drawn to guide the eye to the shape of the pockets and
colored according to the dominant orbital character. Contrary to the diagrams in
Fig. 1.7, NaFeA does not have a dxy pocket crossing the Fermi surface; rather, the
te top of the dxy band sits about 5 meV below the Fermi surface. Fig. 1.11b shows a
similar diagram of the high temperature NaFeAs Fermi surface taken from a different
paper[71]. While the diagram is qualitatively similar to Fig. 1.11a, the shapes of the
hole pockets at Γ are noticeably less circular. This is because ARPES measurements
are performed along one dimension in momentum space such as along Γ − X or Γ − Y .
With such small pockets, it becomes difficult to infer the shape of the pocket along
directions diagonal to the high symmetry axes. The author has seen multiple papers
draw multiple different shapes for the hole pockets, and there does not seem to be a
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Figure 1.11: High temperature, paramagnetic, tetragonal NaFeAs Fermi
surface. (a) Fermi surface of NaFeAs at 60 K from ref. [69]. Red (Green) lines
denote dxz (dyz ) orbital character. Blue denotes dxy character. (b) Fermi surface
diagram of NaFeAs at high temperatures from ref. [71]. Orbital character colors are
the same as in a except dxy is colored orange. Note the difference in shapes of the
hole pockets to a.
consensus on the true shape of the pockets. From a tight binding perspective, these
shapes can be controlled by lightly tuning particular hopping parameters. While this
focus on pocket shape may seem arbitrary, it has a direct impact on the degree of
nesting that occurs between the hole and electron pockets in the SDW state.
Fig. 1.12 repeats the Fermi surface from Fig. 1.11b and includes the other two
phases of the NaFeAs Fermi surface: orthorhombic PM and orthorhombic SDW.
When NaFeAs undergoes the orthorhombic transition, C4 symmetry is broken and
orbital splitting causes the outer hole pocket to elongate along the Γ − X direction
dyz and compress along the orthogonal direction. Additionally, the electron aligned
along Γ − X increases in ellipticity. The literature also claims that the electron pocket
aligned along Γ − Y becomes gapped[71]. On lowering the temperature below the
SDW transition, the electron pocket at X is folded onto the hole pocket at Γ (and
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vice versa) and hybridization gaps open. However, due to the orthogonal orbital
character of overlapping pockets along Γ − X and Γ − Y , nodes in the gap form as
shown in Fig. 1.12c. These nodes presumably form the Dirac cones mentioned earlier.
Fig. 1.12d then shows the actual, ARPES measured Fermi surface at T=10 K.
One may notice a small difference between the diagrams in Fig. 1.11 and Fig.
1.7c. In the former, the orbital character along the minor axes of the electron pockets
is dxy while the major axis orbital character is dxz /dyz . In the latter, the scenario is
switched with the major (minor) axis character being dxy (dxz /dyz ). The confusion
lies in the difference between the reported ARPES measurements and the nature
of the tight binding calculations. When one performes tight binding calculations of
the 111 pnictides in the 1-Fe unit cell, the orbital character of the electron pocket
at X is dxy (dyz ) along its major (minor) axis. The electron pocket at Y is the
same except that the dyz portion becomes dxz . From the ARPES measurements, the
scenario is less clear because the 1-Fe UC is not necessarily appropriate. However, in
the SDW state, only one electron pocket is observed at X, and the literature claims
this to be dxz (dxy ) along its major (minor) axis. This is difficult to reconcile with
the tight binding (and DFT) calculations because there is no way to get reasonable
dxz polarization anywhere on the electron pocket at X. The author has concluded
that there was likely a mistake in distinguishing different orbital polarizations for the
unusually small NaFeAs pocket in the ARPES measurements because this discrepancy
is not seen for any other pnictide ARPES measurements.
On the assumption that this is indeed the case and the tight binding orbital character is correct, calculations of the spectral function of NaFeAs in the PM and SDW
state were performed by the author based on tight binding parameter fits provided
by both Yan Wang from Peter Hirschfeld’s group from the University of Florida and
Dustin Altenfeld from Ilya Eremin’s group from the Ruhr-Universiät Bocum. Fig.
1.13a shows the DOS at the Fermi surface of NaFeAs in the PM state from one of
these fits. In Fig. 1.13b, the projected DOS (PDOS) of Fig. 1.13a is displayed where
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Figure 1.12: NaFeAs Fermi surface evolution. a-c Adapted from [71]. d adapted
from [69]. (a) Tetragonal paramagnetic (PM) NaFeAs Fermi surface (b) Orthorhombic PM Fermi surface. C4 symmetry is broken. Hole pockets become elliptical and
elongate along Γ − X. Electron pocket with major axis along Γ − X increases in ellipticity. (c) Orthorhombic SDW Fermi surface. Folding of electron and hole pockets
opens SDW hybridization gaps. Nodes in gaps persist along Γ − X and Γ − Y due to
overlapping of orthogonal orbital character. (d) Experimental ARPES Fermi surface
of NaFeAs at T=10 K in the SDW state. Note that the scale is in terms of ã not a0
in the terminology of this thesis.
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the weights of the dxz , dyz , and dxy orbitals is mapped to red, green, and blue color intensities, respectively. As can be seen, both the shape and orbital character provides
an excellent match to the ARPES data. Note that you can see faint, residual spectral
weight of the dxy hole pocket in the zone corner that sits just below the Fermi surface. Figs. 1.13c-d shows the DOS and PDOS of Fermi surface in the SDW state with
M2 = 15 Ī meV. The Fermi surface clearly becomes highly anisotropic and gapped
resembling the ARPES measurements. Also, the nodes in the gap along Γ − X persist
due to the intra-orbital SDW interaction.
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Figure 1.13: NaFeAs DOS and PDOS in PM and SDW state from tight
binding calculations. (a) DOS of NaFeAs in the PM state. (b) Projected DOS
(PDOS) version of a. Red, green, and blue correspond to dxz , dyz , and dxy orbital
characters, respectively. (c) DOS of NaFeAs with a 15 meV SDW gap. (d) PDOS
version of c.
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Chapter 2
An Ultra Low Loss Scanning
Tunneling Microscope
Between 2011 and 2012, a low temperature scanning tunneling microscope (LTSTM)
with ultra low helium loss was constructed in the basement of Pupin Laboratories
at Columbia University. In this chapter, we first introduce the theory behind scanning tunneling microscopy (STM) and spectroscopy (STS) and the measurements
that can be made using such techniques. We then detail the design, construction,
and performance of the constructed STM. It should be noted that the STM was designed primarily by Abhay Pasupathy and Ulrich Wurstbauer. Construction of the
instrument consisted mostly of the aforementioned designers, Erick Andrade, and the
author.

2.1

Scanning Tunneling Microscopy and Spectroscopy

STM was first developed by Gerd Binnig and Heinrich Roher at the IBM Zurich
Research Laboratory in 1982[7]. The two were quickly awarded the Nobel Prize four
years later in 1986 which is a testament to the power of this measurement technique.
The basic concepts of STM are relatively simple. One places a sharp rod of metal
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(called a “tip”) extremely close to the surface of a crystal (which we will call the
“sample”). The separation between the tip and the sample should be on the order of
Angstroms or, equivalently, a couple hydrogen atoms. By applying a voltage difference
between the tip and the sample, a tunneling current can flow. Naı̈vely, one can imagine
that there will be “more” electrons near the crystal’s atoms than in between the atoms
which, in turn, means greater current near atoms. By rastering the tip back and forth
across the surface, one can use this change in current to map out the position of atoms
on the surface of the sample. This explanation is a gross simplification of STM but
provides for a reasonable mental starting point.
The advent of the STM opened the doors to a whole new range of measurement
techniques collectively known as scanning probe microscopy. The concept of bringing
a sharp tip near a sample of interest and measuring some sort of local signal related
to the two proved to be an easily generalizable concept. By placing the tip on a
cantilever, Binnig showed that one can map out local atomic forces with extreme
precision (10−18 N)[6]. This measurement technique is called atomic force microscopy.
Since the 1980s, there have been many more scanning probe-based techniques that
are used to measure a whole range of signals from magnetic forces to temperature.

2.1.1

Tunneling Formalism
+z
VB
E

d

Figure 2.1: Diagram of 1D tunneling barrier
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The name “scanning tunneling microscopy” alone reveals that this measurement technique is inherently quantum mechanical. We will start with a simple quantum mechanical description of STM based on one-dimensional tunneling theory and then
expand upon the glossed-over details. One can treat the vacuum that separates the
tip and the sample as a potential barrier with height UB and width d (Fig. 2.1). The
1D Schrödinger equation for this system is
h̄2 d2
−
Ψ(z) + U (z)Ψ(z) = EΨ(z)
2m dz 2

(2.1)

The wavefunction outside the barrier region has solutions
Ψ(z) = Ψ(0)e±ikz

(2.2)

p
2m(E − UB )
k=
h̄

(2.3)

where

is the electron wavevector, m is the electron mass, and E is the energy of the electron.
The wavefunction inside the barrier (UB > E) is given by
Ψ(z) = Ψ(0)e±κz

(2.4)

p
2m(UB − E)
κ=
h̄

(2.5)

where

is the the decay constant. We can be slightly more specific about the problem at
hand by considering the nature of the vacuum barrier. The minimum energy required
to extract an electron from a metal into vacuum is called the work function, φ. If we
consider the zero temperature state of our system, then the Fermi level, which is the
highest occupied electronic state in the metal, is given by EF = −φ where we take
the vacuum to be at E = 0. We also make the assumption that the work functions
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of the sample and tip are equal. For a small applied bias voltage V where eV << φ,
the electronic states relevant to tunneling are all close to the Fermi level (E ≈ −φ),
and the tunneling current is given by
I ∝ e−2κd

(2.6)

√
p
2mφ
= 5.1 φ(eV) nm−1
κ=
h̄

(2.7)

where

Workfunctions for metals used in STM experiements are typically about φ ≈ 5 eV
which means κ ≈ 11.4 nm−1 . It is this extremely small length scale that makes it

necessary to bring the tip so close to the sample. It is also because of this decay
constant and exponential tunneling dependence that the STM is able to obtain such
fine resolution. The tunneling current changes by about an order of magnitude for a
change of 1 Å in tip-sample distance.
We can be more rigorous in our treatment of the tunneling current by noting
that electrons can populate many states in both the tip and sample and considering
the probability of transitions between these states using Fermi’s golden rule. If one
applies a negative bias −V to the sample while grounding the tip, then the effective
Fermi level of the sample shifts up by +eV . In this scenario, the probability of an
electron with energy E tunneling from the sample to the tip is given by

P =

2π
|M |2 Ns (E)Nt (E + eV )
h̄

(2.8)

where |M |2 is the tunneling matrix element, Ns are the number of filled states in the
sample, and Nt are the number of empty states in the tip. These numbers are given
by
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(2.9)

Nt (E + eV ) = ρt (E + eV )(1 − f (E + eV ))
1

f (E) =
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(2.10)
(2.11)

E

1 + e kB T
where ρs (ρt ) is the density of states of the sample (tip), and f (E) is the Fermi-Dirac
distribution. By considering the probability of tunneling from sample to tip and vice
versa, the total tunneling current is given by
4πe
I=−
h̄

Z

∞

−∞



|M |2 ρs (E)ρt (E + eV ) f (E) − f (E + eV ) dE

(2.12)

We can make a couple more assumptions. Assuming that the experiments are being
performed at low temperatures, the Fermi function may be approximated as a step
function which limits the integral. Additionally, we can assume that the tunneling
matrix element has weak energy dependence, so that the tunneling current becomes
4πe
I=−
|M |2
h̄

Z

0

ρs (E)ρt (E + eV )dE

(2.13)

−eV

Lastly, we can take the tip DOS to be constant with energy and remove it from the
integral yielding a tunneling current that is proportional to the integral of the sample
density of states
4πe
I=−
|M |2 ρt
h̄

2.1.2

Z

0

ρs (E)dE

(2.14)

−eV

Topography

Equation (2.14) reveals the power of the STM. In the WKB approximation, the matrix
element is proportional the tip-sample separation:
z√

|M |2 ≈ e−2 h̄

2mφ

(2.15)
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Figure 2.2: 3D topograph of SnTe. Step height is ∼0.32 nm and in-plane lattice
parameter is 0.45 nm.
In order to obtain topographic information about the surface of a sample, one may
scan the tip back and forth while maintaining a constant current setpoint (Iset ) and
bias voltage (Vbias ). By measuring the z-displacement of the tip needed to maintain
the constant current, it is possible to map out the geometric structure of the surface.
Fig. 2.2 shows an example of an STM topograph of the topological crystalline insulator SnTe. The z-displacement has been projected into the third dimension and
clearly shows single atomic steps as well as the corrugation of individual atoms on
the surface. Because the tunneling current also depends on the integral of the sample
DOS, this topographic measurement actually includes a mix of both electronic and
structural information.
Experimentally, piezoelectric crystals are used to obtain the fine displacement
control necessary for maintaing the constant current. Traditionally, the tip is mounted
on a four quadrant, cylindrical piezo. By applying a voltage difference (typically ≤ 250
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V) between any of the four quadrants (±x, ±y) and the center, grounded electrode,
the piezo will expand or contract in that quadrant along the long axis of the cylinder.
By applying opposite voltages to opposite sides of the crystal (say, +V to +x and −V
to −x), the piezo can be made to bend along that axis. Spatial control is only limited
by the quality of the applied bias voltage. Applying a uniform voltage to all four
quadrants can cause the entire piezo to compress or elongate along the z direction.
Although STM can be performed at room temperature in air, there are a number
of advantages to more specialized experimental setups. All of the measurements performed in this thesis were performed in ultra high vacuum (UHV) at pressures less
than 10−9 torr. This prevents molecules from adsorbing on the surface of the sample.
Additionally, because the tunneling current has such great tip-sample dependence, a
low vibration environment is essential for producing low noise images. All measurements were performed in low noise rooms in the basement of Pupin Laboratories on
Columbia University’s Morningside Heights campus. The microscopes are mounted
on optical tables with air suspension, and the microscope in the vacuum chamber
hangs from low resonant frequency springs (< 4 Hz).

2.1.3

Spectroscopic Measurements

Equation (2.14) also shows how one may obtain spectroscopic information about the
sample of interest. Taking the derivative of the tunneling current with respect to the
bias voltage yields a signal (the differential conductance, G) that is proportional to
the DOS of the sample at a particular energy eV

g(V ) =

dI
(V ) ≈ ρs (eV )
dV

(2.16)

Experimentally, one obtains this signal by summing a small, AC bias with the usual
DC bias applied to the sample. Demodulating the harmonic component of the current
with a lock-in allows one to measure a signal proportional to dI/dV . By turning off the
feedback loop that maintains a constant current and varying the applied DC voltage, a
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Figure 2.3: Point spectroscopy and LDOS map example. (a) Two point spectroscopy measurements on lightly doped NaFe1−x Cox As. Color of line corresponds
to measurements at colored-dot locations in b. Blue line is from a magnetic domain
boundary and shows a symmetric gap in the spectrum indicative of superconductivity.
Green line is from within the domain and shows a characteristic spin density wave
gap. (b) LDOS map at E=10 meV and T=6 K.
spectrum of the energy dependence of the DOS of the sample as a function of energy is
acquired. One could obtain a similar spectrum by measuring a current-voltage curve
and taking the numerical derivative, but this tends to be noisier than using a lock-in.
Fig. 2.3a shows two examples of this “point spectroscopy” measurement obtained on
lightly doped NaFe1−x Cox As (UD8, see Chapter 4). The color of the curve indicates
the location in which the measurment was taken as denoted by the colored dots in
Fig. 2.3b. This measurement allows one to resolve local electronic phenomena such
as the gaps seen in the spectrum.
The natural extension of such a measurement is to combine the scanning ability
of the STM with the spectroscopic functionality. This is generally called a dI/dV
“map” which involves taking a single dI/dV spectrum at each pixel of a spatial grid.
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This produces a three-dimensional dataset, g(r, E). Two dimensions correspond to
the spatial dependence of the local density of states (LDOS), and the third dimension
corresponds to the particular energy of the LDOS. Fig. 2.3b shows a single 2D “slice”
of a LDOS map. The slice is at E=10 meV, and the amplitude of the LDOS is mapped
to a colorscale. The dots indicate the locations of point spectroscopy from Fig. 2.3a.
The blue dot is actually on top of a magnetic domain boundary. This 3D look at
the atomic scale makes clear the difference the domain boundary makes on the local
electronic structure. Because of the necessity of a lock-in, the speed at which one can
vary the bias for a particular spectrum is limited by the lock-in frequency. Most of
the measurement in this thesis were taken with a lock-in frequency in the range of
1 kHz which necessitates a lock-in integration time of 10-30 ms for each bias value
of the spectrum. Also, ∼ 100 ms are needed to stabilize the feedback loop before
sweeping the bias. All of these times add up, and a 256 × 256 dI/dV map with 41
different bias values can take 31 hours. During this time, the temperature must not
vary by more than a couple millikelvin, and the reduction of vibrational noise when
the feedback loop is off is essential. This all places strict requirements on the design
of the STM, which we detail in Section 2.3.

2.2

Quasiparticle Interference

If one were to obtain a g(r, E) map on a defect-free metal surface, the resulting LDOS
image at a particular energy E would be quite boring. This is because the LDOS in
real space is completely uniform. This can be seen by the form of the LDOS:

g(r, E) ∝

X
k

|Ψk (r)|2 δ(E − ε(k))

(2.17)

Here, Ψk (r) is the k-space quasiparticle eigenstate defined by crystal momentum,
k, and dispersion relation, ε(k). Substituting a Bloch wavefunction into Eq. (2.17)
produces no spatial dependence. If one introduces disorder into the system, then
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quasiparticle scattering can mix eigenstates of different momenta which produces
modulations of the LDOS in real space. These modulations have been called quasiparticle interference (QPI) patterns[31]. Typical sources of disorder include intrinsic
defects and adatoms.
Mathematically, we can understand QPI by understanding the relationship between the Green’s function of a crystal and the LDOS in k-space:
 

LDOS(k, E) ∝ −Im T r G(k, E)

(2.18)

G(k, E) is the full Green’s function in k-space. From perturbation theory, we can
consider the Born approximation of the full Green’s function in the presence of an
impurity scattering potential V (k):
Z
G(k, E) = G0 (0, E)δk,0 +

dp G0 (p + k, E)V (k)G0 (p, E)

(2.19)

where G0 (k, E)−1 = E − ε(k) + iδ is the bare, retarded Green’s function of the crystal. Fourier transforming a real space dI/dV map with impurity scattering thus allows
one to obtain a signal that is an approximation Eq. (2.18). In reality, the phase of the
scatterers in real space (and in turn Fourier space) is unknown. This mixes real and
imaginary parts of the full Green’s function which does not allow one to measure the
phase-resolved LDOS(k, E). An approximation that has been used in the literature
is to calculate the joint density of states (JDOS),
Z
JDOS(k, E) =





dp Im G0 (k, E) Im G0 (k + p, E)

(2.20)

which tends to work quite well[64]. Although QPI is not a direct measurement of the
dispersion relation of a material like ARPES, it provides high energy resolution, local
information about the electronic structure both above and below the Fermi level.
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Constructing an STM
Motivation and Design

Between 2011 and 2012, a low temperature, scanning tunnelling microscope (LTSTM)
was constructed in the basement of Pupin Laboratories. At the time, the only other
STM in the basement was a variable temperature STM that utilized a continuous flow
cryostat for cooling which had a temperature range of 18-300 K. To study materials at
lower temperatures, the new microscope would be directly attached to a liquid helium
bath allowing for measurements at T=4 K (or lower if one pumps on the cryostat).
Due to the continuously rising cost of helium, as well as the desire to obtain multi-day
dI/dV maps, the cryostat was designed to have ultra low loss of helium.
Fig. 2.4 shows a diagram of the LTSTM on the left and a picture of the constructed
system on the right. The microscope consists of three chambers. There is a load lock
which allows one to load in three samples without breaking vacuum in the other
two chambers. There is a preparation chamber next to the load lock which contains
various instruments for sample preparation and characterization. Lastly, there is an
STM chamber attached to the prep chamber which houses the actual microscope. The
microscope hangs from the cold finger of the cryostat which sits on top of the STM
chamber. All chambers were designed in SolidWorks and built by Nor-Cal Products,
Inc.
There is a rotary-linear manipulator from McAllister Technical Services (MagIntA275-12) attached to the load lock. After loading samples from atmosphere into the
load lock and pumping down with a rough and turbo pump (pressure ∼ 10−8 torr),
this manipulator translates samples from the load lock to the prep chamber where
they can be picked up with a wobblestick (from VG Scienta). The prep chamber
is separated from the load lock and STM chambers by UHV gate valves (Pascal
Industries) which can maintain a pressure difference of atmosphere on one side and
UHV on the other. Below the prep chamber, through a hole in the optical table,

CHAPTER 2. AN ULTRA LOW LOSS SCANNING TUNNELING
MICROSCOPE

38

Figure 2.4: LTSTM SolidWorks rendering and picture
sits a 300 L ion pump (Pascal Technologies) which allows the prep chamber to reach
UHV.
The prep chamber has two regions which are the focal point for many ports.
The first region which is in front of the wobblestick contains a high temperature
annealing stage. There are multiple other ports which face this stage which could
be used for in-situ deposition or characterization. Currently, there is only an argon ion gun (Specs IQE 11/35) facing the heating stage. The heater is home-built
and is relatively simple. Two tantalum rods protrude from a custom feedthrough
with two coiled tungsten wires strung across the rods. The wires act as filaments
when high current is passed through them. Alumina blocks connect the tantalum
rods to each other which provides electrically-insulated structural support while also
trapping some heat. A tantalum foil box was cut, folded, and spot-welded by hand
to wrap around the alumina-tantalum rod structure. The sample sits on a small
hole in the tantalum box with the tungsten filaments directly below. By attaching
thermocouples to the tantalum box and a sample holder, we were able to calibrate
the power-temperature dependence of both items. This way, when heating an actual
sample that is not attached to a thermocouple, we can measure the temperature of
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Figure 2.5: Gold annealing inside preparation chamber
the box and approximate the sample temperature.
The second region of the prep chamber is accessible by the other linear-rotary
manipulator that is attached to the far side of the STM chamber. At a particular
extension of the manipulator, multiple ports in the prep chamber point at the sample
holder at the end of the manipulator. This region could be used for further characterization and currently has an electron beam evaporator for metal deposition. Lastly,
the prep chamber has a “carousel” which can hold up to 16 samples in UHV.
The sample holder itself was custom designed for the LTSTM. It consists of a
conventional plate shape with a stem and T on one side. The jaws of the wobblestick,
which are used to move the sample holder without breaking vacuum, have small loops
on their top side. To pick up the sample holder, one must thread the T of the sample
holder through the loops of the jaws. Although this can be difficult, it becomes easier
with practice. The advantage of this slightly complicated design is that, once the
T is threaded, the sample holder is completely secure with no danger of dropping.
Additionally, if the sample holder gets stuck somewhere (which can happen), one can
cautiously supply suitable force with the jaws to disengage the sample holder. The
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Figure 2.6: Jaws and sample holder diagram
disadvantage of this design is that it turned out to be safer to grab the sample holder
with the loops facing upside down. The jaws unfortunately block ones view of the
sample holder which only adds to the difficulty of this procedure. With practice,
though, this method has rarely resulted in a dropped sample. Fig. 2.6 shows a
diagram of the wobblestick jaws holding a sample holder.
The STM chamber is relatively sparse and primarily houses the microscope. There
is a wobblestick for sample manipulation, the aforementioned linear-rotary manipulator for inter-chamber transfers, a second carousel with waste basket for sample
cleavage debris, and a couple extra ports that point towards the sample in the microscope. There is a sapphire window on one side of the microscope radiation shields
which face two glass viewports which allow for optical access to the tip and sample.
There are also two lower ports which point at 45◦ with respect to the sample plane.
There are apertures in the radiation shields which can be opened and closed. The
two lower ports point at these apertures which allows for low temperature, in-situ
deposition of molecules.
The microscope itself is an RHK Pan design which allows for rapid, stable, coarse
motion of the tip in the z-direction and the sample in the xy-direction. The tip
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faces upward, and the sample faces down. There are four bias leads that contact the
sample holder allowing for four different biases to be applied for in-situ transport,
gating, or other types of measurements. The tip and sample system hangs from low
resonant frequency springs for vibration isolation. This reduces thermal conductivity
to the helium bath, so a copper braid connects the hanging microscope to the fixedstage above that is rigidly connected to the cold finger. The copper braid consists
of a couple hundred 40 AWG oxygen free high conductivity copper wires bundled
together. By annealing the wires, they lose their metallic springiness and become
plastic-like. This prevents the braid from bypassing the vibration-isolation springs.
Cooling an STM is especially difficult due to this inevitable trade-off between
thermal conductivity and vibration isolation. Some groups solve this issue by rigidly
attaching the microscope to the cryostat and floating the entire laboratory on air
springs. This solution works but is exorbitantly expensive and produces a new set
of complications. The copper braid does surely increase the thermal conductivity
between the hanging microscope and the helium bath, but it is not enough. This
can be understood by considering the microscope as a mass that is subject to black
body radiation. From the point of view of the microscope, it consistently receives a
power input proportional to the fourth power of the surrounding temperature’s environment. Therefore, it is advantageous to lower the temperature of the surrounding
environment. This is done through a series of radiation shields. The first shield,
the helium shield, surrounds the hanging microscope and is rigidly attached to the
same cold stage to which the copper braid is connected. This stage is connected to
the helium bath. If one makes the assumption that this shield is at 4.2 K, then the
decrease in the power input to the microscope from a room temperature enivornment

4.2 K 4
to the helium shield environment is 300
∼ 10−8 . Clearly the helium shield has a
K
large effect!
On the bottom of the helium shield, there is a novel cold storage stage. This
consists of two slots to store samples at base temperature. This refrigerator has
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Figure 2.7: Cutaway diagram of microscope mounting and heat switch
proved immensely useful. Surfaces of crystals tend to stay cleaner when stored at
low temperatures. For example, single crystal gold samples which are prepared by
sputtering and annealing stay clean for many months before a new cleaning cycle is
needed. Also, it is possible to cool down samples before cleaving them in-situ. This
ability to cold cleave is essential to measuring NaFe1−x Cox As because the surface Na
atoms seem to progressively disappear above 80 K. Finally, one can rapidly swap a
pre-cooled sample without having to wait too long for the sample to cool down.
The cold stage from which the microscope hangs and the helium shield is affixed is
mounted to the cryostat by a dovetail joint. There is a male dovetail on the cold stage
and a female dovetail hanging from the cryostat. This dovetail joint is one-sided, so
the microscope slides into the female joint and presses firmly against a wall. A single
1/4”-20 screw bolts the entire microscope to the cryostat. This makes removing the
microscope simple. One merely has to unplug the wires that plug into the cold stage
from the cryostat and unscrew the dovetail bolt. The side flanges of the STM chamber
are large enough that one can fully remove the microscope by only opening one side
flange and not lifting the cryostat. Fig. 2.7 contains a diagram of this setup. Fig. 2.8
shows pictures of the front and back of the microscope on the left and right side of
the figure, respectively. The microscope is displayed mounted onto a female dovetail
joint that is similar to the joint connected to the cryostat.
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Figure 2.8: Front and back of the microscope
As previously mentioned, the LTSTM was optimized for low helium usage. The
cryostat is a 7 L tank of liquid helium surrounded by a 17 L tank of liquid nitrogen.
Because liquid nitrogen is much cheaper than liquid helium, the nitrogen tank serves
as a sacrificial shield to reduce the radiation seen by the helium tank. The outside of
the nitrogen tank faces 300 K black body radiation which gives it a hold time of only
3 days. The helium tank, on the other hand, has a boil-off rate of 1.25 L/day which
allows it to last for 5 and a half days. Compared to the other variable temperature
microscope which uses ∼10 L/day, the helium consumption is drastically reduced.
Although the LTSTM was primarily designed for low temperature measurements
to complement the existing variable temperature STM, it was desired to have some
temperature control. A heater and diode (Lakeshore DT-670) for temperature measurement were attached to the cold finger right above the female side of the dovetail
joint. This system can be easily controlled via a proportional-integral-derivative (PID)
loop with a Cryo Con Model 32 cryogenic temperature controller. Unfortunately, the
heater has a direct copper connection to the helium bath. Running the heater at low
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Figure 2.9: Heat switch diagram
power rapidly boils off the already small helium bath. In order to ameliorate this
issue, a novel “heat switch” was devloped.
The heat switch was designed to thermally decouple the microscope from the
helium bath in order to reduce the cooling power of the cold finger. This should
naturally cause the temperature of the microscope to rise, and minimal heat provided
by the heater should easily raise the temperature of the microscope furter. The
concept of the heat switch is relatively simple. Fig. 2.9 shows a schematic of the
design. Recall that the microscope is connected to a copper cold finger by a dovetail
joint. This cold finger is glued to a stainless steel cylinder which is screwed into the
bottom of the cryostat. This is an extremely poor thermal connection between the
microscope and helium bath. The heat switch acts as a thermal short. When it
is closed, the copper cold finger of the microscope is connected to the copper cold
finger of the cryostat increasing the thermal conductivity between the microscope and
cryostat.
While the heat switch idea is simple in theory, its actual implementation proved
more difficult. Fig. 2.10 shows two different angles of the heat switch attached to the
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underside of the helium cryostat. The cold finger of the cryostat is the vertical rod
in the middle of Fig. 2.10a and labeled in Fig. 2.10b. The cold finger is a stainless
steel tube capped by a thick rod of copper. The clamps of the heat switch are the
gold-coated L-shaped pieces of copper at the bottom of both images. The clamps
are thermally isolated with only stainless steel as a structural support. Silver-coated
copper braids are bolted to the top of the clamps and hose-clamped to the cryostat
cold finger. This ensures that the heat switch clamps are always connected to the
cold finger. The clamps can be open and closed by turning the clamp screw. The
microscope has its own cold finger that is positioned inside the clamps (Fig. 2.10c).
Thus, by opening and closing the clamps, one can open and close a copper connection
between the microscope and cryostat.
The heat switch is controlled by a rotary-linear manipulator that has what is
essentially a flat head screwdriver on the end, as shown in Fig. 2.10d. This screwdriver
turns a large screw (Fig. 2.10e) that is bolted onto the heat switch clamp screw. Fig.
2.10e shows the final heat switch assembly. The heat switch is not visible because it
is inside the gold-coated stainless steel cylinder. The heat clamp screw can be seen
protruding out from the gold cylinder. At the bottom of the figure is the female side
of the dovetail joint on which the microscope mounts. This is the microscope’s cold
finger, and it goes straight inside the stainless cylinder and sits concentrically inside
the heat switch clamps. The heater is the coil of copper wire above the dovetail joint.

2.3.2

Heat Switch Tests

The ideal heat switch would maximize thermal conductivity between the helium bath
and the microscope when closed and minimize the thermal conductivity when opened.
In order to measure the thermal conductivity of the heat switch when closed, we
measured the cooling rate of the microscope cold finger on cooling the helium cryostat.
This can be understood from two equations. First, for a mass m (in this case the
microscope and shields) with specific heat c, the rate at which it cools will be given
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Figure 2.10: Labeled pictures of the heat switch (a-b) Different angles of the heat
switch clamps and helium cryostat cold finger. (c) Heat switch and microscope cold
finger that fits concentrically inside the heat switch clamps. (d) End of rotary-linear
manipulator used to open and close heat switch. (e) Heat switch screw controlled by
manipulator and bolted onto clamp screw from a. (f ) Microscope cold finger mounted
inside heat switch clamps and surrounded by gold-coated stainless steel cylinder.
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by

Q̇ = mc

dT
dt

(2.21)

where Q̇ is the net heat. Next, we can imagine instantaneously connecting the mass to
an infinite reservoir (the helium bath) which is at a lower temeprature TR . Assuming
a heat link with temperature-independent thermal conductance G and steady heat
load on the mass Q̇0 , then

Q̇ = Q̇0 − G(T − TR )

(2.22)

Setting Eq. (2.21) and (2.22) equal to each other yields

Q̇0 − G(T − TR ) = mc

dT
dt

(2.23)

Separating variables allows one to integrate with respect to time and temperature:

Z
0

t

G 0
dt =
mc
G
t=
mc
G

e− mc t =

Z

T

dT 0

Q˙0
− (T 0 − TR )
G

 Q˙0
− (T − TR )
G
−ln ˙
Q0
− (Ti − TR )
G
˙
Q0
− (T − TR )
G
˙
Q0
− (Ti − TR )
G
Ti


Q̇0
Q̇0  − G t
+ TR + (Ti − TR ) −
e mc
G
G
 G
T = Tf m + Ti − Tf m e− mc t

T =

Tf m ≡ TR +

Q̇0
G

(2.24)

is the final temperature of the mass. Many different variants of the

heat switch were tested, and we measured the temperature of the microscope as a
function of cooldown time. Assuming that the mass and specific heat did not change
appreciably between variants, we fit these measurements to Eq. 2.24 and extracted
the decay constant which is directly proportional to the thermal conductance. Fig.
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Figure 2.11: Microscope cooldown curves (a) Cooldown curves for various heat
switch iterations. (b) Cooldown curve for 2012-03-16 fit to Eq. (2.24)
2.11 shows liquid nitrogen cooldown curves for the various iterations of the heat switch
labeled by the date of the measurement.
Initially, the heat switch consisted of larger clamps that would simultaneously grab
both the cryostat and microscope cold fingers. This proved inefficient because the
clamp would invariably touch one of the cold fingers before the other which created
a poor thermal connection. The 2011-12-14 curve in Fig. 2.11 is the cooldown curve
from this initial design. We then cut the clamps in half so that they would only grab
the microscope cold finger. A permanent connection between the clamps and the
cryostat cold finger was then needed. We tried both copper shim and silver-coated
copper braids, and the copper braids performed much better. Lastly, we gold-plated
much of the metal involved in the heat switch. Copper naturally forms an oxide
layer which inhibits thermal conductivity, and gold-plating can help ameliorate this
issue[5]. The last curve from 2012-03-16 shows the cooldown as a result of all of these
changes. In this test, the heat switch was tightened as tight as possible with an actual
screwdriver which is able to apply more torque than the heat switch manipulator.
Table. 2.1 provides more detail into each cooldown test, and Fig. 2.11b shows a
numerical fit of the cooldown curve to Eq. (2.24).
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Comments

2011-12-14 On STM chamber. Shields touching (unable to open).
2011-12-24 Off chamber. Without LN-shields mounted. Chopped heat clamps.
2012-01-28 Off chamber. Without LN-shields mounted. After gold-plating.
2012-02-14 Off chamber. With LN-shields mounted. Shield of locking screw probably open.
2012-02-21 Off chamber. LN ice in He tank. Got better after scratching.
2012-02-24 Off chamber. All repairs performed. Everything wrapped in foil. Heat
switch manipulator broke during test.
2012-03-16 On chamber. All repairs done. Heatswitch tightened maximally by
hand.
Table 2.1: Comments on heat switch cooldown tests
In the end, the heat switch never achieved the level of thermal conductance that
we would have desired. If one tightens the heat switch as tight as possible with a
screwdriver, the baseline temperature of the microscope cold finger was only 5.0 K
which is well above the helium bath temperature of 4.2 K. At this temperature, the
hanging microscope reaches 5.8 K. We tried pumping with a vacuum pump on the
cryostat in order to lower the temperature of the helium bath. We succeeded in
bringing the temperature of the bath down to 1.325 K. However, the microscope cold
finger only reached 3.327 K, and the microscope itself reached 4.614 K.
The heat switch did work well at minimizing the thermal conductance when open.
Opening the switch naturally causes the microscope temperature to rise to 28 K.
Minimal heat is then needed to increase the temperature from here. With the heat
switch closed, heating the microscope to 16 K increased the helium boiloff from 1.25
L/day to 16.2 L/day! Alternatively, heating the microscope from 28 K to 54 K
with the heat switch opened only increased the boiloff rate to 2.3 L/day. Above 54
K, one can either heat more up to liquid nitrogen temperatures or pump on liquid
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nitrogen ice. This ability to vary the temperature proved invaluable in performing
the experiments detailed in Chapter 4.

2.3.3

Heater Tests

As previously mentioned, a custom heating stage was build for annealing samples in
UHV. This heating stage has primarily been used for annealing single crystal gold
samples which are cut to reveal the 111 face on the surface. The gold sample is used
to characterize and prepare the STM tip before measuring samples of interest. In
order to obtain a clean and flat surface, it is necessary to both anneal and sputter
the surface of the crystal. The recipe that we have found to work well involves
continuously annealing the sample at 670 ◦ C. We then turn the argon ion sputter gun
on and off in periods of 15 minutes and 25 minutes, respectively, with an energy of 1
keV and emission current of 2 mA. We allow the argon gas to leak into the chamber
continuously during this process. Depending on the quality of the gold crystal, it can
take anywhere from a couple cycles to a couple days of cycling to obtain atomically
flat terraces and the characteristic herringbone reconstruction of the surface[12]. Fig.
2.12 shows an example of an STM image obtained on a recently prepared surface of
gold in which the herringbone reconstruction is clearly visible. The dark circles are
actually individual carbon monoxide molecules that were purposely adsorbed and not
impurities in the crystal.
We do not directly measure the temperature of the sample during the gold preparation process, so it is necessary to know the calibration between heater power and
sample temperature. We carried out a calibration test by slowly increasing the heater
power and monitoring both the heater tantalum box temperature and the temperature of a bare sample holder. Fig. 2.13a shows the I-V curve for the heater as we
increased the power. It is clear that the tungsten filaments are not Ohmic at high
temperatures. Fig. 2.13b shows the temperature of both the heater box and sample
as the power was increased. There is a hole cut in the box which allows the sample
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Figure 2.12: Herringbone reconstruction on Au(111)
to receive direct flux of the heater radiation. This fact, combined with the reduced
mass and surface area of the sample compared to the box, is likely the reason the
temperature of the sample is always higher than the box. When we anneal actual
gold samples, we can measure the box temperature. Using this calibration test, we
can get a good estimate of the sample temperature.
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Chapter 3
STS of Pristine NaFeAs
The findings in this chapter were originally published in Ref. [53]. The following is
an adaptation from this publication.

3.1

Differences between NaFeAs and LiFeAs

Scanning tunneling microscopy (STM) studies have successfully visualized local, anisotropic
electronic states in the low temperature orthorhombic state of pnictides[54, 17, 74].
Because they are performed at low temperatures, though, these measurements are
sensitive only to the coupling between nematicity and the saturated order parameter values and do not provide information about fluctuations. In this paper, we use
variable temperature scanning tunneling spectroscopy with atomic scale spatial sensitivity and millivolt energy resolution to image the electronic wavefunctions of NaFeAs
at temperatures both below and above the magnetic and structural phase boundaries
and thus gain new insights into the physics of the ordered electronic nematic state
and the high temperature state that gives rise to it. We choose to investigate the 111
family of iron arsenides ([AFeAs] with A an alkali metal) because it has been shown
that cleaving the crystals produces nonpolar surfaces[73, 29, 2, 28, 27]. NaFeAs has
a structural transition at TS =52 K and a magnetic transition at TSDW =41 K. The
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unusually large temperature separation between these transitions allows us to sensitively probe the electronic structure in all three phases of the material. LiFeAs is
chosen as a reference material since it has neither a structural nor a magnetic transition down to low temperature[65, 58, 14]. Both NaFeAs and LiFeAs have a low-T
superconducting state, but our measurements are taken above this transition temperature. An STM topographic image typical of both of these materials (in this case
LiFeAs) is shown in Fig. 3.1a. A square lattice of alkali atoms is observed which is
consistent with previous measurements for both materials[73, 29, 2, 28, 27]. The iron
atoms (shown schematically in the lower left portion of the figure) lie below the alkali atoms, with in-plane position approximately half-way between pairs of Li atoms.
Differences in the position of the out of plane As atoms (not shown) make the two
Fe sites inequivalent (indicated by filled and unfilled circles). Large area topographs
in both materials reveal the presence of several types of crystalline defects, which is
typical of all samples studied[73, 28, 27]. The STM topographic features produced
by some of these defects (such as the alkali vacancy, black arrow, Fig. 3.1a) do not
break the local C4 symmetry, while other defects (such as the iron site defects[27]
which are visualized as the bright, yellow, dumbbell-shaped features in Fig. 3.1a)
do reduce the local symmetry to C2 in their immediate vicinity. These iron defects
produce topographic features whose symmetry axes are along the Alkali-Alkali (AA) nearest neighbor directions[27] and whose orientation is determined by the iron
position underneath the midpoint of the A-A bond.
As expected, all defects modify the local density of states (LDOS) in their immediate vicinity. However, the nature of the changes in the LDOS is very different in
LiFeAs and NaFeAs. We illustrate this by showing STS images at energies of E=10
meV and E=14 meV around two inequivalent iron-site defects in LiFeAs (Fig. 3.1b)
and NaFeAs (Fig. 3.1c), respectively. We can see C2 symmetric features in both cases.
Fig. 3.1b, which has been obtained on LiFeAs at 39 K, contains two inequivalent C2
symmetric features that arise from two inequivalent iron defects. These inequivalent
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Figure 3.1: Topographic STM and STS maps of LiFeAs and NaFeAs at
low temperatures. (a) Constant current STM topograph of LiFeAs (V=-120 mV,
I =270 pA, T=39 K). The alkali atoms are observed on the surface layer, and the
underlying iron atoms are illustrated in the lower left side. The two inequivalent
positions of the iron atoms are shown with filled and unfilled circles. An alkali vacancy
is identified with a black arrow, and red lines indicate the size and orientation of iron
site defects. Gray arrows identify the Alkali-Alkali directions, and cyan arrows identify
the orientation of the Fe-Fe lattice. (b) Differential conductance (dI/dV) map (V=120 mV, I = 270 pA, T=39 K) of LiFeAs. The iron defects have prominent signatures
in the dI/dV maps with the same size and symmetry as the topographic features, as
indicated by the red lines. (c) dI/dV map of NaFeAs (V=-100 mV, I=300 pA, T=26
K) showing prominent features that are oriented along one Fe-Fe direction which is at
45◦ to the crystallographic axes. Size and orientation of iron site defect that produce
the features are indicated by red lines. (d-i), dI/dV maps at different energies of the
area shown in c. (j) Large area dI/dV image of NaFeAs (same junction conditions
and temperature as d).
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Figure 3.2: STS on LiFeAs over wide range of energies (a) Topographic image
of LiFeAs corresponding to the same area as Fig. 3.1b. Iron site defects are identified
by red lines as in the main text. (b-f ), Conductance maps corresponding to the same
are as a and Fig. 3.1b at various energies. All experimental conditions are the same
as Fig. 3.1b.
iron defects can be seen in the corresponding topographic image in Fig. 3.1a. The
spectroscopic signatures of the defects have roughly the same size (about 10 Å) and
point in the same directions (Li-Li) as the corresponding topographic features, whose
sizes and orientations are indicated by red lines. We find that in LiFeAs there are
an equal number of iron defects on average in each of the two inequivalent positions,
resulting in an equal number of features oriented along either Li-Li axis. Thus, while
the electronic structure of LiFeAs is not C4 symmetric at the atomic scale due to iron
site defects, averages over larger length scales of the electronic structure cancel out
these differences from the local defect states and become C4 symmetric.
Fig. 3.1c shows a spectroscopic image of NaFeAs measured at 26 K, deep within
the SDW phase. As in Fig. 3.1b, we identify the topographic size and orientation
of two inequivalent iron defects with red lines. Unlike in LiFeAs, the spectroscopic
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signatures of the defects point along the same direction, 45◦ with respect to NaNa axes, corresponding to the Fe-Fe nearest neighbor direction. These spectroscopic
features also have a much greater spatial extent (typically 50 Å) than the topographic
signatures of the defects. Consequently, C4 symmetry is broken over large scales
compared to the defect separation. The spatial extent and anisotropy of the features
obtained on NaFeAs have a pronounced energy dependence as seen in Fig. 3.1d-i,
while the energy dependence in the case of LiFeAs is much weaker.
A second key difference between LiFeAs and NaFeAs is the relationship between
the nature of the defect and the changes in the LDOS in spectroscopic images. In
the case of LiFeAs, different defects produce different patterns, and in particular the
defects that do not break C4 symmetry in topography do not do so in spectroscopy
either. This can be seen in Fig. 3.2b-f where we show the LDOS of the same region of
the sample as Fig. 3.2a over a wide range of energies. It can be seen that the radial
extent of the spectroscopic features associated with each defect stays limited to a few
lattice constants. The spectroscopic features either maintain the same symmetry as
their topographic images or become radially symmetric with increasing energy.
On the other hand, in NaFeAs, the spectroscopic features seen in large area maps
are completely independent of the nature of the defect. Fig. 3.3a is one such large
area topographic image of NaFeAs which clearly shows many types of intrinsic defects
throughout the sample. By marking each defect from the topography (Fig. 3.3b), one
may compare the locations of the defects with the locations of unidirectional features
seen in simultaneously obtained spectroscopic maps (Fig. 3.3c). There is a clear correlation between the locations of the defects and the unidirectional features, with the
unidirectional features appearing centered about the intrinsic defects. Importantly,
the spectroscopic feature seen in dI/dV maps is not dependent on the nature of the
defect seen in the topography, indicating that the features seen in dI/dV maps are
not specific to a particular kind of defect. Lastly, a large field of view spectroscopic
image in Fig. 3.1j clearly depicts the presence of two domains corresponding to the
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Figure 3.3: Comparison between defect locations and spectroscopic, unidirectional features. (a) Topography at T=26 K showing variety of intrinsic defects.
(b) Same image as a but with red dots identifying the location of each defect. (c)
Simultaneously obtained conductance map at E=10 meV with defect locations overlain.
two inequivalent ways of breaking C4 symmetry. The typical size of domains observed
at low temperature is 1-2 µm in our samples, which is consistent with the size of twin
domains in pnictides[33]. See Chapter 4 for more detail on domains.

3.2

Energy and Temperature Dependence of the
LDOS

Similar anisotropic, LDOS features have been observed by STM in the SDW phase of
other iron-based superconductors such as Ca(Fe1−x Cox )2 As2 [17, 1] and FeSe[54]. In
the case of Ca(Fe1−x Cox )2 As2 , the anisotropic features seen were weakly dependent
on energy and were attributed to the modification of local electronic structure by
Co defects. In our case, the anisotropic features observed are independent of defect
type, and their shape and intensity exhibit strong energy dependence; these spectroscopic properties are indicative of quasiparticle interference (QPI) arising from
the anisotropic electronic structure in the SDW phase[36]. In QPI, defects serve
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Figure 3.4: STS maps of NaFeAs in real and Fourier space in the SDW
phase. (a-d) Large-area differential conductance maps on NaFeAs (V=-100 mV,
I=300 pA, T=26 K). Arrows in c indicate ferromagnetic (FM) and antiferromagnetic
(AFM) directions. (e-h) Corresponding FFT images. The FFT images show welldefined structure whose wavelengths and intensities are energy dependent. Size of
images is half of the single Fe unit cell Brillouin zone.
as scattering centers and produce interference patterns that change in contrast and
wavelength as a function of energy[18]. Accordingly, we examine the two-dimensional
Fast Fourier transform (FFT) of conductance images to understand the momenta of
quasiparticles involved in the scattering processes[17]. To achieve high Fourier space
resolution, we obtained spectroscopic images over a large, 110 nm square field of view.
These real space images are shown for select energies in Fig. 3.4a-d, which demonstrate that the unidirectional features persist over a range of energies around the
Fermi energy. The FFTs of the real space images are shown in Fig. 3.4e-h. The rich
structure seen in the FFTs is strongly energy dependent, as expected from QPI, and
we do not see evidence of the static scattering wavevectors that have been observed
in Ca(Fe1−x Cox )2 As2 [17, 1].
Having seen unidirectional structure in the STS images at low temperature, we
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ask how the STS images evolve as one raises the temperature beyond TSDW (41 K)
and TS (52 K). We have performed STS measurements on a series of samples at many
temperatures between 20 K and 85 K. Figure 3.5 plots the raw STS data through
both phase transitions at temperatures of 26 K, 38 K, 46 K, 54 K, 61 K, and 75 K
along with their respective FFT images. All images are plotted at an energy of E=10
meV and are obtained under similar junction conditions. We can clearly see that the
unidirectional features which are seen below TSDW persist at temperatures far above
the structural transition, showing C4 symmetry breaking by low energy electronic
states over the STM field of view. The C4 symmetry breaking does get weaker with
increasing temperature and is not experimentally measurable at temperatures above
∼90 K.
A potential cause for concern in interpreting STM data on any bulk crystal is
the relationship between bulk and surface electronic structure. We have two pieces
of evidence that data obtained from surface probes such as STS are representative
of bulk behavior. First, a clear SDW gap is observed in the spectrum (see Ref. [73]
and also the discussion below) that disappears near the bulk SDW transition of 41
K. Second, angle-resolved photoemission spectroscopy (ARPES, also a surface probe
which averages over a wide area) data from similar crystals[69, 71] indicates that the
temperature dependent band structure of NaFeAs at the surface is truly representative
of the bulk crystal properties. In particular, the orthorhombic to tetragonal transition
is clearly observed in ARPES from the temperature-dependence of the bands.
We now consider the implications of our results for the physics of the pnictide
materials. The first point, independent of any theoretical analysis, is the observed
persistence of local C4 symmetry breaking in the local electronic structure to temperatures ∼90 K, well above the measured structural phase transition temperature
TS =52 K. We believe this is a consequence of the combination of a small, external
strain and the rapidly growing nematic susceptibility inferred from electrical resistivity measurements on detwinned crystals[16, 62]. As we now show, the STM data
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Figure 3.5: Temperature dependence of anisotropic STS features in real
and Fourier space. (a,c,e,g,i,k) Large area maps of the differential conductance
at 10 meV at different temperatures on NaFeAs. The raw images show that the
unidirectional features persist up to the highest temperatures shown. However, the
intensity of the unidirectional features decreases with increasing temperature and
becomes weak above 80 K. (b,d,f,h,j,l) The corresponding FFT images (same scale
as Fig. 3.4e-h). Junction settings for 26 K, 38 K, 46 K, and 61 K are V=-100 mV and
I=300 pA. Junction settings for 54 K and 75 K are V=-50 mV and I=300 pA. It is
seen that the same basic structure exists in all the FFT images even above TSDW =41
K and TS =52 K. Images in a-d and e-l are from different samples.
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reveals important additional physics beyond the C4 symmetry breaking, namely that
strong, short-ranged, antiferroic fluctuations play a key role in the electronic structure
even at temperatures up to 90 K, well into the paramagnetic nominally symmetryunbroken phase.

3.3

Explanation of Anisotropic QPI

The key features in the FFT images that we seek to understand are shown in Fig.
3.8a-c, taken at the Fermi energy at temperatures of 26 K, 46 K and 61 K respectively.
At all three temperatures there is a strong signal along rods centered at Qx = 0 and
Qx = qD ≡ ±0.15 aπ◦ . The breaking of rotational symmetry is evident in the alignment
of the rods (in this image, parallel to the y direction). It will be shown that the
structures at Qx = ±qD are accounted for by antiferroic fluctuations.
To analyze the FFT images more quantitatively, we turn to the theory of QPI,
which states[64] that the observed spatial modulations in dI/dV at energy ω are
directly proportional to impurity-induced modulations of the local electronic density
of states δN (R, ω). The Fourier transform may be computed from the electron Green’s
function G(k, ω), which describes propagation of an electron of energy ω and crystal
momentum k in a defect-free material, and the T-matrix Trimp (k, k + Q; ω), which
describes the total scattering amplitude of an electron from crystal momentum k to
crystal momentum k + Q by a defect at position rimp
Z
δN (Q, ω) = Im

dkG(k, ω)Trimp (k, k + Q; ω)G(k + Q, ω)

(3.1)

Signal at a given wavevector Q in the QPI can therefore arise either from the Green’s
function (bandstructure) of the material or from structure in the T-matrix.
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Low Temperature QPI

We first consider the effect of the experimentally determined NaFeAs bandstructure
on QPI. For the case of the structureless T-matrix, the structure in the QPI pattern
is found to be well captured by the joint density of states (JDOS)[10]. The band
structure of high temperature tetragonal NaFeAs observed in ARPES at low energies
(<200 meV)[69, 71] consists of nearly circular hole pockets at the Γ point and elliptical
electron pockets at the X and Y points of the unfolded single Fe unit cell. Fig. 3.6a
shows a model of the high temperature DOS at the Fermi energy of NaFeAs. The
model assumes parabolic bands and consists of fits of the effective masses and Fermi
wavevectors of all 5 bands to ARPES data from ref. [69]. At low temperatures,
long ranged nematic and spin density wave order sets in. The onset of nematic order
introduces orbital ordering which causes the zone-center circular pockets to become
elliptical and the two zone-face pockets to become inequivalent as seen in Fig. 3.6c.
SDW order doubles the unit cell along the antiferromagnetic direction (which we take
here to be X). This doubling produces band folding along the X direction, mapping
the electron pockets at X onto the hole pockets at Γ so that a spin density wave
gap appears in locations where the folded bands cross. This folding process leads
to a Fermi surface characterized by a central elliptical region from the unhybridized
hole pocket and four pockets arising from the SDW Fermi surface reconstruction.
The outer pockets along Γ − X are located at qD . They are protected by orbital
symmetry from SDW gap opening and form Dirac cones[52]. A model of this low
temperature Fermi surface is shown in Fig. 3.7 along with a comparison to the actual
ARPES data.
The calculated JDOS created by autocorrelation of the SDW-phase ARPES data
is shown in Fig. 3.8e. This is an excellent match to the STS data at low temperatures
as shown in Fig. 3.8f, the top half of which is the STS data from Fig. 3.8a and the
bottom half of which is the ARPES JDOS from Fig. 3.8e. Both the qualitative shape
of the STS image and the magnitudes of the scattering wavevectors seen in the STS
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Figure 3.6: ARPES Fermi surface and JDOS for TPM and OPM phases.
(a-b) TPM ARPES Fermi surface from ref. [69] and corresponding JDOS calculated
by autocorrelation. (c-d) OPM Fermi surface and JDOS (same as Fig. 3.8g).
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Figure 3.7: Comparison between ARPES data and model. (a) ARPES Fermi
surface from ref. [69]. Black box corresponds to two Fe Brillouin Zone. (b) Model
Fermi surface generated from curves fit to a.
data are captured by the SDW-phase ARPES JDOS. The origins of the scattering
wavevectors seen in the STS data in Fig. 3.8a are simple to understand based on
the ARPES Fermi surface. The four peaks at angles of ∼45◦ to the Fe-Fe bonds
(magenta dotted circle, Fig. 3.8f) are located at the wavevectors that correspond
to scattering between the pockets at qD and the outer pockets along Γ-Y (magenta
arrows in Fig. 3.8d). The intensity enclosed by the yellow dotted line in Fig. 3.8f
along the Γ-Y axis is produced by scattering amongst the pockets aligned along the
same axis (yellow arrow in Fig. 3.8d). The only feature that is not observed is
scattering between the outer pockets at 2qD , indicating a suppression of scattering
between Dirac cones. The observed STS features are thus well described by the Fermi
surface reconstruction due to (π, 0) order. We note that while spin density wave order
is a natural explanation for this reconstruction, other antiferroic orders with the same
wavevector (such as antiferro-orbital ordering) can give rise to the same reconstruction
of the band structure.
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High Temperature QPI

The issue we need to address is why these features persist up to 90K, above TS and
TSDW , where the system is globally tetragonal and paramagnetic. The Fermi surface
observed at these temperatures by ARPES is C4 symmetric, giving rise to a tetragonal
symmetric JDOS, at variance with our STS data of Fig. 3.8c. At intermediate
temperatures, between TSDW and TS , SDW order is absent and the band folding
does not occur. Yet, due to Q = 0 ferro-orbital order, the Fermi surface is only C2
symmetric, as observed by ARPES. In Fig. 3.8g, we show the JDOS arising from
this orthorhombic paramagnetic Fermi surface, as determined by ARPES[69] (see
Fig. 3.6 for side-by-side comparison of OPM Fermi surface and JDOS). Although the
JDOS still shows C2 instead of C4 symmetry, the intensity drops off monotonically
away from QX = 0, unlike what is observed in experiment (Fig. 3.8b). To illustrate
this clearly, we plot in Fig. 3.8h line cuts through the STS data at QY = 0.1 aπ0

Figure 3.8 (preceding page): Comparison between STS and ARPES joint density of states. (a-c) Fourier transforms of STS images at the Fermi energy for 26, 46
and 61 K respectively. All three STS images show the presence of strong scattering
intensity at qX = 0 and qX = ±qD (denoted by green dot). (d) ARPES intensity
at the Fermi surface in the SDW (T<TSDW ) phase (from ref. [69]). Magenta lines
indicate scattering that produces 45◦ peaks in JDOS, and yellow arrow corresponds
to 0/180◦ intensity. (e) Joint density of states (JDOS) from autocorrelation of SDW
ARPES intensity. (f ) SDW STS from a placed over SDW JDOS from e. Color-coded
dotted-line contours correspond to scattering peaks that are produced by same colored scattering vectors in d. (g) JDOS for OPM phase. Fermi surface shown in Fig.
3.6c. (h-i) Line cuts of JDOS and STS along dotted orange lines in a and e for
different phases/temperatures. Clear peaks arising from reconstructed Fermi surface
scattering in STS data only matches SDW JDOS.
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(orange dotted line in Fig. 3.8a), which clearly show three peaks at all temperatures.
To compare, we plot in Fig. 3.8i equivalent line cuts of the joint density of states
from ARPES data obtained in the SDW, orthorhombic paramagnetic (OPM), and
tetragonal paramagnetic (TPM) state, respectively. We see that the key feature
required to produce the three peaks in the line cuts is the presence of the Fermi
surface reconstruction with the wavevector Q = ( aπ0 , 0), which produces disconnected
regions of the Fermi surface separated by qD .
From (3.1), two scenarios may be put forward to explain the data: additional
structure in the T-matrix, for example due to the impurity nucleating a droplet
of ordered phase in its vicinity, or self-energy corrections to the Green’s function
due to strong local antiferroic (stripe) fluctuations. To gain insight into these two
alternatives, we use a simplified band model with two parabolic bands forming a
hole and an electron Fermi pocket. While this model is too simple to explain all of
the details of the experimental data, we will show that it accounts for the crucial
qualitative effect, namely the persistence to high temperatures of intensity peaks at
±qD .
In order to calculate the theoretical quasiparticle interference (QPI), we use (3.1)
with the T-matrix restricted to the leading and quadratic order in the impurity potential V :
Z
T (k, k + Q; ω) = V (q) +

dpV (p)G(k + p, ω)V (q − p) + ...

(3.2)

For simplicity, we consider a two-band model with a circular hole pocket and an
elliptical electron pocket separated by the SDW ordering vector Q:

ε1,k = 1 −
ε2,k+Q

k2
2m

ky2
kx2
= −2 +
+
2mx 2my

(3.3)

(3.4)
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Figure 3.9: Fermi surfaces for two-band model. (a) First Brillouin zone for
single Fe unit cell. A circular hole pocket is at the center, and elliptical electron
pockets are at the Brillouin zone edge which is located a distance Q from the zone
center. (b) Brillouin zone folded by SDW ordering vector Q. (c) First Brillouin zone
in the presence of long-range SDW order. Gaps are opened in regions nested by the
SDW ordering vector.
+
such that G−1
in the paramagnetic tetragonal state. We use the
a = ω − a,k + i0
√
parameters ε1 = ε2 , mx = 2my , and mx my = 1.01m. In the SDW state, the normal

part of the Green’s function is given by:

Ga =
where:

E1,2 =

ω − εā
(ω − E1 )(ω − E2 )

ε1 + ε2
2

s


±

ε1 − ε2
2

(3.5)

2
+ M2

(3.6)

are the quasiparticle excitation energies and M is the magnetic order parameter set
√
to M = 0.1 1 2 . Resulting Fermi surfaces for both the normal and SDW state are
shown in Fig. 3.9.
We begin with low temperatures. The reconstructed Fermi surface in the longrange, SDW phase is shown in Fig. 3.10a, and the resulting QPI is shown in Fig.
3.10b. Comparison of 3.8d and Fig. 3.10a shows that the key difference between the
model and the data is the absence, in the model, of the unhybridized elliptical hole
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Figure 3.10: Theoretical bandstructure and short-ranged SDW calculations.
(a-b) Model Fermi surface density of states (n(k)) in a, and QPI (|δn(k)|) in b
in the presence of long-range SDW order. (c) QPI in the presence of short-range
(ξ = 8a0 ) SDW order. (d) Line cuts along orange dotted line in c for different values
of correlation length (in units of a0 ). Split peaks develop with increasing correlation
length in analogy to STS data.
pocket centered at Γ. This pocket produces the central rod structure seen in Fig. 3.8e
which is absent in Fig 3.10b. However, the peaks at ±45 and ±135 degrees arising
from the hybridization of the electron and hole pockets are present in the simplified
model and in the data.
We now move to the paramagnetic state. Recall that our experimental QPI patterns in real and Fourier space look qualitatively similar between the SDW and TPM
states but lose intensity with increasing temperature. Consequently, we now search
for a paramagnetic scattering calculation for our simplified two-band model wherein
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the resulting QPI resembles the long-range, SDW QPI but with weaker intensity. We
first consider a calculation based on combining the non-interacting Green’s functions
of the high temperature phase (either tetragonal or orthorhombic) with a structured
T-matrix corresponding to a local region of SDW order nucleated by the impurity
(“magnetic droplet”). In this scenario, the impurity potential V (Q) is peaked at the
SDW ordreing vector ±Q:


1
λ
λ
Vσ (q) =
+
σ
2 |q − Q|2 + λ2 |q + Q|2 + λ2

(3.7)

Here, σ is a spin index, indicating that the droplet potential has a directional dependence. Because of this, summing over spin indices cancels the linear term in (3.2), and
we need to consider the term quadratic in V . In our calculations, we used λ = 0.2kf .
We find that the results of this magnetic droplet model bear no resemblance to our
long-range, SDW QPI calculations in Fig. 3.10b.
We therefore consider here a model in which the T-matrix is structureless but
the electron Green’s function includes a self-energy correction due to unidirectional,
short-ranged, SDW fluctuations. Towards this end, we use the Lee-Rice-Anderson[38]
Green’s function:
e−1 = G−1 −
G
a
a

M2
ω − εā + iξ −1

(3.8)

where ξ is proportional to the magnetic correlation length. We fix M to have the
same value as in the SDW phase. We consider two particular situations: one with
a finite ξ and the other in the limit ξ → ∞. The latter is equivalent to the case of
long-range SDW order without the coherence factors that mix the hole and electron
states. As opposed to the magnetic droplet case, the impurity potential is assumed
to be that of a point impurity, i.e. independent of q.
By increasing ξ to modest values, we find that the calculated QPI spectrum acquires the main features displayed by the QPI in the SDW phase, even though no
SDW long-range order is present. For instance, in Fig. 3.10c we present the QPI for
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Figure 3.11: Models of QPI with magnetic order. Fourier space DOS is on
the left, and real space DOS is on the right. (a-b) Short-range SDW order
using Lee-Rice-Anderson Greens function for correlation length ξ = 8. (c-d) Same
model as a and b but ξ → ∞. (e-f ) Long-range SDW order. Real space DOS shows
same unidirectional quality as short-range SDW calculations and STS measurements.
(g-h) Magnetic droplet calculation.
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ξ = 8a0 , where we see similar features as those in the calculated QPI of the SDW
phase. This becomes more transparent by analyzing line cuts along the orange line
of Fig. 3.10c. We see in Fig. 3.10d that as ξ increases, the peak at QX = 0 splits,
moving to the same positions as the QPI peaks in the SDW phase. This is in qualitative agreement with the temperature evolution of the experimental QPI cuts shown
in Fig. 3.8i. We show a summary of all of our two-band QPI models in both real and
Fourier space in Fig. 3.11. Not only is it clear that the short-range SDW order in
the paramagnetic phase can produce similar QPI to that of the long-range order, but
the unidirectional spectroscopic features seen in real space are qualitatively similar
to the real space calculated QPI. Conversely, the magnetic droplet model bears no
resemblance to either the calculated long-range SDW QPI or the STS data.
One of main features of the experimental QPI spectrum is the existence of maxima
located at angles of ˜45◦ to the Fe-Fe bonds (Fig. 3.8a), which persist up to high
temperatures. They can be visualized in a more transparent way via the constantky cut shown in Fig. 3.8h (correspondent to the dotted orange line in Fig. 3.8a),
which displays maxima at kx = 0 and kx = qD,x . Our calculated QPI also displays
the same maxima in the SDW phase (see Fig. 3.11e). Our results reveal that, in the
paramagnetic phase, these maxima only appear if the magnetic correlation length
overcomes a certain threshold otherwise, there is only the maximum at kx = 0. This
is shown in Fig. 3.10d, where the theoretical constant-ky cut correspondent to the
dotted orange line in Fig. 3.10c is plotted for several different values of ξ. As the
magnetic correlation increases, the maximum is displaced from kx = 0 to kx = qD,x .
For the case of a magnetic droplet, the maximum remains at kx = 0. Thus, the
experimental QPI is consistent with the presence of strong unidirectional magnetic
fluctuations.
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Temperature and Energy Dependence of Anisotropy

Further insight into the nature of the electronic interactions in NaFeAs is obtained
by quantifying the C4 symmetry breaking as a function of energy and temperature
through the use of “anisotropy maps.” We create these maps by first upconverting all
conductance maps to four times the original spatial resolution. The center of defects
are then identified, and a circular area of diameter 6.7 nm is then cropped around each
defect. All cropped defects are averaged together to create a supercell image of the
average defect appearance for each energy and temperature. Lastly, the supercells
are C2 symmetrized. We then rotate the supercell image by 90◦ and subtract it
from the original supercell. We normalize this difference by a single number which
is found by first summing the rotated and unrotated supercell and then summing
over all pixel values. This procedure is depicted in Fig. 3.12a where we show the
unrotated and rotated 26 K defect images at E=10 meV and the resulting anisotropy
map. If the original image is C4 symmetric, then the anisotropy map is zero at every
pixel. As such, any non-zero value in the map corresponds to C4 symmetry breaking.
Larger positive or negative values in the anisotropy map correspond to more intense
anisotropy. Shown in Fig. 3.12b-d are three such anisotropy maps from the same
temperature as Fig. 3.12a at three different energies. We can clearly see that the
degree of C4 symmetry breaking decreases with increasing energy.
To describe this effect as a function of temperature and energy using a single
number (which we call the anisotropy parameter), we sum the absolute value of the
intensity in the anisotropy map. Note that a perfectly C4 symmetric image would
not change under 90◦ rotation and would yield an anisotropy parameter of zero. Alternatively, a maximally C2 symmetric image would yield an anisotropy parameter
of one. We plot the anisotropy parameter for several energies at five different temperatures in Fig. 3.12e. The anisotropy is strong close to the Fermi energy, peaking
slightly above it (E=10 meV), and decreases in strength with increasing temperature.
A direct comparison of the energy dependence of the anisotropy parameter with the
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average spectrum in the SDW state (shown in the inset to Fig. 3.12e) shows that
they share a common energy scale. We take this as another indication that both
phenomena share a common origin in the spin physics of the pnictides.
The breaking of local C4 symmetry above TS in the low-energy electronic states,
and the association of these features with unidirectional fluctuations (i.e. only one of
(0, π) or (π, 0)) are the key findings of this experiment. The selection of one fluctuation channel over another is generally believed to be a nonlinear effect signaling that
spin fluctuations in one direction have large enough amplitude to suppress fluctuations in the other[24]. While the antiferroic fluctuations could be due to either orbital
(antiferro-orbital) or spin (antiferro-magnetic) degrees of freedom, our finding that
the energy dependence of the electronic anisotropy matches the low temperature spin
density wave gap makes spin fluctuations the natural explanation for the observed
anisotropy. Such a redistribution of electronic spectral weight by short-range magnetic order at high temperature is consistent with neutron scattering[47] and nuclear
magnetic resonance[40] measurements that observe a clear increase of magnetic fluctuations around the same temperature scale of 90 K in NaFeAs. It is also consistent
with the absence of Fermi surface reconstruction in this temperature regime as observed by ARPES, since the zero-energy states are not gapped by short-range SDW
order. Interestingly, recent muon spin rotation (µSR) data[42] on another family of
iron pnictides found evidence of such short-range SDW order even above the magnetic and structural transitions. The presence of these fluctuations, even far from any
phase boundary, must be taken into account in theories of the anomalous pnictide
normal state and of the superconductivity arising from it.
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Figure 3.12: Energy and temperature dependence of electronic anisotropy.
(a) Visual depiction of anisotropy map calculation procedure. Image was measured
in the SDW phase at 26 K. (b-d) Anisotropy maps at various energies calculated
at the same temperature as a and plotted on the same colorscale. The strength
of the anisotropy is seen to decrease with increasing energy. (e) Total anisotropy
as a function of energy at various temperatures (junction conditions the same for all
temperatures). It is seen that the anisotropy is maximum at an energy E=10 meV and
falls off at higher energy. The average spectrum of the sample at each temperature is
shown in the inset. The maximum of the anisotropy is located close to the midpoint
of the gap, and the energy range of the anisotropy is comparable to the size of the
low-temperature gap.
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Chapter 4
Persistent, Nematic Fluctuations in
NaFe1−xCoxAs
4.1

Introduction

The close proximity between superconductivity and symmetry-breaking electronic
phases in unconventional superconductors is nearly ubiquitous[60]. After decades of
experiments and theories, it is still an open question whether the proximal phases enhance, compete, or are independent of superconductivity, so determining the nature
of these phases remains central to understanding superconductivity. In the iron pnictides, symmetry-breaking arises via nematicity. The nematic phase is manifest by a
tetragonal to orthorhombic, Q=0 structural transition wherein the square Fe lattice
elongates along one nearest-neighbor Fe-Fe bond (a axis) and compresses along the
orthogonal bond (b axis)[32]. This lattice distortion is accompanied by a splitting of
the degenerate dxz and dyz Fe orbitals[68]. At or below this transition temperature,
Tnem , there is a magnetic, spin density wave (SDW) transition (Tmag ) to a state with
antiferromagnetic (ferromagnetic) order along the a (b) axis[20].
Along with these well-established phase transitions, many anomalous properties
of nematicity in the pnictides have been observed. Multiple measurements, such
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as torque magnetometry[35] and hall resistivity[62], observe evidence for electronic
anisotropy at higher temperatures than Tnem .

This has led to conclusions of a

higher temperature, “true” nematic transition that sets in above Tnem . Other experiments have revealed a relationship between dopants and nematicity and postulated that anisotropic defect states are responsible for bulk probe observations
of nematicity[2, 1].

Lastly, the close relationship between strain and resistivity

anisotropy along orthogonal axes has led to conclusions of a divergent nematic susceptibility to strain[16]. This susceptibility argument implies that observations of
anisotropy at T>Tnem are due to couplings of small strains in samples to nematic
fluctuations, and the true nematic transition is still the structural transition.
We propose to test the boundary between nematic order and fluctuations by considering that long-range nematic order is characterized by the existence of antiphase
domains with orthogonal nematic ordering directors (a director is defined by an orientation but no direction). Consequently, the temperature at which the domains
disapear will coincide with the true Tnem . For this test, we choose single crystal samples of NaFe1−x Cox As. This material has proven to be well-suited for surface sensitive
probes such as scanning tunneling microscopy (STM) and spectroscopy (STS) due to
the high quality of the samples and the nonpolar surfaces revealed by cleaving[73, 53].
Additionally, the nematic and magnetic transition temperatures (Tnem =52 K and
Tmag =41 K for the non-doped sample) are well separated and allow for measurements
in both phases (see Fig. 4.1a for phase diagram)[11]. Signatures of nematic order in
non-doped NaFeAs have been previously visualized with STS[53]. Anisotropic features in the electronic local density of states (LDOS) form around various types of
crystallographic defects. These features were attributed to conventional quasiparticle interference (QPI) scattering. The anisotropy arises from the SDW-reconstructed
bandstructure at low temperatures. These features were found to persist above the
nematic transition temperature, and their existence was explained by QPI modified
by nematic fluctuations that couple to intrinsic crystallographic strain; specifically,
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the nematic fluctuations were found to be short-range, unidirectional, and antiferroic
in nature.

4.2

Variable-Strain Scanning Tunneling Spectroscopy

These anisotropic QPI patterns can be used to identify antiphase domains. Such
domains have been previously observed in pnictides but only at low temperatures
where long-range magnetic and structural order were present[17, 55, 53]. It was
inferred that the long axis of the QPI pattern aligns along the antiferromagnetic, SDW
ordering direction which is also the elongated a axis. We now confirm the geometry
of the antiphase domains by considering that application of uniaxial strain parallel
to a particular domain’s a axis in the form of tension (compression) should enhance
(diminish) this domain relative to an orthogonal domain. To do this, we introduce a
novel experimental technique which allows for variable-strain STS measurements (see
Fig. 4.1b and Section 4.6). In short, we glue our sample to a piezoelectric actuator
which allows us to visualize the changes in electronic structure under uniaxial strain.
Fig. 4.1c shows a 123 nm region of non-doped NaFeAs at T=6 K under Vstrain =+250
V of compressive strain aligned along the vertical direction. The gray dashed lines
indicate the antiphase domain boundaries with the outer (inner) domain nematic directors aligned roughly vertical (horizontal). Figs. 4.1e-g show the exact same region
of the sample as the compressive strain is released and tensile strain is introduced.
Because the outer domain’s a axis is aligned along the same direction that the strain
is applied, this domain comes to dominate under increasing tensile strain. This is
seen as a progressive “sliding” of the central finger-like domain. By sweeping the
strain bias from +250 V to -250 V and back to +250 V, we observe hysteresis in the
position of the domain boundaries. This is a hallmark of the ferroelastic state that
we are imaging, and we present a conventional hysteresis loop in Fig. 4.1h calculated
by taking the ratio of the areas of both types of domains in the field of view.
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Temperature Dependence of Antiphase Domains

Having confirmed the nature of the antiphase domains, we now identify the temperature at which domains disappear which corresponds to the true Tnem . Accordingly,
we track the same area of a NaFeAs sample while increasing the temperature from the
orthorhombic, SDW state to the tetragonal, paramagnetic state. In Fig. 4.2a, we display the LDOS of undoped NaFeAs at E=10 meV and T=34 K < Tmag . The domain
boundary appears as the yellow diagonal line in the image, as indicated by the white
arrow. Fast Fourier transforms (FFTs) of the upper and lower domains consequently
reveal anisotropic scattering features that are rotated by 90-degrees with respect to
each other as seen in the upper and lower insets, respectively. Fig. 4.2b shows an STS
image of the same region of the sample at T=38 K. The domain boundary from Fig.

Figure 4.1 (preceding page): Phase diagram, experimental setup, and low
temperature variable strain measurements.

(a) Doping phase diagram of

NaFe1−x Cox As. Filled circles correspond to measured temperatures and dopings in
this paper. Dashed black line separates presence and absence of domains. No electronic anisotropy is observed in far overdoped, nonsuperconducting compound. Inset
shows crystal and magnetic structure of antiphase domain boundary. (b) Model of
experimental setup. Yellow cube represents piezoelectric actuator. A floating-ground,
high-voltage amplifier allows for the voltage difference across the pizeo (Vstrain ) to
remain constant when varying Vbias for spectroscopic imaging. (c - g) STM images
of the same region of a NaFeAs sample at various strain voltages. The strain is applied vertically. As the strain changes from compressive to tensile, the outer domain
dominates the field of view. All images obtained with the same junction conditions
(V=50 mV, I=25 pA). (h) Hysteresis plot describing domain wall motion. The y-axis
corresponds to the ratio of the area of the inner domain to the outer domain from
the same dataset used in c-g.
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4.2a has moved up, and a second domain boundary is now visible. This indicates that
the lower domain from Fig. 4.2a has gotten smaller. Fig. 4.2c shows an STS image of
the same region at T=42 K ≈ Tmag . The domain boundaries are still present and have
moved slightly closer together. In Fig. 4.2d, the same region of the sample is shown
at T=48 K which is above Tmag but below Tnem . The domain boundaries have moved
closer together still, and their existence shows that such antiphase domains persist
into the paramagnetic, orthorhombic phase. Fig 4.2e shows the same region of the
sample at T=52 K ≈ Tnem . The domains have disappeared, and the LDOS has the
same direction of anisotropy over the entire field of view (see inset for corresponding
FFT).
We also present images obtained with a larger field of view (roughly twice the
size) of the same region of the sample as Figs. 4.2c-g. Similarly, the domains are
still present at T=48 K and disappear at T=52 K. The disappearance of the domains
proves that no long-range nematic order survives above Tnem .
We now quantify the intensity of the anisotropy of the LDOS. This measure is
obtained by cropping a region around each defect in an image and averaging all
cropped images together to create a “supercell” of the defect. We then measure the
intensity of the defect by taking the difference between the maximum and minimum
pixel values in the image normalized by the sum. We do this all for the same energy
(E=10 meV) which is the energy at which the anisotropy is the greatest. In Fig. 4.2f,
the intensity is plotted as a function of temperature. The green points correspond
to the same dataset as Figs. 4.2a-e which are all obtained in the same field of view
with the same junction conditions. The blue points correspond to different samples.
The anisotropy intensity is constant above 42 K but shows a clear kink below this
temperature. The yellow region of Fig. 4.2f denotes the SDW phase, and the red
region identifies the nematic phase. It is now clear that, although Tnem defines the
transition to long-range nematic order, the electronic anisotropy is strongly influenced
at Tmag which is indicative of a spin-driven nematic phase.
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Figure 4.2: Temperature dependence of domain wall motion in non-doped
NaFeAs (a-e) Real space LDOS at E=10 meV of exact same region of NaFeAs sample
for increasing temperatures. All images obtained with the same junction conditions
of V=-35 mV, I=20 pA, and lock-in oscillation voltage of 8mV. Scale bar denotes
10 nm. White arrows indicate domain boundaries. Upper and lower insets of a are
FFTs from upper and lower domains, respectively. d shows the last observation of
the domain boundaries before they presumably connect on increasing temperature to
e. Anisotropy of FFT in e shows the persistence of nematicity after the domains have
disappeared. (f ) Anisotropy intensity as a function of temperature. Green markers
correspond to data from a-e. Blue markers are from different datasets. Yellow (red)
regions mark SDW (nematic) phase.
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Figure 4.3: Large field of view domain temperature dependence. (a-f ) dI/dV
images of the same region of the NaFeAs sample as Fig. 4.2. Scale bar in a is 20 nm.
Domain boundaries appear as bright yellow lines. V=-35 mV, I=20 pA, E=-35 meV.
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Doping Dependence of QPI

So far, we have limited our measurements to the non-doped NaFeAs compound. It has
been shown that nematic order, as characterized by antiphase domains, disappears at
the Tnem associated with bulk probe measurements. Anisotropic electronic structure
persists above Tnem through a strong coupling between crystallographic strain and
nematic fluctuations. We now determine how the existence of both antiphase domains
and nematic fluctuations changes as a function of Co doping. We use samples with six
different levels of doping. Owing to the common discrepancy between nominal and
actual Co content, we choose to label the samples by their superconducting transition
temperature (Tsc ). We have one non-doped sample, ND8; two underdoped samples,
UD8 and UD18; one optimally doped sample, OP20; and two overdoped samples,
OD15 and OD0, where the latter is non-superconducting. In accordance with bulk
probe measurements, we find long-range, nematic order (domains) in only ND8 and
UD8. Although the UD8 samples are very lightly doped, we found that the doping
had a strong effect on the domains. In particular the domains were characteristically
much smaller. Fig. 4.4 shows two 200 nm images of antiphase domains in UD8 and
T=6 K. In UD18, which is only slightly underdoped, we do not observe domains.
This is consistent with muon spin-rotation[66] and NMR[41] measurements that find
inhomogeneous, short-range magnetism in the regions that show coexistence of superconductivity and magnetism. Similarly, we do not see domains in the optimally
doped and overdoped samples. The phase diagram in Fig. 4.1a summarizes our
domain observations.
Just as anisotropic QPI was seen to persist above Tnem in the parent compound,
this signature of nematic fluctuations can be tracked laterally across the phase diagram in order to see if it is detected beyond the nematic phase boundary. In Figs.
4.5a-e, we display the real space LDOS at five dopings at the same energy (E=10
meV > ∆SC ≈5 meV) and temperature (T=6 K, except for Fig. 4.5e which was obtained at T=30 K) in order of increasing doping. Unlike resistivity anisotropy and
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Figure 4.4: Antiphase domains in UD8 at T=6 K. Images are 200 nm. Gray
dashed lines indicate domain boundaries
torque magnetometry measurements, STS is unaffected by superconductivity. This
allows us to search for nematicity within the previously hidden region underneath
the superconducting dome. Fig. 4.5a, which corresponds to ND8, unsurprisingly
shows anisotropic QPI because the data is obtained in the long-range ordered nematic phase. Perhaps less expected is the unidirectional nature of the LDOS in Figs.
4.5b,c which correspond to domainless samples UD18 and OP20, respectively. We
now see that a nematic susceptibility must persist into the inhomogeneous magnetic
phase in UD18 and beyond any detection of magnetic order in OP20. Although the
observation of anisotropy in NaFe1−x Cox As at optimal doping is contrary to other STS
measurements[8], we know that nematic fluctuations couple to strain. Differences in
epoxies and curing conditions used for attaching samples in the experimental setup
could easily account for differences in sample strain and in turn degree of electronic
anisotropy. With increased doping, Figs. 4.5d-e show that the overdoped, real space
LDOS appears more disordered as a consequence of the increase in scattering centers
which in turn obscures easy visual identification of anisotropy.
We can attempt to see past this disorder by taking the FFT of each of the real
space images in Fig. 4.5a-e which are correspondingly plottted in Figs. 4.5f-j. This
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proves effective because the FFT naturally separates the long wavelength background
inhomogeneity from the shorter wavelength signatures of the QPI. The real space
anisotropy previously seen in Figs. 4.5a-d becomes immediately apparent in their
respective FFTs in Figs. 4.5f-h. However, it still remains difficult to identify any
anisotropy or even QPI in the overdoped FFTs displayed in Figs. 4.5i-j.
QPI arises from the scattering of quasiparticles between well-nested regions on
the contours of constant energy of the bandstructure[64], and the strength of nesting
varies with energy. With the energy resolution of STS, we can search for possible
energies where the QPI signal is strong in the overdoped samples and then identify
any signatures of anisotropy. Figs. 4.5k-o shows the FFT-LDOS at E=-10 meV
from the same datasets used in Figs. 4.5f-j. We can now see that the OD15 sample
displays strong, anisotropic QPI at this energy, as evidenced by a central stripe and
two arc-like contours that are reminiscent of the three stripes of scattering intensity
seen in the parent compound (Fig. 4.5k). With increased doping, the OD0 sample
shows similarly strong QPI in Fig. 4.5o, but the arcs seen in OD15 extend to enclose
a full, angularly uniform circle.

4.5

Anisotropy in Naturally Forming Wrinkles

We now see that signatures of nematicity in NaFe1−x Cox As persist across the superconducting dome and disappear with superconductivity. We assume that, similar to
the non-doped sample, the persistent anisotropy in the absence of domains in the
doped compounds arises from coupling between nematic fluctuations and built-in
strain. We can identify direct effects of strain on the LDOS in the doped samples by
searching for intrinsic “wrinkles”. Such wrinkles presumably localize large amplitude
strain fields and have been shown through STM to strongly modify the electronic
properties of other correlated materials[56]. Fig. 4.6a shows a topographic image
obtained on OD15. The dark strip that diagonally traverses the image appears to be
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Figure 4.5: Doping dependence of LDOS in real and Fourier space. (a-d)
Real space LDOS at various dopings at T=6 K and E=10 meV. Scale bar is 20 nm
long. a and b axes indicated by gray and black arrows, respectively, in a. (e) Real
space LDOS at T=30 K and E=10 meV. Scale bar is 20 nm long. (e-j) FFT of
respective images in a-e. Full width of image is 0.6

π
.
a

Black arrows in g and h

indicate peak seen in Fig. 5C. (k-o) Same as f -j but at E=-10 meV. Dashed white
lines in n and o indicate QPI arc and ring, respectively. All data obtained at bias
setpoints between -50 mV and -100 mV, current setpoints between 50pA and 250pA,
and lock-in oscillation voltages less than 3mV.
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a wrinkle on the surface of the sample. This can be seen more clearly in the inset
where a topographic line cut along the dotted orange line is plotted. In Fig. 4.6b,
we display the simultaneously obtained LDOS. As can be seen, the wrinkle strongly
modifies the LDOS in a localized region. This strain increases the anisotropy of the
QPI which can be seen by taking the FFT of the region near the wrinkle (as indicated
by the region between the dotted white lines). This FFT is plotted in the upper inset
of Fig. 4.6b and shows considerable square symmetry breaking when compared to
the FFT from the remaining region (lower inset).
We measured another region that was approximately 300 nm away from the region
shown in Fig. 4.6a-b. This region appeared flat with no sign of wrinkles. In Fig. 4.7a
we show the topography from this flat region, and Figs. 4.7b-d display the LDOS of
this same region at three different energies. The topography from Fig. 4.6a is repeated
in Fig. 4.7e to show the direct comparison of the flat and wrinkled regions. LDOS
maps at similar energies to Figs. 4.7b-d are displayed for the strained region in Figs.
4.7f-h. The marked difference between the electronic structure in the wrinkle and
outside the wrinkle is only seen in the E=2 meV and E=10 meV LDOS plots (Figs.
4.7g and h, respectively). The energy dependence of this feature is an indication that
the localized anisotropy is electronic and not structural in origin.
Fig. 4.6c shows the FFT-LDOS obtained from a heavily, naturally strained region
of the same OD15 sample as Fig. 4.7 and at the same energy as all plots in Figs. 4.5ko. Figs. 4.8a and b show the corresponding real space topography and LDOS. The
FFT-LDOS is strongly asymmetric and generally resembles the less doped samples in
Figs. 4g-h. In particular, the intensity peaks indicated by the black arrows are recovered. This is visual evidence for a persistent nematic susceptibility in the overdoped
regime of the iron pnictides that decreases in strength with increased doping.
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Figure 4.6: Coupling between intrinsic strain and nematicity in OD15 (a)
Topographic image of OD15 sample obtained at T=32 K, V=-100 mV, I=250 pA, and
lock-in oscillation voltage of 3mV. Intrinsically strained region appears as dark wrinkle
diagonally traversing the image. Scale bar denotes 20 nm. Inset shows topographic
line cut across the wrinkle as indicated by the dotted orange line. (b) Real space
LDOS of a at E=10 meV. Wrinkle is seen to strongly modify electronic states with
features appearing elongated along the horizontal direction. Upper and lower insets
show FFT from inside and outside the wrinkle, respectively, as indicated by the white
dotted lines. The elongation (compression) of the electronic states in the wrinkle along
the horizontal (vertical) direction are reciprocally manifest in the upper FFT as a
compression (elongation) of the scattering intensities along the horizontal (vertical)
direction. (c) FFT of the LDOS at E=10 meV of a heavily strained region of an
OD15 crystal. Corresponding real space data shown in Fig. 4.8. Scattering peaks
seen in Figs. 4.5g-h reappear in c.
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Figure 4.7: Strained and unstrained regions of the same OD15 sample (a)
Topograph with same experimental conditions as Fig. 4.6a. Sample appears flat.
Scale bar deontes 20 nm. (b-d) Real space LDOS of region shown in a at various
energies. (e) Reproduced topograph of wrinkled region from Fig. 4.6a. (f -h) Real
space LDOS of region shown in e at similar energies to b-d, respectively. Wrinkle is
clearly visible in the LDOS for g and h but not as apparent in f.

Figure 4.8: Heavily strained region of OD15 (a) Topography obtained at V=40
mV, I=250 pA, T=29 K. Scale bar denotes 200 nm. (b) Real space LDOS of a at
E=10 meV. (c) FFT of b. Scale is same as FFT images in Fig. 4.5.
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Methods

The scanning tunneling microscopy (STM) and spectroscopy (STS) measurements
were carried out on two custom, ultra high vacuum microscopes. Most data comes
from a custom-built, low-temperature system housing an RHK PanScan microscope.
Images from Figs. 4.5.e,j,o and Fig. 4.6 come from a fully custom-built, continousflow microscope. dI/dV maps were obtained using standard lock-in techniques with
oscillation frequencies between 1.5 and 1.8 kHz. All samples were prepared in an
argon glovebox, quickly loaded into the microscope, and cold-cleaved in vacuum.
For the variable-strain STS measurements, we mount a Noliac NAC2011 piezoelectric plate actuator to a custom, multi-contact STM sample holder. The electrodes
on the actuator also stretch when applying a voltage difference. The sample is glued
with silver epoxy (Epotek H20E) to one electrode, and the silver epoxy is extended
to contact the body of the sample holder. We apply the sample bias to the full body
of the sample holder while a separate, electrically isolated wire is attached to the
other piezo electrode for applying the strain bias. Fig. 4.9a shows a side view of the
strain piezo glued to a custom sample stand on the sample holder. Fig. 4.9b shows
a labeled diagram of Fig. 4.9a. A small slab of ruby is used to offset the piezo from
the sample stand so that the two piezo electrodes do not short through the sample
stand. Fig. 4.9c shows a picture of the piezo-sample stand device mounted on the
sample holder. In order to maintain the same voltage difference across the piezo while
sweeping the sample bias during dI/dV measurements, we sum the sample bias with
the strain voltage. This is implemented using an EMCO Q Series high voltage power
supply. This power supply allows for a floating ground. We use the sample bias as
the ground, and the power supply amplifies an input signal relative to this floating
ground. This guarantees that the voltage difference across the piezo does not change
when the sample bias changes.
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(a) Side-view picture of piezo

mounted to sample stand. (b) Diagram of a. Ruby slab physically offsets and electrically isolates piezo from sample stand. Piezo is a cube with side length 2 mm. (c)
Picture of piezo mounted on sample stand screwed into sample holder.
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Appendix A
LTSTM Wiring Diagrams
The majority of the wires that connect to the microscope travel down from the top
of the cryostat. The only exception is the current wire which is connected to a
BNC feedthrough in an inverted flange on the back side of the STM chamber. The
inverted flange minimizes the length of the current wire necessary to reach the preamp
attached to the feedthrough which in turn minimizes noise. There are a number of
UHV feedthroughs on top of the cryostat. These have twisted-pair wires and coax
cables (for the sample biases) attached. These wires travel down through the cryostat,
clamped to the outisde of the nitrogen tank, and connect to the microscope on top of
the cold stage. The wires are soldered to collets that are glued into macor “plugs”.
The male end of the collets of the macor plugs plug into female collets in a receptor
macor plug that is screwed into the cold stage. Fig. A.1 shows an image of the cold
stage. The macor plugs that are attached to the cryostat wires are shown dangling
above the cold stage.
There are four macor plugs that hang down from the cryostat. Two of the plugs
solely control microscope piezos. One of these plugs contains 4 wires which control
the X, Y, and Z Pan motors and ground. The other plug has 6 wires. 4 wires control
the 4 quadrants of the scanner piezo, 1 wire is ground, and 1 wire is not connected.
There are two strips of the receptor plugs on the microscope cold stage with 14 plugs
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Figure A.1: Picture of microscope interface Notch indicates filed mark on the
macor plug that helps user to orient the plug.
per strip arranged in 7 rows and 2 columns. When facing the front of the microscope
(such that one could directly load in a sample), the piezo plugs plug into the receptor
on the left side.
These plugs all go to one 10-pin Mil-Spec feedthrough on the top of the microscope.
Fig. A.2 shows a wiring diagram for these two plugs. The 10 wires are labeled by
letters which correspond to the conventional labeling on the Mil-Spec feedthrough.
Twisted-pair wiring is used which have a yellow and blue wire for each pair. The wire
color is indicated on the diagram. Lastly, notches have been filed into one corner of
each of macor plugs which is also indicated by the cut-off corner on the top-right of
each plug. These notches help when installing the microscope in the STM chamber
because it is difficult to see. One can instead feel the notches and orient the plugs
correctly. There are 4 extra receptor plugs which separate the two piezo wire plugs.
The 6-wire plug plugs as far towards the microscope front as possible, and the 4-wire
plug plugs as far towards the microscope back as possible.
For the right receptor, there are 3 plugs with 4 wires each. One plug carries the
STM diode wires with positive and negative voltage and current leads. These wires
go up to another 10-pin Mil-Spec feedthrough. Also on this feedthrough are the cold
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Figure A.2: Piezo feedthrough wiring diagram
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Figure A.3: Heater and diodes feedthrough wiring diagram
finger diode wires (4) and the heater wires (2). Fig. A.3 shows a diagram for this
plug and feedthrough.
The other 2 plugs carry the bias leads with 2 leads and 2 coax grounds per plug.
Each of the 4 total bias leads connects to an individual BNC feedtrough which are
on one flange at the top of the cryostat. One of the pins (R) is currently broken.
Fig. A.4 shows a diagram for the bias plugs. There is one row of receptor plugs that
are free and separate the diode and bias plugs. The diode plug should be towards
the back of the microscope, and the bias plugs should be towards the front of the
microscope in the order prescribed in Fig. A.4.
Lastly, the tunneling current wire is a coaxial wire with collets soldered to both
the lead and ground. These plug into a lower portion of the microscope, as indicated
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Figure A.4: Bias feedthrough wiring diagram
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Figure A.5: Tunneling current coax wiring diagram
by the diagram in Fig. A.5.
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