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Abstract

The mechanism of superconductivity in the cuprate high temperature superconduc-

tors is an enduring problem in condensed matter physics, and a detailed experi-

mental phenomenology is a crucial starting point for microscopic understanding.

Angle-resolved photoemission spectroscopy (ARPES) measures electronic structure

in momentum-space. Low-energy excitations in the cuprates, including the super-

conducting gap, are known to be anisotropic in momentum space, so the momentum

resolution afforded by ARPES is key to understanding the physics and uncovering

the mechanism. This dissertation presents experiments which pursue the cuprate

superconductivity problem from several angles: understanding electron-boson cou-

pling which may be involved in mediating superconductivity (Chapters 6 and 7 and

Appendix B), understanding the momentum-space structure of the normal state pseu-

dogap (Chapter 5 and Appendix A), understanding how superconductivity coexists

with the pseudogap and other phases (Chapters 3 and 4). Much of this work took

advantage of a recent development in ARPES technology, using a UV laser as a

light source, which allows experiments to be performed with superior energy and mo-

mentum resolution. These experiments highlight the wealth of information that is

available in ARPES data, including dispersions, scattering rates, and spectral gaps,

and they demonstrate the importance of exploring these variables comprehensively

as a function of temperature, doping, and momentum.

One of the quantities that can be measured most precisely with ARPES is the

spectral gap. When the gap is attributed to an ordered electronic state, its magni-

tude and momentum-dependence can give information about the order parameter.

Chapter 3 comprehensively studies gaps in/near the superconducting state with a
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focus on near-nodal momenta. It turns out that the near-nodal superconducting gap

sensitively reflects other phases which coexist with superconductivity, such as the

pseudogap. Evidence of momentum-dependent competition between superconductiv-

ity and the pseudogap is observed, with the pseudogap relinquishing a portion of the

Fermi surface when it is suppressed at low temperature and/or higher doping. With

this information, a revised phase diagram is proposed which consolidates conflicting

phase diagrams in the literature.

When the pseudogap coexists with superconductivity, this coexistence is often

described as a nodal/antinodal dichotomy, with superconductivity dominating near

the node and the pseudogap, which is now thought to be a distinct phase, dominating

near the antinode. However, there is subtlety in this dichotomy, as discussed in

Chapter 4, because superconducting quasiparticles exist over the entire Fermi surface

below Tc, even at momenta where the gap magnitude reflects strong influence from

the pseudogap.

An important question in the cuprates is the momentum space gap structure of

the pseudogap, as this information can narrow down the field of plausible theoretical

descriptions. Chapter 5 studies the lineshape above Tc and finds that the maximum

Fermi arc length at Tc is shorter than previously thought. Appendix A explores other

proposed data analysis techniques in order to assess what information they can and

cannot give about the pseudogap.

Another quantity that ARPES can measure precisely is the band disperion, and

there are ’kinks’ in cuprate dispersions which indicate strong electron-boson coupling.

The identity of the bosons and whether they are related to superconductivity is not

answered for most kinks in cuprates. Future directions for reaching those answers

are explored in Appendix B. Chapter 6 presents a new kink at very low energy (≈10

meV) which was discovered by laser ARPES. This kink gets stronger with under-

doping, producing a doping dependent Fermi velocity, which allows correspondence

between ARPES and bulk thermal conductivity measurements. The energy position

of this low energy kink follows the momentum dependence of the d -wave supercon-

ducting gap away from the node, indicating that the coupling is peaked at small q.

The doping and momentum dependence agrees with theoretical calculations which
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consider electrons coupled to acoustic phonons. Though the energy is too low to be

the cause of cuprate superconductivity, coupling to acoustic modes may enhance Tc.

Another promising direction for uncovering the connection between kinks and super-

conductivity is studying Hg1201 which has a very high Tc for a single-layer cuprate.

Chapter 7 presents the highest quality ARPES data on Hg1201 to date, measuring

the magnitude of the superconducting gap and pinning down the nodal kink energy

for the first time.
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Chapter 1

Introduction: superconductivity

and cuprates

1.1 Superconductivity

1.1.1 Conventional Superconductivity

Conventional superconductivity was first explained by the theory of Bardeen, Cooper,

and Schreiffer [1] (BCS). A basic overview can be found in Ref. [2], and is sketched

below. Rather than going through a full derivation, this section will highlight key

concepts that are used in this thesis.

A superconductor is a charge 2e condensate, and the electron pairs (usually sin-

glet) are called called a Cooper pair. Although electrons normally repel each other,

interactions with atomic vibrations mediate electron pairing. In the real space pic-

ture, an electron moving through a lattice of positively charged ions can displace an

ion and create a local excess of positive charge which attracts the next passing elec-

tron. This retarded attraction is possible because the atoms are much heavier than

the electrons and move slower.

In momentum space, one electron emits a phonon of momentum h̄q which is

1
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absorbed by a second electron. This interaction is given by

Veff (q, ω) = |gqλ|2
1

ω2 − ω2
qλ

(1.1)

where q and ωqλ are the wavevector and energy of the phonon, gqλ is an electron-

phonon coupling vertex (matrix element). A negative Veff means attractive inter-

action. Simplifications make this problem more easily solvable. gqλ is replaced by a

constant, ωqλ is replayed by the Debye frequency (ωD). Additionally, only electrons

within ±kBT of the Fermi level are considered, so ω is always much smaller than

ωD at the temperatures relevant to conventional superconductivity. The end result is

an energy and momentum independent interaction given by Veff=−|geff |2, where a

factor of 1/ω2
D has been folded into the effective electron-phonon coupling vertex.

The next step is to show that this attraction yields a bound state. The starting

point is two electrons outside a filled Fermi sea at zero temperature. They are located

at momenta k and -k such that the center of mass momentum is zero, which minimizes

energy. The wave function is given by

Ψ(r1, σ1, r2, σ2) = φ(r1 − r2)ϕ
spin
σ1,σ2

(1.2)

Fermionic antisymmetry dictates that for a spin singlet spin wave function (as in

BCS superconductors and cuprates), the wave function φ(r1-r2) must be even under

exchange of electrons at positions r1 and r2. Expanding in terms of Bloch waves gives

φ(r1 − r2) =
∑
k

φke
ik(r1−r2) (1.3)

Substituting this into the Schrodinger equation yields

Eφk = 2ϵkφk − |geff |2
∑
k′

φk′ (1.4)

Where the single particle energies ϵk are referenced to the Fermi level and E is the
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total energy of the pair in the two-particle state. Solving this gives

φk = −C|geff |2
1

E − 2ϵk
(1.5)

where

C =
∑
k

φk (1.6)

The above two equations are combined to give

1 = |geff |2
∑
k

1

E − 2ϵk
= |geff |2g(ϵF )

h̄ωD∫
0

dϵ
1

E − 2ϵ
(1.7)

where g(ϵF ) is the density of states at the Fermi level. Solving the integral yield the

expression for the bound state energy

−E = 2h̄ωDe
−1/|geff |2g(ϵF ) = 2h̄ωDe

−1/λ (1.8)

where λ is the electron-phonon coupling parameter. BCS theory does not require

phonons to provide the pairing interactions. Some other boson would change the

form of Veff in Eqn. 1.1. The required starting point is a filled Fermi sea such that

g(ϵF ) is nonzero giving a bound state energy which is also nonzero. Equation 1.8

highlights one of the profound insights of BCS theory–that the Fermi sea is unstable

to infinitesimally small attractive interactions.

The coherent many-body wave function describing an aggregate of Cooper pairs

is given by

|ΨBCS⟩ =
∏
k

(u∗
k + v∗kP̂

†
k)|0⟩ (1.9)

where P̂ †
k = c†k↑c

†
−k↓ is the pair creation operator, and |0⟩ is the vacuum state.

The physical meaning of the parameters uk and vk relates to particle number: their

magnitude represents the probability that a state at a given momentum is electron-like

or hole-like. These parameters follow the normalization constraint |uk|2 + |vk|2 = 1

such that particle number is conserved, and in terms of the band structure, they are
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given by the following equations

|uk|2 =
1

2
(1 +

ϵk − µ√
(ϵk − µ)2 + |∆|2

) (1.10)

|vk|2 =
1

2
(1− ϵk − µ√

(ϵk − µ)2 + |∆|2
) (1.11)

where µ is the chemical potential, ϵk is the band dispersion, and ∆ is the supercon-

ducting gap parameter. Fig. 1.1 illustrates these parameters. In the superconduct-

ing state, electron and hole energy levels are hybridized, giving energy eigenvalues

±Ek =
√
(ϵk − µ)2 + |∆|2. At kF , the lowest lying excitation is at E=±∆ instead

of E = 0. For k<kF , |vk|2 approaches one, meaning states there are predominantly

electron-like. For k>kF , |uk|2 approaches one, meaning states there are predomi-

nantly hole-like. For this reason, the intensity of the electron-like band is shown to

fade away for k>kF . At kF , |uk|2 = |vk|2 = 1/2, indicating equal hole and electron

character. At elevated temperatures below Tc in the cuprates, ARPES can observe

both the occupied and a portion of the unoccupied band shown in Fig. 1.1(a), as will

be shown in Chapter 4.

In conventional superconductors, the gap parameter ∆ at zero temperature is

given by

|∆| = 2h̄ωDe
−1/λ ≈ 1.76kBTc (1.12)

where the latter numerical value holds well for many but not all conventional su-

perconductors. The superconducting gap is related to the order parameter, as it is

zero above Tc and nonzero below Tc. In BCS superconductors, the superconducting

gap is of simple s-wave form–same magnitude and phase at every momentum on the

Fermi surface. Spectral gaps such as the superconducting gap can be measured very

precisely with ARPES, and is the focus of Chapter. 3

1.1.2 Unconventional superconductors

Unconventional superconductors differ from superconductors described by BCS the-

ory in that their pairing mechanism is not derived from electron-phonon interaction
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Figure 1.1: (a) Electron (red dashed line) and hole (orange dashed line) energy levels.
Energy eigenvalues in superconducting state, Ek =

√
(ϵk − µ)2 + |∆|2 are shown in

green (blue) for electron (hole) band. (b) |uk|2 and |vk|2.

and/or in that their superconducting order parameters are not simple s-wave [3]. This

section will discuss a few classes of materials which seem to feature similar physics to

the cuprates. In particular, in many unconventional superconductors, superconduc-

tivity emerges when another (usually magnetic) phase is pushed to zero temperature

via doping or pressure.

One of the first discovered families of unconventional superconductors were the

heavy Fermion materials [4], where the f -electron derived bands yield effective masses

up to 1000 times the bare electron mass. Superconductivity in heavy Fermion ma-

terials was a surprised because there are localized magnetic moments [5]. Heavy
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Fermion superconductivity is believed to be mediated by magnetic interactions, and

the superconducting order parameter varies among materials. As an example, two

commonly studied compounds are UPt3 and CeCoIn5 with the former thought to

have f -wave pairing symmetry and the latter thought to be a d -wave superconductor

[6]. Though the Tc is low in heavy Fermion superconductors, some of them provide

clean access to quantum critical points–second order phase transitions pushed to zero

temperature by a non-thermal control parameter–which are suspected to be involved

in superconductivity in cuprates and other unconventional superconductors.

Soon after the heavy Fermions, organic superconductors were discovered. Like

cuprates, they feature reduced dimensionality and Mott physics. Like the heavy

Fermion materials, superconductivity can be tuned with pressure. Their high critical

field, beyond the Pauli limit, suggests that they are triplet superconductors at least

in a magnetic field[6].

In 2006, a new family of high Tc materials was discovered [7]–the iron-based

superconductors–with Tcs topping 50K in some compounds. Intriguingly, the phase

diagram seems similar to the cuprates at first glance as the parent compound features

magnetic order. However, this magnetic phase is not a Mott insulator and it coexists

with and competes with superconductivity [8]. The mechanism of superconductivity

in iron-based materials is still debated, though electron-phonon interaction is not

thought to be the culprit. The anisotropy of the gap is also debated and may depend

on doping and materials system [9].

1.2 Cuprates

Superconductivity in copper-oxide containing compounds (cuprates) was a nobel-

prize winning discovery made by J. Bednorz and K. Müller in 1986 [10]. Motivated

by superconductivity in oxygen-doped SrTiO3, they cooled down LaBaCuO4 and dis-

covered that it superconducts below 30K. Many other cuprate superconductors were

discovered within the next few years. Significantly, some of these compounds have

superconducting transition temperatures higher than 77K, the boiling temperature

of liquid nitrogen, opening the possibility for wider application. The highest recorded
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Tc is 166K, observed in a Hg-based cuprate under pressure. Cuprate superconduc-

tors thus manifest quantum mechanics not only over macroscopic length scales, but

at temperatures over 1/2 of room temperature [11].

Cuprates are layered materials whose elementary units are CuO2 planes, separated

by spacer layers containing other atoms (Fig. 1.2). This spacer layer is called the

charge reservoir layer because dopant atoms are usually introduced there, rather than

directly into the CuO2 planes. The excess electrons or holes from the dopants go

primarily into the CuO2 planes, and cuprate properties are varied by controlling the

charge carrier concentration inside the CuO2 planes, with possibility for both electron

and hole doping. This thesis will focus on the hole-doped side.

Cuprates can have one, two, three, or more CuO2 layers per unit cell. The Tc

is maximum for triple-layer compounds in families where it is possible to synthesize

them, but it is difficult to grow large single-phase crystals of most triple layer cuprates

which is why most experiments on single crystals are in single and bi-layer cuprates.

O p
x

O p
y

Cu d
x2-y2

O Cu

a

(a)
(b)

Charge 

reservoir 

layer

CuO
2
 

plane

c

a

b

Figure 1.2: (a) CuO2 plane with Cu atoms in red and oxygen atoms in blue. Cu
dx2−y2 and O px,y orbitals are also sketched. (b) Schematic of cuprate crystal structure
consisting of alternating CuO2 planes and charge reservoir layers.

Superconductivity originates from the electronic states in the CuO2 plane, though

three dimensional phase coherence is required to have a bulk superconductor. The
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charge reservoir layers in most cuprates do not produce bands which cross the Fermi

level. Nevertheless, Tc varies substantially even among materials with the same num-

ber of CuO2 planes per unit cell, a result attributed to disorder [12] or chemistry of

the spacer layers between the CuO2 planes [13].

1.2.1 Electronic structure

The electronic structure of the cuprates is derived from Cu-3d9 and O-2p6 bands, as

illustrated in Fig. 1.3. In single-layer hole-doped cuprates, the Cu atoms sit in an

octahedral environment, surrounded by four planar oxygens (Fig. 1.3(a)) and two

apical oxygens. Jahn-Teller distortion–stretching the CuO6 octahedra along the c-

axis–lowers the energy of the z-orbitals relative to the planar orbitals, splitting the tg

and e2g levels into 4 total levels. The lowest bonding and highest antibonding states

are derived from hybridization of Cu-dx2−y2 states and O-px,y states.

A tight-binding model with only nearest neighbor hopping between Cu-d and

O-p orbitals (tpd) can be solved to produce the three bands given by the following

expressions [14]:

EAB,BB(kx, ky) =
εp + εd

2
±
√

(
εp − εd

2
)2 + 4t2pd(sin

2(kxa/2) + sin2(kya/2)) (1.13)

ENB = εp (1.14)

This is graphed in Fig. 1.3(c). The antibonding band crosses the Fermi level at

half filling (Fig. 1.3(c) and Fig. 1.4(a)) which does not agree with experiment. An

on-site repulsion term U is needed to reproduce the insulating parent compound. The

parent compound of the cuprates is insulating because the on-site repulsion on the

Cu atom is larger than the bandwidth. This parameter splits the antibonding band

into the upper Hubbard band (UHB) and lower Hubbard band (LHB), as shown in

Fig. 1.4(b). The Cu-O charge transfer gap (energy difference between non-bonding

band and upper Hubbard band), ∆, also needs to be considered. In the case of

the cuprates, the charge transfer energy is smaller than the Cu on-site repulsion, so

Fig. 1.4(c) is a more accurate illustration. When holes are doped into the cuprates,
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Figure 1.3: (a) Schematic of CuO2 plaquette. (b) Diagram of crystal field splitting
and hybridization of Cu-d levels and O-p levels. (c) Band structure at half filling,
from eqn. 1.13 using εp = −5 eV, εd = −1.4 eV, tpd = 3.6eV . (d) 2D projected
Brillouin zone for generic CuO2 plane with irreducible sector shaded in gray.

there are differing proposals to how states at EF emerge. One possibility is that the

chemical potential, µ is pinned inside the charge transfer gap and doping transfers

spectral weight from the UHB and bonding band (Fig. 1.4(c)). Another possibility is

that µ shifts into the valence band and spectral weight is simultaneously transferred

from the UHB by correlation effects (Fig. 1.4(e)). It appears that different scenarios

are realized in different cuprates, as the chemical potential appears to be pinned in

LSCO, but in other cuprates, doping is realized through a chemical potential shift

[15, 16]. With doping, antiferromagnetic correlations are reduced and eventually.
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1.2.2 Phase Diagram

The richness of cuprate physics is encompassed in the phase diagram, and the hole-

doped side is shown in Fig. 1.5. This phase diagram focuses on phases that will be

discussed in this thesis. Generally, antiferromagnetism, superconductivity, and the

pseudogap are included in every version of the hole-doped cuprate phase diagram,

and other phases shown in Fig. 1.5 are recent developments and/or subject to de-

bate. The composition at zero hole-doping is called the ’parent compound’ and it is

an antiferromagnetic insulator due to onsite coulomb repulsion. With hole doping,

long-range antiferromagnetic order is rapidly suppressed (TN=0 at 2% in LSCO) but

incommensurate fluctuations persist near (0.5, 0.5) to higher dopings [17]. Super-

conductivity sets in at about 5% hole doping (depending on compound family) and

exists within a dome-shaped region. The maximum of the superconducting dome is

at p≈0.16 and is called optimal doping (OP). The underdoped (UD) regime refers to

p<0.16 and the overdoped (OD) regime refers to p>0.16. In some families, a dip in

Tc is observed near 1/8 hole doping, attributed to competing stripe (La2−xSrxCuO4

(LSCO)) or charge density wave (YBa2Cu3Oy (YBCO)) order. Because of the proxim-

ity between the superconducting phase and antiferromagnetic phase, many proposals

for the mechanism of superconductivity invoke a pairing boson of spin origin. Some

versions of the phase diagram show a spin glass or spin-density wave order at the

underdoped edge of the superconducting dome [18, 19]. This will be discussed in the

context of ARPES experiments in Chapter 3.

Above Tc, the cuprate phase diagram features an enigmatic phase known as the

pseudogap [20]. The pseudogap has an onset temperature T* and signatures in many

experimental techniques. Its origin is a fundamental question in the cuprates, with

explanations falling into two general categories: preformed Cooper pairs (”one-gap”)

or a distinct quantum phase from superconductivity (”two gaps”). Understanding

the pseudogap is believed to be the key hurdle to developing a microscopic theory to

explain cuprate superconductivity.

Finally, two different resistivity regimes are observed. The strange metal regime

has T-linear resistivity up to exceedingly high temperature and exists over a broad

doping range near optimal doping; Fermi liquid resistivity (ρ∝T2) is observed at
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low temperatures on the overdoped side, usually beyond the superconducting dome

[21, 22, 23].

1.2.3 Superconductivity and pseudogap

Much of cuprates research focuses on superconductivity and the pseudogap, so these

phases will be discussed in more detail.

Although the mechanism of cuprate superconductivity is debated, there is much

agreement about certain aspects of the superconducting state. Several key exper-

iments demonstrated a d -wave form of the superconducting gap, more specifically

dx2−y2 , and this order parameter is widely accepted. Phase sensitive tunneling showed

that the phase of the order parameter changes sign every 90 degrees [24]. ARPES in-

dicated that the nodes of the gap function lie on the zone diagonal [25]. In some ways,

the superconducting state is considered to be unsurprising, other than the d -wave or-

der parameter and the high Tc: there are singlet Cooper pairs and Ginzburg-Landau

phenomenology is obeyed in the regime it is applicable. Nevertheless, as we shall

see in Chapter 3, other phases coexist with superconductivity below Tc. These other

phases strongly affect the spectroscopic properties of the superconducting state, and

in that way, superconductivity is not so boring after all. It is a crucial window into

other phases which may be involved in promoting or inhibiting superconductivity.

The pseudogap was first observed in NMR and subsequently in many other exper-

imental techniques [20]. There is substantial debate about if T* is a phase transition.

In specific heat, there is no jump at T*, and instead, T* marks the temperature

where the electronic component of the specific heat starts to decrease [26]. This lack

of specific heat signature is used to argue against a phase transition at T*, but it is

crucial to revisit those experiments, as sample quality has improved tremendously.

In ARPES, the pseudogap manifests as truncated ’Fermi arcs’ near nodal momenta

(where the Fermi surface intersects the (0,0)-(π,π) line) and gaps which persist at

antinodal momenta (near (π,0)) [27]. It should be noted that although the terms

’node’ and ’antinode’ strictly refer to the superconducting order parameter in the

cuprates, those same terms are used to reference general momentum regions in the
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Brillouin zone, even in the absence of superconductivity. The gap structure in the

pseudogap regime highlights the key difficulty of the cuprates problem. While one

might be compelled to formulate a BCS-like theory for the cuprates with a different

pairing glue, the lack of a filled Fermi sea just above Tc short circuits that approach.

This will be explored in Chapter 5

A full Fermi surface is recovered above T*. At dopings where no pseudogap is

observed above Tc, a complete, closed Fermi surface is recovered above Tc.

By the mid-2000s there was accumulating evidence that the psuedogap is a distinct

phase from superconductivity, rather than a disordered or fluctuating superconduc-

tor. Experimental signatures fall into several categories: 1) a non-superconducting

signal which rises in an order-parameter-like fashion below T* (neutron scattering

[28], polar Kerr effect [29]) 2) different sign or trend of a signal T<T* as compared to

T<Tc (transient reflectivity [30], Nernst coefficient [31]) 3) Distinct phenomenology

in different momentum or temperature regimes (ARPES [32, 33, 34, 35, 36, 37], Ra-

man [38]) 4) Evidence for the pseudogap phase boundary inside the superconducting

dome (ARPES [39], transport [40]). The ARPES signatures of two-gap physics are

described in chapter 3. This paints a phase diagram similar to other unconventional

superconductors where superconductivity appears to emerge around a quantum criti-

cal point. As a caveat, there is evidence for the T=0 endpoint of the pseudogap inside

the superconducting dome, but on the hole doped side, there has not been definitive

proof that this constitutes a true quantum critical point.

1.2.4 Bi-2212

Most of the experiments in this thesis are on Bi2Sr2CaCu2O8+δ (Bi-2212), which is

favored for surface spectroscopies because of its pristine cleaved surfaces. The crystal

structure is shown in Fig. 1.6(a), and has a CuO2 bi-layer as its structural unit.

There are thus two Fermi surface sheets, the bonding band and the (higher energy)

antibonding band. ARPES experiments are usually configured such that only one

band is visible, for simpler data analysis.

Although other cuprates might be cleaner, not other cuprate yields sharper spectra
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than Bi-2212 (and its single-layer and tri-layer cousins). Thus, to take full advantage

of state-of-the-art spectroscopies and to properly interpret spectroscopy data, Bi-

based cuprates are the clear choices. This thesis presents several doping-dependence

studies, and Fig. 1.5 shows the doping range in which different chemistries of Bi-2212

can be grown. Intrinsic Bi-2212, where doping is controlled only by oxygen annealing,

can only access the near-optimally-doped regime. To produce more overdoped Bi-2212

which is stable, it is usually required to dope Pb on the Bi site. This has the additional

effect of reducing or eliminating the incommensurate modulation in the BiO layers

which contaminates ARPES spectra. To achieve stable deeply underdoped samples,

Ca is substituted with Y or Dy, followed by subsequent oxygen annealing to precisely

control Tc. The full consequences of substitutional doping deserve further study.

However, alternate methods of underdoping (generally annealing films) yield poorer

quality spectra, which suggests that Tc might be diminished because of disorder, not

doping.

1.2.5 Approaches to the cuprate problem

This thesis approaches the cuprate problem from two general directions: studying

bosons which may be involved in promoting or suppressing superconductivity and

studying other phases which exist nearby or with superconductivity on the phase

diagram. Of course, these two approaches to the cuprates are related, because quan-

tum phases usually have associated elementary excitations to which electrons might

strongly couple.

In BCS superconductors, the electron-phonon mechanism of Cooper pairing has

ample experimental support [42, 43]. One line of cuprates research has been to seek

out an analogous pairing glue which can produce a high Tc. ARPES can observe

evidence of electron-boson coupling via ’kinks’ in the band dispersion. One can then

attempt to pin down which boson causes the kink via phenomenology (temperature

and doping dependence, momentum space structure), comparisons to other experi-

ments, and input from theory. Finally, one must understand whether these bosons

cause and/or enhance superconductivity.
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Another approach addresses the impediment of a non-Fermi liquid normal state.

Originally, this line of research focused on trying to understand what the pseudogap

is. However, with evidence that the pseudogap exists even below Tc, the question has

been broadened to understanding how superconductivity interacts with the pseudogap

and other coexisting phases.
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Chapter 2

Laser-based ARPES

2.1 ARPES

2.1.1 Overview

This section gives a broad overview of the angle-resolved photoemission spectroscopy

(ARPES) technique, focusing on concepts key to this thesis. Further details as well

as a review of ARPES experiments on cuprates prior to 2004 can be found in Ref.

[44] and Ref. [45].

Angle resolved photoemission spectroscopy is based on the photoelectric effect.

UV light of energy hν shines on the sample and photoelectrons are emitted. An

analyzer measures the emission angle (ϑ) and kinetic energy (Ekin) of these photo-

electrons, which is related via energy and momentum conservation to the binding

energy (EB) and crystal momentum (k||) that the electrons had inside the sample.

Ekin = hν − ϕ− |EB| (2.1)

p|| = h̄k|| =
√
2mEkin · sinϑ (2.2)

The intensity in an ARPES experiment is given by

I(k, ω) = I0(k, ν,A)f(ω)A(k, ω)⊗R(∆k,∆ω) (2.3)

18
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where I0 is a matrix elements term, f(ω) is the Fermi-Dirac cutoff, A(k, ω) is the

single particle spectral function, and R(∆k,∆Ω) is the resolution. Each of these terms

will be discussed in turn, with a focus on how they pertain to topics in this thesis.

Data can be sliced in two ways: energy distribution curves (EDCs) and momentum

distribution curves (MDCs). The former plots the intensity as a function of energy at

fixed momentum, and it is usually used to learn about spectral gaps. The latter plots

the intensity as a function of momentum at fixed energy, and it gives information

about the band position at each energy.

Matrix elements

ARPES spectra are interpreted in terms of the three step model, where the photoe-

mission process is modeled as three sequential, independent steps: (1) Excitation of

an electron in the bulk by incident photon (2) Electron travels to surface (3) emission

from sample surface.

The matrix element term is given by

I0(k, ν,A) = |⟨Ψf |A · p|Ψi⟩|2 (2.4)

Where Ψf and Ψi are the final and initial many-electron wavefunctions, p is the

electron momentum, and A is the vector potential of the photon.

Matrix elements can be quantified by symmetry, in the case that the beam and

the detector lie in a mirror plane (plane perpendicular to surface of the sample across

which there is reflection symmetry). A-priori knowledge of the orbital character of

the final states can be used to construct experiments which highlight certain bands

or Fermi surface regions [45] and experimental geometry can be configured to clarify

the orbital character of band seen experimentally [46, 47].

Matrix elements sometimes have the practical effect of selectively suppressing

bands. In Bi-2212, photon energy is chosen to individually select either the bonding

or antibonding band such that experiments are easier to interpret. As two examples,

7 eV selects the antibonding band [48] and 22.7 eV is used to select the bonding band

in ΓM cut geometry near optimal doping.
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Fermi-Dirac cutoff

The Fermi-Dirac function, f(ω)=(1+eω/kBT )−1, truncates the ARPES spectrum such

that only the occupied states are accessible at low temperature. At higher temper-

ature, there is more thermal population above the Fermi level, and information can

be gleaned about unoccupied states provided sufficient care is taken to correct for

detector nonlinearity and beamline diffraction artifacts.

A number of methods are used to remove the Fermi-Dirac cutoff during data

analysis. If particle-hole symmetry is obeyed, as it is at kF in a metal or conventional

superconductor, symmetrization removes the Fermi function. The symmetrized EDC

is given by the following expression

A(kF , ω)f(ω) + A(kF ,−ω)f(−ω) = A(kF , ω) (2.5)

More generally, one can divide by the Fermi function convolved with the energy

resolution.

A(kF , ω)⊗R(∆k,∆ω) ≈ A(kF , ω)⊗R(∆k,∆ω)

f(ω)⊗R(∆ω)
(2.6)

This is not exact, since the commutation operation is not distributive, but the

discrepancy is not too large at higher temperature.

Single particle spectral function

The effects of interactions are captured by the single-particle spectral function, which

is the microscopic quantity measured by ARPES

A(k, ω) = − 1

π

Σ”(k, ω)

(ω − ϵk − Σ′(k, ω))2 − (Σ”(k, ω))2
(2.7)

whose expression contains the bare band dispersion (ϵk) and the self energy

Σ(k,ω)=Σ’(k,ω)+iΣ”(k,ω). ϵk is the bare band dispersion, which is usually not

known a-priori. Σ’(k,ω) renormalizes the bare band dispersion and Σ”(k,ω) is re-

lated to the scattering rate. For example, in the case of a Fermi liquid, the self

energy is given by
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ΣFL(ω) = αω + iβ[ω2 + (πkBT )
2] (2.8)

where the well known T2 contribution to electrical resistivity is apparent in the

imaginary part.

For most analysis, it is assumed that Σ(k,ω) is very weakly k-dependent, such

that for each energy, A(k,ω) follows a Lorentzian lineshape. This is supported by

experiments on many compounds showing Lorentzian MDCs [44]. Self energies will

be explored in terms of mode coupling in subsequent Chapters 6 and 7, and Appendix

B.

Resolution

The first three terms in Eqn. 2.3 are convolved with a resolution ellipsoid with

gaussian energy widths ∆ω and momentum width ∆k. The momentum resolution

function is usually taken to be a gaussian, but a ’window’ function is also sometimes

used [49]. The momentum resolution is set by the angular resolution of the analyzer

and the photon energy of the experiment via Eqn. 2.1.

h̄∆k =
√
2mEkin · cosϑ∆ϑ (2.9)

The SES 2002 analyzer used in laser ARPES experiments in this thesis has an angular

resolution (∆ϑ) of 0.2◦, and the R4000 analyzer used for synchrotron experiments has

an angular resolution of 0.3◦ in wide angle mode (±15◦). At normal incidence, this

corresponds to momentum resolutions of 0.009 Å−1 for 7eV photons and 0.036 Å−1

for 22.7eV photons.

The energy resolution is affected by the bandwidth of the lightsource, the energy

resolution of the analyzer, and the electronics. In synchrotron experiments, a band

of photon energies is chosen by rotating a diffraction grating relative to a ’white’ UV

beam and the energy width of this band is adjusting by narrowing down beamline

slits. Thus, there is a tradeoff between photon counts and energy resolution.

Photoemitted electrons enter the analyzer via a slit, and there is an additional

component of momentum resolution perpendicular to this analyzer slit which serves
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to ’integrate’ ideal 1-dimensional cuts over a finite momentum window.

2.2 7eV laser

Laser ARPES uses a quasi-continuous wave UV laser, usually in the energy range 6-7

eV as a narrow bandwidth lightsource, with VUV wavelengths typically achieved by

by higher harmonic generation (HHG) in nonlinear crystals. KBe2BO3F2 (KBBF) is

the nonlinear crystal which can produce the shortest wavelength UV light [50, 51],

and it is used in the generation of 7 eV for laser ARPES. 7 eV laser ARPES has been

demonstrated with total experimental resolution below 1 meV [52].

For the work in this thesis, 7 eV (177.3 nm) laser light is produced by frequency

doubling of light from a 3.5 eV (354.7) laser (Coherent, Palladin) with a KBBF device.

The 3.5 eV laser represents a frequency-tripling of a Nd:YAG oscillator (1064 nm).

This section will give an overview of the nonlinear optics (NLO) principles which are

key to the operation of the 7 eV laser in the Shen lab and describe they key optical

elements in the setup. A good introductory text for the topic is Nonlinear Optics by

Robert Boyd [53], and much of the following section follows the treatment given in

that text.

2.2.1 Second harmonic generation

The electric polarization (P(t)), in a medium can generally be expressed in terms of

the susceptibility (χ(n)) and the electric field (E(t)).

P (t) = χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ... (2.10)

χ(1) is the linear susceptibility. The higher order terms in Eqn. 2.10 give rise to

nonlinear optics which makes second harmonic generation possible. The second order

susceptibility is only nonzero in media without inversion symmetry.

Consider a time-varying electric field of the form

E(t) = Eeiωt + c.c. (2.11)
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where ω is the frequency. The quadratic term of the polarization is then given by:

P (2)(t) = χ(2)E2(t) (2.12)

= χ(2)[Ee−iωt + E∗eiωt]2 (2.13)

= 2χ(2)EE∗ + χ(2)[E2e−2iωt + c.c.] (2.14)

The first term does not generate electromagnetic radiation. The second term

contains an electric field with a frequency double the original. This logic can be

easily extended to a system with multiple frequencies to produce sum and difference

frequencies.

E(t) = E1e
iω1t + E2e

iω2t + E32e
iω3t + ...+ c.c. (2.15)

2.2.2 Phase matching

Eqn. 2.12 is that of a time varying polarization, which can act as a source for

electromagnetic fields. In a real material, there will be many sources, as atoms will

develop an oscillating dipole moment under influence of the time-varying polarization.

For useful generation of higher harmonics, the relative phases of the radiation from

each dipole need to add constructively in the forward direction. Thus, the derivations

in this section consider the spatial components of electric field too.

Assume that each component of the electric field obeys the driven wave equation

in NLO media,

∇2E − n2

c2
∂2E

∂t2
=

4π

c2
∂2PNL

∂t2
(2.16)

where n is the refractive index and PNL, is the nonlinear component of polarization.

In general, n is frequency dependent, so each frequency component of the electric field

must be considered separately.

E(r, t) =
∑
n

En(r, t) =
∑
n

[En(r)e
−iωt + c.c.] (2.17)

Eqn. 2.16 holds for each of the frequency components of the electric field. For the
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case of second harmonic generation, there are two components: ω and 2ω. Considering

propagation only in the z-direction, the electric field is given by

Eω = Aω(z)e
i(kωz−ωt) + c.c. (2.18)

E2ω = A2ω(z)e
i(k2ωz−2ωt) + c.c. (2.19)

where Aω(z) and A2ω(z) are amplitudes which vary slowly with z. k is the wave

number, where kω=nωω/c. The nonlinear component of polarization in Eqn. 2.16 is

given by:

PNL = χ(2)[Aωe
i(kωz−ωt) + A2ωe

i(k2ωz−2ωt)]2 + c.c. (2.20)

= χ(2)[A2
ωe

2i(kωz−ωt) + 2A2ωA
∗
ωe

i(k2ωz−kω−ωt) + c.c.+ higher order terms] (2.21)

Now we plug Eqns. 2.18 and 2.20 into the driven wave equations separately

for each frequency component. Since we are only considering the z-direction, ∇2 is

replaced by d2/dz2. At this point, the explicit reference to the complex conjugate is

also dropped.

d2A2ω

dz2
+ 2ik2ω

dA2ω

dz
= −ei(2kω−k2ω)z

16πω2

c2
χ(2)A2

ω (2.22)

d2Aω

dz2
+ 2ikω

dA2ω

dz
= −ei(−2kω+k2ω)z

8πω2

c2
χ(2)A2ωA

∗
ω (2.23)

In the slow-varying-amplitude approximation, the first term in each equation is

dropped, and we are left with the following coupled equations

dA2ω

dz
= ei∆kz 8iπω

2

k2ωc2
χ(2)A2

ω (2.24)

dA2ω

dz
= e−i∆kz 4iπω

2

kωc2
χ(2)A2ωA

∗
ω (2.25)
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where the phase mismatch ∆k is given by

∆k = 2kω − k2ω (2.26)

A common approximation is that Aω is constant, and in this case, the amplitude

of the second harmonic a distance L from the origin is given by integrating both sides

of Eqn. 2.24. ∫ L

0

dA2ω

dz
=

8πω2

k2ωc2∆k
χ(2)A2

ω[e
i∆kL − 1] (2.27)

The intensity (I) of a beam is given by the electric field squared, which is propor-

tional to A2ω.

I ∝ |A2ω|2 ∝
L2

(∆k)2
(ei∆kL−1)(e-i∆kL−1) =

L2 sin2(∆kL
2

)

(∆kL/2)2
= L2sinc2(∆kL/2) (2.28)

The sinc function is strongly peaked at zero, indicating that the second harmonic

intensity is maximized when ∆k=0. This is the phase matching condition. Expressing

this in terms of indices of refraction gives

∆k = 2nωω − 2n2ωω = 0 (2.29)

Generally, materials have dispersion and nω ̸=n2ω. However, a solution to Eqn.

2.29 can be found in a birefringent crystal where the indices of refraction are different

along different crystallographic axes. By adjusting the angle of the nonlinear crystal

(angle tuning) relative to the polarizations of the fundamental and second harmonic,

one can achieve the phase matching condition in Eqn. 2.29. The details below are

after Refs. [53] and [54].

The wave equation in a dielectric medium is given by

∇×∇× E+
1

c2
∂2E

∂t2
= − 1

c2

√
n2 − 1

∂2E

∂t2
(2.30)

Where n is a diagonal 3×3 matrix for the refractive index along 3 crystallographic
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axes.

n =


n1 0 0

0 n2 0

0 0 n3

 (2.31)

Usually uniaxial materials are used for second harmonic generation. Uniaxial

crystals have two axes of equal index of refraction and one that is unequal.

nuniaxial =


no 0 0

0 ne 0

0 0 no

 (2.32)

The subscripts refer to the ordinary (o) and extraordinary (e) axes.

Eqn. 2.30 has plane wave solutions ei(k·r−ωt) where the wavevector k satisfies

k× k× E+
ω2

c2
E = −ω2

c2

√
n2 − 1E (2.33)
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Figure 2.1: (a) sketch of a uniaxial birefringent crystal. beams propagate in kx-ky
plane. (b) Index of refraction as a function of planar angle (θ) for light of frequency
ω polarized along the ordinary direction (purple circle) and extraordinary direction
(green ellipse). (c) Index of refraction for light of frequency ω polarized along the
ordinary direction (purple circle) and light of frequency 2ω polarized along extraor-
dinary direction (orange ellipse). Their intersection gives the phase matching angle,
θphasematch

This can also be expressed in matrix form,M·E=0, and the equation has a solution
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if the determinant of M is zero.

M =


(noω/c)

2 − k2
y − k2

z kxky kxkz

kykx (neω/c)
2 − k2

x − k2
z kykz

kzkx kzky (noω/c)
2 − k2

x − k2
y

 (2.34)

Now consider only the kx-ky plane such that kz=0. The determinant of M is zero

if either or both of the following two expressions holds:

k2
x + k2

y = (noω/c)
2 (2.35)

k2
x

(neω/c)2
+

k2
y

(noω/c)2
= 1 (2.36)

These are equations for a circle and an ellipse as illustrated in Fig. 2.1(b). This

figure illustrates the indices of refraction as a function of angle in the kx-ky plane.

We are assuming a negative uniaxial crystal where no>ne The circle is for a beam

of frequency ω polarized in the ordinary direction and the ellipse is for a beam of

frequency ω polarized in the extraordinary direction. Next, we consider a beam of

frequency 2ω polarized in the extraordinary direction (Fig. 2.1(c)). The equation for

the index of refraction ellipse is given by

k2
x

4(ne(2ω)ω/c)2
+

k2
y

4(no(2ω)ω/c)2
= 1 (2.37)

Note the explicit indication that no and ne are functions of frequency. Assuming

the fundamental is polarized along the ordinary direction and the second harmonic is

polarized along the extraordinary direction, the points where the circle and the ellipse

intersect in Fig. 2.1(c) marks the phase matching angle. This is the angle where the

fundamental and second harmonic have the same index of refraction such that Eqn.

2.29 is satisfied. This angle is given by:

sin2(θ) =
n2
e(2ω)[n

2
o(2ω)− n2

o(ω)]

n2
o(ω)[n

2
o(2ω)− n2

e(2ω)]
(2.38)
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2.2.3 Prism coupled KBBF-device

The refractive indices of KBBF are given in Ref. [55] and they determine the phase

matching angle.

no(354.7nm) = 1.4932 (2.39)

no(177.3nm) = 1.5681 (2.40)

ne(177.3nm) = 1.4800 (2.41)

θ = 66.3◦ (2.42)

KBBF is a very flaky material which cannot be cut at the phase matching angle.

Thus, a prism-coupled device is used to ensure that light enters the KBBF at the phase

matching angle [56, 51]. The device, sketched in Fig. 2.2(a) consists of a plate-like

piece of KBBF crystal sandwiched between two CaF2 prisms. CaF2 is chosen because

it has a similar index of refraction as KBBF at 177nm, thus minimizing losses at

the interface. The KBBF and the faces of the prism are highly polished in order to

achieve optical contact, and light pressure is applied via mechanical clamp in order to

maintain contact (Fig. 2.2(b)). The incidence angle of the 354.7nm light is adjusted

such that it enters the KBBF at the phase matching angle (n354.7nm (CaF2)=1.446).

Thus, for prisms having the phase matching angle, the 354.7 nm light will not be

incident normal to the prism. The fundamental and second harmonic exit the prism

at different angles. For the geometry shown in Fig. 2.2 (a), they are 6.8◦ apart.

Thicker KBBF crystals tend to have higher second harmonic generation efficiency

[56]. We have built and tested two KBBF prism-coupled devices. The thicker one

capable of generation more 7eV power has been used for more than five years with no

catastrophic degradation. A measurement of the 7eV power generation as a function

of 3.5 eV power for both devices is shown in Fig. 2.3. We note that this varies some-

what when the laser ARPES system is re-aligned, as different spots on the KBBF

crystal may differ in optical quality and optical contact with the CaF2 prisms. Con-

version efficiencies up to 0.1% have been achieved with our KBBF devices.
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Figure 2.2: (a) Schematic of prism coupled device, consisting of KBBF sandwiched
between two CaF2 right-angle prisms with one of the angles being the phase matching
angle (θpm). Dashed line indicates extraordinary direction in KBBF. (b) Photograph
of prism coupled device used in laser ARPES experiments in this thesis.

2.2.4 Laser ARPES system

A schematic of the optics setup is shown in Fig. 2.4. At the entrance, a rotating

polarizer is used to control the 3.5 eV power and a lens is used to focus the beam

onto the KBBF. The KBBF device sits on a 3-axis translation stage, and this is

used to find the portion of the KBBF with the highest transmission. Then, the

KBBF device is rotated such that the 3.5 eV light enters the KBBF at the phase

matching angle. The 3.5 eV fundamental and 7 eV second harmonic exit the KBBF

device at different angles, and they are directed in opposite directions by turning

mirrors. The 7 eV light is sent through a quarter wave plate which can be rotated

to adjust the polarization from linear to right-hand circularly-polarized to left-hand

circularly polarized and elliptical polarizations in between. The 7eV beam is initially

polarized in plane, orthogonal to the incoming 3.5 eV. The quarter wave plate can be

replaced with a half wave plate in order to rotate the linear polarization. A phototube

(Hamamatsu) is used to measure the 7eV power, and it is flipped out of the beam

path when not in use. It has a coating to reject the 3.5 eV light, which is important

because there is plenty of diffuse and specular scatter. Finally, a lens is used to focus

the 7eV light onto the ARPES sample.

The optics are enclosed in a chamber which is purged with nitrogen, because 7eV
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Figure 2.3: 7 eV power generated as a function of 3.5 eV power (red) and efficiency
of second harmonic generation (blue) for two KBBF devices. The one with higher 7
eV power generation was used for experiments in this thesis.

is readily suppressed by oxygen and water. A MgF2 window is used to transmit

the beam into the ARPES chamber. Typical experiments are performed with 10-

20µWatts of 7eV.
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Figure 2.4: Schematic of 7eV laser optics, not to scale. 3.5 eV beam is polarized out
of plane, and 7eV beam is polarized in plane.



Chapter 3

Phase competition in trisected

superconducting dome

The enhanced photon flux in laser ARPES allows for more efficient data acquisition

than traditional synchrotron-based ARPES. This allows to investigate more momenta

and temperatures during an experiment before samples age (usually 24-48 hours for

cuprates). We have used this advantage to perform the most comprehensive study of

spectral gaps in Bi-2212 to date, exploring every variable available to ARPES: tem-

perature, doping, and momentum dependence. The superior energy and momentum

resolution of laser ARPES gives unprecedented access to the near-nodal region where

gaps are smallest and the lowest lying excitations relevant to ground state properties

exist. Understanding the subtle temperature dependence of gaps near and across Tc

allows us to formulate a picture of how superconductivity and the pseudogap compete

in a momentum-dependent manner. The laser ARPES data are supplemented with

synchrotron ARPES data to give a full momentum-space picture, which allows us to

propose a revised diagram. All of the temperatures and dopings that were studied

are shown in Fig. 3.1. This research is published in Ref. [39].

32
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3.1 Introduction

The momentum-resolved nature of ARPES makes it a key probe of the cuprates

whose emergent phases have anisotropic momentum-space structure [25, 27, 57, 58]:

both the d -wave superconducting gap and the pseudogap have a maximum at the

antinode (AN, near (π,0)) and are ungapped at the node, though the latter phase

also exhibits an extended ungapped arc [32, 59, 60, 61]. Ordering phenomena often

result in gapping of the quasiparticle spectrum, and while ARPES does not always

directly reveal the origin of spectral gaps, such information can be inferred from

characteristic temperature, doping, and momentum dependence of gaps arising dis-

tinct quantum states. This was demonstrated by recent ARPES experiments that

argued that the pseudogap is a distinct phase from superconductivity based on their

unique phenomenology [32, 33, 34, 35, 36, 37, 62]: the pseudogap dominates near

the antinode (AN) [32, 35], and its magnitude increases with underdoping [35, 36],

whereas near-nodal (NN) gaps can be attributed to superconductivity and close at Tc

[32, 36]. Previous measurements focused on AN or intermediate (IM) momenta, but

laser-ARPES, with its superior resolution and enhanced statistics, allows for precise

gap measurements near the node where gaps are smallest. This work is unique in its

attention to NN momenta using laser-ARPES, and it demonstrates, via a single tech-

nique, that three distinct quantum phases manifest in different NN phenomenology

as a function of doping.

3.2 Samples

The composition and experimental setup (temperature, photon energy, cut geometry)

for the low temperature portion of the study is shown in Table 6.1. All of the dopings

and temperatures investigated are summarized in Fig. 3.1.
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Table 3.1: ΓY refers to cuts taken parallel to the (0,0)-(π,π) line and ΓM refers to cuts
taken parallel to (π,0)-(π,π). Dopings determined from Tc via an empirical curve,
Tc=Tc,max∗[1-82.6(p-0.16)2], taking 96K as the optimum Tc for Bi-2212 [63].
Sample Composition Temperature (Fig. 3.3) Experiment
UD22 Bi2Sr2(Ca,Dy)Cu2O8+δ 10 7eV, ΓY
UD34 Bi2Sr2(Ca,Dy)Cu2O8+δ 11 7eV, ΓY
UD40 Bi2Sr2(Ca,Dy/Y)Cu2O8+δ 12 7eV, ΓY; 19eV, ΓY
UD50 Bi2Sr2(Ca,Y)Cu2O8+δ 10 19eV, ΓY
UD55 Bi2Sr2(Ca,Dy)Cu2O8+δ 11 7eV, ΓY
UD65 Bi2+xSr2−xCaCu2O8+δ 12 7eV, ΓY
UD75 Bi2Sr2CaCu2O8+δ 10 22.7eV, ΓM
UD83 Bi2Sr2CaCu2O8+δ 13 7eV, ΓY
UD85 Bi2Sr2CaCu2O8+δ 13 22.7eV, ΓM
UD92 Bi2Sr2CaCu2O8+δ 10 7eV, ΓY; 22.7eV, ΓM
OP96 Bi2Sr2(Ca,Y)Cu2O8+δ 10 21.2eV, ΓY
OP98 (Bi,Pb)2Sr2CaCu2O8+δ 30 18.4eV, ΓM
OD92 (Bi,Pb)2Sr2CaCu2O8+δ 10 18.4eV, ΓY
OD86 Bi2Sr2CaCu2O8+δ 18 22.7eV, ΓM
OD80 (Bi,Pb)2Sr2CaCu2O8+δ 12,30 7eV, ΓY; 18.4eV, ΓM
OD71 (Bi,Pb)2Sr2CaCu2O8+δ 30 18.4eV, ΓM
OD65 (Bi,Pb)2Sr2CaCu2O8+δ 10, 18 7eV, 21.2eV, ΓY

3.3 Results

The energy gap in energy distribution curves (EDCs) can be quantified by several

metrics: the position of the leading edge midpoint (LEM) relative to EF , the energy

positions of a quasiparticle peak, or by fitting data to an assumed model. The first two

methods do not take the lineshape into account, and are less suitable for comparing

gaps among samples with different dopings. Thus, we determined the gap at each

cut by fitting symmetrized EDCs at the Fermi wavevector, kF , to a minimal model

proposed by Norman et al. [64], Σ(k, ω)=-iΓ1+ ∆2/[(ω+i0+) + ϵ(k)], where Γ1 is

taken to be a single particle scattering rate, ϵ(k) is the dispersion, and the gap, ∆, is

the quantity of interest in the fitting. It is assumed that ϵ(kF )=0, and kF is defined by

the minimum gap locus. A quadratic background was also included to fully account

for the lineshape in the deeply underdoped regime or at momenta far from the node.

This fitting is applicable to our data as long as a peak is visible in the EDC. Fig. 3.2,
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Figure 3.1: Summary of samples and temperatures studied for this thesis chapter and
Ref. [39]. Circles: momentum-dependence study; diamonds: antinode only.

shows the low energy portion (ω<110meV) of symmetrized EDCs at low temperature

together with fits. In laser ARPES data, EDC peaks become smaller away from

the node, which is not intrinsic for most dopings. Synchrotron data taken at higher

photoenergy with cuts parallel to ΓM do not show such a substantial decrease in peak

intensity [65, 66], with the exception of deeply underdoped samples (p<0.09). The

intensity of the quasiparticle peak relative to the higher energy part of the spectrum

is also generally not intrinsic, but comparisons between different dopings can be made

if experimental conditions (photon energy, polarization, cut geometry) are identical.

EDC peaks become smaller and broader with decreasing doping, a correlation and

disorder effect, as widely reported [67], and the Norman model provides a good and

stable fit to all data throughout the doping range, even though it is a minimal model

and does not capture the full physics of the system.
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Figure 3.2: Selected symmetrized EDCs at low temperatures with fits. All data taken
with 7eV laser and cuts parallel to ΓY.

3.3.1 Low Temperature

Near-nodal region

Fig. 3.3(a)-(c) shows gaps around the Fermi surface in terms of the simple d -wave

form, 0.5|cos(kx)−cos(ky)|, measured near 10K for the samples in the study. These

data are quantified by the gap slope, v∆, which measures how fast the d -wave gap

increases as a function of momentum away from the node. We find that the low-

temperature v∆ changes suddenly at two dopings, p=0.076 and p=0.19, which are

marked in the energy-doping phase diagram in Fig. 3.3(d), dividing the supercon-

ducting dome into three regions, labeled A, B, and C. In a d -wave superconductor,

v∆ is expected to scale with Tc, and in region C (p>0.19, Fig. 3.3(c)), v∆ and Tc

indeed decrease together. Region B (0.076≤p≤0.19), exhibits a markedly different

behavior: NN gaps are almost coincident over a large portion of the Fermi surface for
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all samples shown in Fig. 3.3(b1-b2), indicating a doping-independent v∆, despite Tc

varying by more than a factor of two. The laser-ARPES gap functions show a slight

curvature, nearly identical for all dopings, which is not visible in synchrotron-ARPES

data (Fig. 3.4), due to poorer resolution and a sparser sampling of momenta. We

note that the crossover between regions B and C is very abrupt, as v∆ decreases

by almost 25% for a change in doping ∆p=0.01, after having been constant within

error bars for ∆p=0.12. In addition, it appears that the gap function also changes

at the same doping, as the slight curvature in gap function observed in 3.3(b1) is not

observed in region C.

There is also a very abrupt transition between regions A and B at p=0.076 (Fig.

3.3(a)), as region A exhibits a gap at every Fermi surface momentum and there is

no node where the gap is identically zero. The gap minimum (∆node) is at the nodal

momentum (along (0,0) - (π,π)) and increases with underdoping. Though v∆ is no

longer defined, the gap is anisotropic around the Fermi surface, so we define a gap

anisotropy parameter, vA, from the slope of the gap as a function of momentum. In re-

gionA, vA decreases with underdoping. The low-temperature NN energy scales which

characterize each of the three phase regions are summarized in Fig. 3.3(d). These

findings are an important refinement to previous results which indicated that the

NN region is dominated by superconductivity. They demonstrate more conventional

d -wave superconductivity in region C, unconventional doping-independent d -wave

superconductivity in region B, and a nodeless unconventional superconductivity in

region A.

Near-antinodal region

Figure 3.5 shows the doping dependence of the antinodal gap, ∆AN , for 0.076<p<0.22,

plotted together with v∆ and vA. ∆AN is extracted by fitting the energy position of

the superconducting quasiparticle peak at the antinode (the strongly peaked features

in Fig. 3.5). Values quantitatively agree with area-averaged STS [68]. ∆AN increases

with underdoping p<0.12, shows weak doping dependence for 0.12≤p≤0.19, and de-

crease with increasing doping p>0.19. Moving into region A, antinodal EDCs at low

temperature become entirely featureless 3.6. The absence of a quasiparticle peak in
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Figure 3.3: Three distinct phase regions at low temperature. Label UD/OP/OD
denotes underdoped/optimal/overdoped sample with Tc given by the number which
follows. (a)-(d) Gaps plotted in terms of the simple d -wave form. v∆ (vA) is from a fit
over the linear portion of the gap function, as shown by dotted(solid) line in (b1,a).
(a) In region A, Fermi surface is fully gapped with gap minimum, ∆node, at nodal
momentum. Gap anisotropy vA decreases with underdoping. (b1-b2) Region B has
doping-independent v∆. (c) In region C, v∆ decreases as Tc decreases. Dashed line
is guide-to-the-eye for average v∆ observed in region B. Error bars in laser-ARPES
reflect 3σ error in fitting procedure and an additional 100% margin. Error bars
in synchrotron data reflect uncertainty of determining EF (±0.5 meV), error from
fitting procedure, and an additional 100% margin. (d) Summary of low-temperature
NN energy scales. Arrows mark critical dopings dividing phase diagram into three
phase regions.

ARPES spectra is not definitive, because it may indicate that the optimal experimen-

tal conditions (photon-energy, polarization, cut direction) were not employed for that

particular sample. However, it is intriguing that remnants of antinodal quasiparticles

disappear at the same doping where a gap appears at the nodal momentum.
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3.3.2 Temperature Dependence

In Fig. 3.7 we compare low temperature gaps with gaps just above Tc in each of the

three phase regions. For samples which are in region A at low temperature, the NN

gaps are temperature-independent across Tc, and the Fermi surface remains gapped at

every momentum above Tc, in agreement with LSCO data in Ref. [69]. This indicates

that the gap at the nodal momentum does not have a purely superconducting origin

and that the onset doping for region A is the same at low temperature and Tc. In

region B, gaps close or diminish near the node at Tc while AN gaps remain above

Tc. This observation of Fermi arcs near the node and gaps near the antinode is the

usual ARPES signature of the pseudogap above Tc. Here, Fermi arcs are defined as

momenta where the symmetrized EDCs at kF are peaked at EF implying zero gap

[61]. All of the samples which exhibit characteristic doping-independent NN gaps

of region B at low temperature also display a Fermi arc and antinodal gap above

Tc. Additionally, OD80 (p≈0.205) has an AN gap persisting T>Tc, demonstrating

a pseudogap above Tc at this doping. Thus, we classify the temperature-dependence

of OD80 with region B in Fig. 3.7 even though it exhibits region C phenomenology

at low temperature. This suggests that the doping separating regions B and C may

be different at low temperature and Tc and that the pseudogap may exist at higher

temperature for p>0.19. Finally, the most overdoped sample in the study, OD65,
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Figure 3.5: Antinodal gap at low temperature. (a) Comparisons of v∆, VA, and ∆AN ,
the antinodal gap. STS data for comparison from Ref. [68]. (b) definition of ∆AN .
(c) antinodal EDCs for a selection of dopings.

exhibits an ungapped Fermi surface T>Tc, demonstrating that the pseudogap above

Tc persists until p≈0.22, in agreement with other recent ARPES results [70].

We study temperature-and-doping dependence of gaps below Tc in two ways:

doping dependence at comparable temperature and temperature dependence at var-

ied dopings. The former is shown in Fig. 3.8, where three dopings (UD40, UD65,

and UD92) are studied at three temperatures. These three dopings are chosen to be

in a doping regime where superconductivity and pseudogap energy scales are sepa-

rated to varying degree. Two distinct doping dependencies are observed in different

regions of the Fermi surface: doping-independent gaps and gaps which increase with

underdoping. At 10K, doping-independent gaps are observed at NN and IM mo-

menta and gaps which increase with underdoping are observed at the AN. Just below
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Tc, however, doping-dependent gaps extend into the IM region. Above Tc, gaps in-

crease with underdoping everywhere except the Fermi arc. Notably, a region of the

Fermi surface, marked with a dashed box in Fig. 3.8 is home to doping-independent

gaps at low temperature but doping-dependent gaps near/above Tc. Fig. 3.9(a)-(g)

shows a full temperature dependence of gaps from low temperature to just above

Tc for a number of dopings ranging from UD34 to OD80. Temperature dependence

near the node occurs in a limited temperature range within 25% of Tc, showing the

temperature-dependence of the gap to be more abrupt than a mean-field model. The

momentum region where gaps decrease near Tc becomes larger with increasing dop-

ing. This is seen by comparing the temperature dependence of gaps for different

dopings at selected momenta (Fig. 3.9(h)-(m)). At the example momentum closest

to the node (0.5 ∗ | cos(kx)− cos(ky)| = 0.2), all dopings show the gap closing at Tc.

At 0.5 ∗ | cos(kx)− cos(ky)| = 0.4, a doping dependence is clearly observed: the most

underdoped sample (UD40) shows a gap which is unchanged across Tc, moderately

underdoped samples (UD55, UD65) show gaps which close by about 30% across Tc,
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Figure 3.7: Distinct temperature dependence of gap in each of three phase regions.
Red: low temperature gap. Blue: gap T>Tc. (a1-a2) In region A, NN gaps do not
close across Tc. (b1-b3) In region B, NN gaps partially close at Tc, with AN pseu-
dogap remaining T>Tc. OD80 is in phase region C at low temperature, but behaves
like phase region B T>Tc. (c) He-lamp data. For p≥0.22, gap closes everywhere on
Fermi surface T>Tc.

and the highest dopings (OD88, OD80) show gaps which close completely across Tc.

At the antinode, most dopings show a gap which is unchanged across Tc, except for

OD80 which shows a moderate temperature dependence (≈ 20%).

3.4 Discussion

3.4.1 Phase region A

Whereas some ARPES experiments suggest a smooth evolution of phenomenology

from the moderately underdoped regime to the edge of the superconducting dome

[61, 71, 72], our data indicate distinct physics in region A (p<0.076) which coexists
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with superconductivity, characterized in ARPES by gaps at every Fermi surface mo-

mentum. This is commonly called a ’nodal gap’ even though that phrase is a bit of
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Figure 3.9: Temperature dependence of gaps across Tc in two ways: comparison of
different temperatures at fixed dopings (a)-(g) and comparison of different dopings at
fixed momenta (h)-(m). (a)-(g) Gaps from low temperature to T>Tc. Shaded region
denotes momenta where gap T>Tc is smaller than low temperature gap, as explained
in inset of (d). (h)-(m) Gaps for different dopings at momenta indicated in panel (e).

an oxymoron. These results are supported by similar data in other cuprates. A fully

gapped state at the underdoped edge of the superconducting dome has been shown

in Ca2−xNaxCuO2Cl2 (Na-CCOC) [73] and Bi2Sr2−xLaxCuO6+δ (La-Bi2201) [16], and

our study is the first report of a fully gapped Fermi surface, both above and below

Tc, in Bi-2212 at superconducting dopings. More recently, there have been published

studies focusing on the nodal gap in superconducting La2−xSrxCuO4 (LSCO)[69] and

La-Bi2201 [74], demonstrating that the nodal gap is a ubiquitous at the underdoped

edge of the superconducting dome. It should be noted that these reports of a gap

at the nodal momentum do not necessarily mean that the density of states at EF is

zero. For example, in Fig. 3.2(b), the density of states is clearly not zero. In Bi-2212,
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there are three abrupt changes in NN gap phenomenology at p=0.076: a fully gapped

Fermi surface appears, the gap anisotropy away from the nodal momentum starts

to decrease, and the NN gaps become temperature-independent across Tc such that

Fermi arcs are not observed. Notably, EDCs in region A remain sufficiently sharp

near the nodal momentum, such that it is unlikely that this behavior is primarily

disorder driven (Fig. 3.2). There have been recent reports of a similar critical dop-

ing p≈0.07-0.10 in YBa2Cu3Oy (YBCO), varyingly attributed to a metal-insulator

quantum critical point [75], a Lifshitz transition [76], or spin density wave order [19].

While a similar onset doping might suggest a common origin of phenomena observed

in YBCO and Bi-2212, there are some inconsistencies, such as thermal conductivity

data, which do not support a fully gapped Fermi surface at low dopings in YBCO

[77]. This discrepancy may be materials-dependent, reflecting differences in disorder

and Fermiology. Alternately, the ground state in region A may exhibit intrinsic time

or spatial variation such that different techniques are sensitive to different aspects,

which is supported by neutron scattering and muon spin-relaxation measurements in

YBCO indicating slowly fluctuating spin order at the edge of the superconducting

dome [78].

3.4.2 Phase Regions B and C

Though superconductivity has been shown to dominate at NN momenta [32, 33], Fig.

3.3(b) indicates that NN gaps are remarkably insensitive to Tc in a broad doping

range constituting region B, suggesting that NN gaps in region B do not reflect the

bare superconducting order parameter. Another interpretation is that it is not de-

pairing which limits Tc, but rather, phase fluctuations [79]. Other experiments also

support a doping-independent v∆, including specific heat measurements in YBCO

[80] and scanning tunneling spectroscopy (STS) data in Bi-based cuprates [81, 82].

We note that a recent paper (Ref. [83]) discussed the momentum-and-doping depen-

dence of low-temperature gaps in terms of a monotonically increasing magnitude of

higher harmonics in the gap function towards underdoping. The data agree quan-

titatively between that work and ours. however, their interpretation is that the
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doping-independent vDelta in region B is a coincidence, and our interpretation is that

it is not a coincidence and is a manifestation of pseudogap physics. We interpret the

sudden change in v∆ at p=0.19 as the T=0 endpoint of the pseudogap, in agreement

with penetration depth and Cu-site impurity doping experiments [80, 84]. Addition-

ally, earlier ARPES data showed a maximum in the antinodal quasiparticle spectral

weight at p=0.19 [67]. The more conventional relation between Tc and v∆ in region

C likely reflects a pure superconducting ground state at low temperature. Region B

is identified as a coexistence regime of superconductivity and the pseudogap, with

support from independent ARPES data in our study. For all of region B, coexistence

of pseudogap and superconductivity in Bi-2212 manifests in ARPES via distinct tem-

perature dependence of gaps near the node and further away from the node [32]. For

the most underdoped portion of region B (p<0.12), coexistence also manifests in a

gap function which deviates strongly from a simple d -wave form at the AN, such that

v∆<∆AN , where ∆AN is the antinodal gap. The doping where ∆AN first surpasses

v∆ is not significant, and simply indicates the doping where the superconducting

gap (NN) energy scale is sufficiently smaller than the pseudogap (AN) energy scale.

For some lower Tc cuprates, gaps already deviate from a simple d -wave form at op-

timal doping and show stronger deviation than Bi-2212 in the underdoped regime

[33, 36, 85]. Although the pseudogap is considered to be primarily an antinodal phe-

nomenon, these new results uniquely demonstrate that its presence in region B also

manifests at NN momenta, namely, the doping-independent v∆. Similarly, the ab-

sence of the pseudogap in the ground state p>0.19 is also apparent at NN momenta,

via a doping-dependent v∆. The origin of the doping-independent v∆ in region B

remains unresolved, but it may indicate a superconducting gap whose magnitude is

renormalized by coexistence with the pseudogap.

The temperature dependence of spectral gaps provides microscopic information

about the momentum-and-temperature dependence of the superconductivity/pseudogap

coexistence in region B. Fig. 3.8 demonstrates that at IM momenta, gaps have char-

acteristic pseudogap-like doping-dependence–increasing with underdoping [20, 86]–

when superconductivity is weak (absent) just below (above) Tc, but are doping-

independent at low temperature. This demonstrates that the pseudogap is not static
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below Tc, but rather, it is suppressed by superconductivity at low temperature. This

nuance within the ’two-gap’ picture indicates that the temperature dependence of the

pseudogap must also be considered for quantitative understanding of the supercon-

ducting state.

Fig. 3.5 demonstrates that there is a doping range 0.12≤p≤0.19 where ∆AN is

almost independent of doping and the gap function is close to a simple d -wave form

(defined at v∆≈∆AN); notably, in this doping range, T* decreases with doping (Fig.

3.11). This itself is a non-trivial observation which provides additional evidence that

the pseudogap is suppressed by superconductivity below Tc, because the antinodal

region assumes the doping-independence of near-nodal gaps, rather than the doping-

dependence of T*. It must be noted that although a slight curvature away from a

simple d -wave form is observed in laser-ARPES data for UD83 and UD92, both with

p≥0.12 (Fig. 3.4, but v∆≈∆AN in those samples, such that near-nodal and antinodal

energy scales are similar and the gap function is not considered to deviate strongly

from a simple d -wave form. Nevertheless, this slight curvature of the gap function

may be important for understanding subtleties of pseudogap/superconductivity co-

existence.

Fig. 3.8 shows that the Fermi arc just above Tc does not represent the only mo-

menta where superconductivity emerges, because the doping-independent gap region

at T=10K extends beyond the Fermi arc measured T>Tc. A better way to define

momenta with superconducting character is by temperature dependence near Tc, and

the superconductivity-dominated momentum region defined in this manner expands

with doping. Although a pure superconducting gap closes entirely at Tc, we use a

more lenient definition–a gap which diminishes approaching Tc–to define momenta

with superconducting character. This momentum region is shaded in pink in Fig.

3.9(a)-(g) and gets larger with increasing doping. We note that superconductivity

exists over the entire Fermi surface in Bi-2212, as sharp quasiparticles are observed

at the AN for p>0.08 [65, 67], but our definition of the ’superconducting region’

selects the portion of the Fermi surface where the temperature dependence of gaps

indicates significant spectral contributions from superconductivity. This definition

also permits for coexistence of pseudogap and superconductivity at some momenta,
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accounts for the observation that the pseudogap itself has temperature dependence,

and is not hindered by difficulties in defining the Fermi arc length due to its tem-

perature dependence [61]. The temperature dependence data in Figs. 3.9 and 3.8

provides a phase competition picture of superconductivity/pseudogap interaction in

momentum space: the pseudogap is suppressed by superconductivity at low tempera-

tures and larger dopings. When the pseudogap is suppressed, it surrenders a portion

of the Fermi surface where it once existed.

Determining T*

Fig. 3.11 shows T* from ARPES, STS, and SIS tunneling experiments together,

because these are comparable techniques where T* is determined by a suppression

of antinodal density of states at EF . If T* is sufficiently low to be accessible by

ARPES, we use a standard definition [61, 87], defining T* as the temperature when

symmetrized antinodal EDCs at kF exhibit a single peak at EF , as shown in Fig.

3.10 (a). For more underdoped samples, T* is not reliably accessible by ARPES,

because oxygen can become mobile above T≈200K changing the doping near the

surface during the course of an experiment. In those cases, T* is determined by

extrapolating parameters measured in the pseudogap state at lower temperature, such

as the spectral loss function [61] or the fitted gap [64], as shown in Fig. 3.10(b)-(d).

3.4.3 Proposed Phase Diagram

The starting point of the phase diagram proposed in Fig. 3.11 is the observation of

three distinct phase regions at low temperature as a function of doping, separated by

two potential quantum critical points inside the superconducting dome at p=0.076

and p=0.019. The former marks the onset of regionA, whose experimental signatures

in ARPES suggest an emergent phase which coexists with superconductivity, while

the latter is interpreted as the T=0 endpoint of the pseudogap. The p=0.19 criti-

cal point of the pseudogap has support from thermodynamic experiments in several

cuprates [80, 84], and various experiments support a distinct phase at the under-

doped edge of the superconducting dome [19, 73, 75], though its precise identification



CHAPTER 3. TRISECTED SUPERCONDUCTING DOME 49

In
te

n
si

ty

-0.2 -0.1 0.0 0.1 0.2
E-EF (eV)

100 
 

110 
 

120 
 

130 
 

140 
 

150
 
 

160
 
 
T*=170
 
 
180

UD92

-0.2 -0.1 0.0 0.1 0.2
E-EF (eV)

90

100

110

120

130

140

150

160

170

180

200

220

I0
I
∆

UD85

0.6

0.5

0.4

0.3

0.2

0.1

0.0

S
L

300250200150100
Temperature (K)

 SL=1-I0/I
∆

 

Temperature (K)

UD85

UD85

(a) (b)

(c)

(d)
60

50

40

30

20

10

0
G

a
p

 (
m

e
V

)
300250200150100

 Fitted Gap

Figure 3.10: Extracting T* from ARPES data. (a) UD92. Symmetrized EDCs at kF
T>Tc. T* highlighted in red, defined as temperature when symmetrized EDCs show a
single peak at EF . (b) UD85, symmetrized EDCs at kF . (c)-(d) T* determined from
extrapolating spectral loss function (SL)[61] or fitted gap [64]. Because antinodal
spectra are considerably broader above Tc, an additional lifetime term is included in
the fitting, as discussed in Ref. [64].

is still debated. A trisected ground state has support from transport experiments in

a magnetic field [76, 40] and some theoretical proposals also favor a ground state with

multiple critical points [88]. Our data demonstrate how these critical points manifest

in the phenomenology of NN spectral gaps. The phase diagram in Fig. 3.11 also

features conjectured re-entrant behavior of the pseudogap inside the superconducting

dome, as a direct consequence of phase competition between superconductivity and

the pseudogap [89, 90, 91] which is reflected in temperature dependent ARPES data

(Fig. 3.8, Fig. 3.9. The phase boundary between regions B (SC+PG) and C (SC) is

anchored by ARPES data at T=0 and T=Tc, which show a sudden change in v∆ and

an absence of pseudogap T>Tc, respectively. It is supported by OD80 data which
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obeys region C phenomenology at low temperature, but region B phenomenology

at higher temperature, with the pseudogap persisting above Tc. It has been shown

that the T=0 endpoint of a competing order is expected to shift under the supercon-

ducting dome [92], such that high temperature measurements of the pseudogap phase

boundary do not extrapolate to the T=0 endpoint seen inside the superconducting

dome. This manifests clearly in the BaFe2As2 family of iron pnictides compounds

where both magnetic and structural phases have been shown to coexist with and be

suppressed by superconductivity [93, 8], and a phase diagram with re-entrant behav-

ior has been demonstrated [8]. A phase diagram with a reentrant pseudogap resolves

conflicting reports about the fate of the pseudogap transition temperature, T*, inside

the superconducting dome. Some experiments suggest that the T* line intersects

the superconducting dome and reaches T=0 at p=0.19 [20, 80], whereas others, par-

ticularly spectroscopies, including our ARPES measurements of T* shown in Fig.

3.11, indicate that T* and Tc merge on the strongly overdoped side [70, 94, 95, 96].

Though variations between different experiments are expected, the data in this chap-

ter demonstrate both behaviors within a single technique.

3.5 Conclusions

We have performed a thorough doping-and-temperature dependence study of spectral

gaps in superconducting Bi-2212. At low temperature, there are three distinct phase

regions with different characteristic phenomenology of NN gaps. In phase region B

(0.076<p<0.19), which is identified as a regime where superconductivity coexists with

the pseudogap in the ground state, gaps at NN and IM momenta are independent

of doping. In region C (p>0.19), identified as a pure superconducting ground state,

the d -wave superconducting gap decreases as Tc decreases. Region A (p<0.076) is

identified as an emergent phase characterized by a fully gapped Fermi surface and

a gap anisotropy which decreases with underdoping. Temperature dependence of

gaps reveals a phase competition picture of the pseudogap and superconductivity,

where pseudogap physics dominates a smaller region of the Fermi surface at low

temperatures and larger dopings. From these doping-and-temperature dependence
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data we propose a new phase diagram featuring a trisected superconducting dome

and conjectured re-entrant behavior of the pseudogap.



Chapter 4

Quasiparticles in Bi-2212

4.1 Introduction

This chapter focuses on quasiparticles in the superconducting state. The first section

highlights the appearance of well defined momentum eigenstates even when the gap

function deviates from a simple d -wave form (published in Ref. [66]). The second

section makes comparisons between ARPES and Fourier-transform scanning tunnel-

ing spectroscopy to illustrate different conclusions about quasiparticles from single

particle and two particle experiments (Ref. [65]). The final section discusses the

presence of upper Bogoliubov peaks below Tc and their absence above Tc (published

in supplements of [39]).

Table 4.1: Summary of samples studied for this chapter with their composition.
Sample Composition
UD50 Bi2Sr2(Ca,Y)Cu2O8+δ

UD65 Bi2+xSr2−xCaCu2O8+δ

UD75 Bi2Sr2CaCu2O8+δ

UD92 Bi2Sr2CaCu2O8+δ

52
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4.2 Quasiparticles and deviation from simple d-

wave form

Recently there has been increasing experimental evidence indicating that supercon-

ductivity and the pseudogap are distinct quantum phases with the former dominating

near the node, the latter dominating near the antinode, and both coexisting below

Tc [32, 33, 34, 35, 36, 37, 62]. The topic of quasiparticles is relevant in this context

because it highlights important subtleties in this ’two-gap’ picture below Tc.

In the simplest realization of a nodal/antinodal dichotomy between supercon-

ductivity and the pseudogap, the two orders are completely disjointed and occupy

different momenta on the Fermi surface. In this scenario, one would not expect

superconducting quasiparticles at the antinode. However, sharply peaked spectral

features are observed over the entire Fermi surface in Bi-2212 (Fig. 4.1), and those

near the antinode are likely of superconducting origin because they disappear above

Tc. Closer to the node where the gap is smaller, upper Bogoliubov quasiparticles

are observed, confirming the superconducting origin of quasiparticles there. Thus,

below Tc, ARPES observes superconducting features over the entire Fermi surface,

even in the antinodal region. This subtlety within the two-gap picture cannot be

neglected: although the pseudogap dominates near the antinode, superconducting

spectral features are also seen there.

One manifestation of the pseudogap below Tc is a deviation of the gap function

from a simple d -wave form near the antinode [35, 36, 33]. This is observed p≤0.125

in Bi-2212 and at optimal doping for lower Tc cuprates such as LSCO and Bi-2201.

It has been suggested that this deviation from a simple d -wave form is measured

only because sharp quasiparticles are absent in the antinodal region–i.e. the gap

is defined differently at the antinode or its energy is difficult to define because of

broader spectra [97, 98]. While antinodal quasiparticles may be less robust in lower

Tc cuprates, this idea is not borne out in ARPES data in Bi-2212. Figure 4.1 shows

quasiparticles from the node to the antinode for four underdoped Bi-2212 samples

at 10K, together with fits of the gap at each momentum. Notably, for the three

most underdoped samples, the gap function deviates from a simple d -wave form, but
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quasiparticles are still observed at the momenta where this deviation happens. The

gap fits in Fig. 4.1(e)-(h) reflect the energy position of the superconducting feature.

However, its energy position is strongly influenced by the underlying pseudogap such

that the superconducting feature appears at a higher binding energy than it would

in the absence of the coexisting pseudogap.

It has also been suggested that the gap function in Bi-2212 only deviates from

a simple d -wave form in samples with cation substitution on the calcium site, and

this observation thus reflects more disordered samples. However, the gap function

deviates from a simple d -wave form in the UD75 sample where doping is achieved

only by oxygen annealing. In addition, the quasiparticle spectral weight, the antinodal

energy gap, and other pertinent spectral features show a continuous evolution from the

lightly underdoped regime (only oxygen annealing) to the deeply underdoped regime

(cation substitution). Nevertheless, the details of how different chemical substitutions

affect cuprate physics is an important thing to quantify in subsequent studies. Oxygen

annealing can only dope Bi-2212 in a limited range (see Fig. 1.5) which is insufficient

for truly comprehensive studies, so substitutional doping is unavoidable. It is crucial

to understand what else changes besides doping when those chemical substitutions

are made.

4.3 Quasiparticles in ARPES and STM

Scanning tunneling spectroscopy (STS), a real-space probe, has been used to infer

momentum space properties of cuprates by studying the Fourier transform of spatial

conductance maps [99, 100, 101, 102]. In quasiparticle interference (QPI), quasi-

particles scattering from impurities in a superconductor interfere with one another,

producing a standing wave pattern in the local density of states ρ(r,ω), which can

be studied via Fourier transform, ρ(q,ω). The dispersion of the peaks in ρ(q,ω) as a

function of bias voltage ω is analyzed in terms of the octet model and yields infor-

mation about the Fermi surface and momentum dependence of the superconducting

gap [100, 101, 102]. Dispersing QPI peaks are observed over a limited energy range,

corresponding to the portion of the Fermi surface indicated in Fig. 4.2. At low bias
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Figure 4.1: EDCs and gap fits for underdoped Bi-2212. (a)-(d) EDCs at kF (T=10K)
for four dopings. Top curve is near the node and bottom curve is near the antinode.
Insets sketch where cuts intersect Fermi surface. Sharp peak in all EDCs demonstrate
that quasiparticles are observed by ARPES all around the Fermi surface in under-
doped Bi-2212 in this doping regime. (e)-(h) Gaps fit from the EDCs in (a)-(d). The
three most underdoped data show a deviation from a simple d -wave form near the
antinode, while still having sharp quasiparticle peaks at the same momenta.

voltage, it is likely that QPI is weak or absent because of tunneling matrix elements
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which suppress near-nodal states [103], and this explanation also reproduces the dis-

agreement in the momentum dependence of the superconducting gap between ARPES

and QPI. Dispersing QPI peaks are also absent at higher bias voltage: upon reach-

ing the bias voltage associated with the antiferromagnetic (AF) zone boundary (line

connecting (π,0) and (0,π)), many of the peaks in ρ(q,ω) disappear, leaving behind a

localized state which breaks translational and rotational symmetry, which has been

associated with pseudogap physics [100, 104]. From the extinction of QPI at the AF

zone boundary, it has been suggested that superconducting quasiparticles themselves

become extinct at the antiferromagnetic zone boundary, even in overdoped materials

which are far away from the parent antiferromagnetic Mott-insulator state on the

phase diagram. Fig. 4.1(a)-(d) clearly refutes the claim of extinction, as sharp peaks

are seen all the way to the antinode, and Fig. 4.2(b)-(c) show that these peaks are

always quasiparticle-like (scattering rate is smaller than binding energy) and their

fitted scattering rate evolves smoothly around the Fermi surface, without diverging

near the antiferromagnetic zone boundary.

To address this discrepancy, Ref. [65] considered a single impurity and a ’patch’

impurity in a d -wave superconductor and studied the momentum dependence of the

T̂ -matrix, which is the Fourier transform of the impurity Hamiltonian. From this, it

was shown that certain types of impurities can suppress QPI peaks (a two-particle

experiment), even though the quasiparticle is still present in the single-particle mea-

surement (ARPES).

Thus, the proper thing to do is compare single-particle experiments to other single

particle experiments, which is shown in Fig. 4.3. ARPES measures the single particle

spectral function in a momentum-resolved manner, but without spatial resolution,

while STS measures the density of states (momentum integrated) at every spatial

point r. They can be related to each other by integrating ARPES spectra over

momentum and STS spectra over position.∫
σ(V )dr ∝

∫
dω[−f ′(ω − eV )]

∑
k

|Mk|2A(k, ω) (4.1)

where f’ is the derivative of the Fermi function, which is almost a delta function at
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low temperature, A(k,ω) is the single particle spectral function measured by ARPES,

and |Mk|2 is a tunneling matrix element which reflects the momentum-dependence of

tunneling probability. The tunneling matrix element in the cuprates is still debated

[105], but functional form of the low-voltage tunneling conductance suggests that

|Mk|2 ∝ (cos(kxa) − cos(kya))
2. Implementing this matrix element provides good

agreement between area-averaged STS and momentum-averaged ARPES at low bias

voltage. The energy positions of the coherence peaks do not agree, with area averaged

STS giving peaks which are about 6 meV larger than momentum-averaged ARPES.

This may be because STS at positive bias is being compared to occupied ARPES

spectra (corresponding to negative bias). If so, the particle-hole asymmetry may be

meaningful and should be explored further. Alternately, this discrepancy may arise

from experimental details of STS which are not being considered.
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Figure 4.2: Comparison to QPI and momentum dependence of scattering rate. (a)
Locus of quasiparticles observed by ARPES and QPI (Ref. [65, 100]) for samples of
similar Tc. ARPES observes sharp quasiparticles all around the FS, whereas QPI im-
plies quasiparticle termination at the antiferromagnetic zone boundary (dashed line).
(b)-(c) Gap and scattering rate around the Fermi surface for UD92 and UD75, demon-
strating that all the peaks in Fig. 4.1(a)-(d) are quasiparticle-like with a smoothly-
evolving scattering rate. Details of fitting in Ref. [65]
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Figure 4.3: Comparison of momentum-integrated ARPES and area-averaged STS for
underdoped samples with similar Tc, measured T≈10K. The two different momentum-
integrated ARPES curves reflect different weighting of momentum points. In the
green curve, all momenta are weighted equally. The blue curve involves a weighting
(cos(kxa)-cos(kya))

2. ARPES data are symmetrized. Characteristic STS spectra and
their relative weights are taken from Ref. [106]. STS spectra show asymmetry between
positive and negative bias, and only the positive bias side is compared to ARPES,
because the background signal is smaller there. Spectra are normalized to have equal
heights.

4.4 Upper Bogoliubov quasiparticles

A superconducting gap of magnitude ∆SC opens symmetrically at kF , and an EDC at

kF would have peaks at both ω=+∆SC and ω=−∆SC in the absence of a Fermi-Dirac

cutoff. At higher temperature, there is a small thermal population of states above

EF , and upper Bogoliubov quasiparticles can be discerned [32, 107]. The enhanced

photon flux of laser ARPES together with the lack beamline diffraction artifacts

allows us to collect data with sufficient statistics to discern these upper Bogoliubov

peaks over a wider doping, momentum, and temperature regime. The presence of the
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upper Bogoliubov peak is the clearest signature of superconductivity seen by ARPES

in the cuprates, because much of the Fermi surface remains gapped above Tc (the

pseudogap) so a gap by itself does not signal superconductivity. The upper Bogoliubov

peak is less pronounced in more underdoped samples, because the Tc is lower, and the

quasiparticle intensity tends to decrease with underdoping. EDCs at kF are shown

below and above Tc in Fig. 4.4 for four samples, and the peak/shoulder feature

attributed to the upper Bogoliubov quasiparticle is marked by an arrow and shown

to be absent above Tc. A finer sampling of temperatures for OD80 and UD92 (Fig.

4.4(e)-(f)) further illustrates the difference between superconducting spectra and non-

superconducting spectra. Notably, these data appear outside of the arc region of the

pseudogap phase, defined as momenta where symmetrized EDCs imply zero gap, so

if an upper Bogoliubov peak is present above Tc, we should be able to observe it at

those momenta. The absence of upper Bogoliubov peaks above Tc, together with the

doping-dependence of normal state gaps, suggests that superconducting fluctuations

to not have strong spectroscopic signatures in ARPES, suggesting that the spectra

above Tc reflect primarily pseudogap physics.

4.5 Conclusions

Because of robust superconductivity and sharp spectra, Bi-2212 provides an oppor-

tunity to study features of superconducting quasiparticles in the cuprates. Quasipar-

ticles are observed over the entire Fermi surface for p>0.08, and their width does not

diverge strongly approaching the antinode. Moreover, momentum-averaged ARPES

and area-averaged STS yield comparable spectra, giving us confidence that correspon-

dence between the two techniques can be found if equivalent metrics are compared.

Near the node at elevated temperatures, upper Bogoliubov peaks are routinely ob-

served, and their disappearance above Tc provides an in-situ confirmation of Tc.
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Figure 4.4: Disappearance of upper Bogoliubov peak above Tc. EDCs at kF , cut
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momenta. (i)-(j) Temperature dependence of EDC at kF for UD92 and OD80. Arrows
mark upper Bogoliubov peaks, which disappear across Tc. FS angle θ defined in top
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Chapter 5

Gaps and arcs above Tc

5.1 Introduction

ARPES data are rich with information, of which three pieces are needed to fully

describe the phenomenology of the pseudogap above Tc: EDC width, gap, and spec-

tral weight. These ingredients are all related, and their confluence may be key to

understanding the real gap structure above Tc.

All three are illustrated in Fig. 5.1. Above Tc, the gap function features ’Fermi

arcs’–loci of zero gap–near the node and gaps near the antinode. Additionally, there is

a change in lineshape across Tc, particularly near the antinode, with EDCs becoming

considerably broader (panels (c)-(d)). Fermi surface mapping illustrates that the

density of states is nonzero in the antinodal region above Tc (Panels (e)-(f)). Even

though spectra are determined to be gapped via symmetrization or leading edge

midpoint analysis, this gap state does not completely deplete states at EF .

5.2 Gaps and Fermi arcs

Fermi arcs were discovered in conjunction with the discovery of the pseudogap above

Tc [59, 60] and their interpretation has been a topic of debate ever since. The Fermi

arcs are curious entities because they do not form a closed contour in momentum

61
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Figure 5.1: (a) Fermi surface (green) and Fermi crossings (purple) used in (b)-(d).
(b)-(d) are from the dame data set, taken during a single experiment. (b) Gap at low
temperature and above Tc for UD92. (c) EDCs at 8K. Top curve closest to node. (d)
EDCs at 102K. (e)-(f) Mapping at 30K and 106K for UD92. Different data set from
(a)-(d). Mapping integrates ± 5 meV centered at EF . Dotted curves are a guide-to-
the-eye for the underlying Fermi surface. Features labeled ’s’ are superstructure.

space. Fermi arcs have been interpreted as part of a closed hole pocket [72], a ther-

mally smeared node [61], or as the momentum region which supports superconduc-

tivity [108]. There are two aspects of Fermi arcs which are contentious in the experi-

mental literature: the arc length at Tc and the temperature dependence of arcs. The

analysis in this section reports the gap; however, we must keep in mind that the EDC

width can affect the ability to resolve a small gap, which is crucial for interpreting

Fermi arcs. This will be the topic of the next section.

5.2.1 Fermi arcs at Tc

Because of thermal broadening, the temperature at which Fermi arcs are measured

needs to be specified. We have studied Fermi arcs with laser ARPES just above

Tc to minimize the effects of thermal broadening, and this is shown in Fig. 5.2.
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The measured arc length at Tc ranges from 8◦ (out of 90◦) for deeply underdoped

samples to 27◦ for overdoped samples. The data are consistent either with a very

weakly doping-dependent Fermi arc or a step-wise discontinuous doping-independent

arc. In the first scenario, the arc length increases by 1.5◦ for every 1% increase in

doping. There is a discontinuity p≈0.22 (not shown) where a large Fermi surface

is recovered at Tc. In the second scenario, the arc length is independent of doping

(≈11◦) in the underdoped regime and suddenly jumps to a larger value or starts to

increase monatonically at some important intermediate doping (either p=0.16 or p=

0.19). Previous synchrotron-ARPES experiments reported that the arc length in-

creases with hole doping at a rate of almost 3◦ per % hole doping [32, 108], often with

the implication that the arc length sets an energy scale related to Tc. However, for

the underdoped samples we studied, the Tc varied by more than a factor of 2 (40K to

92K) and the arc length varied by a lesser factor. Part of the discrepancy may be that

the synchrotron measurements were taken at ≈10K above Tc, and arcs may expand

at different rates for different dopings [61]. Additionally, the synchrotron experiments

were performed with poorer energy and momentum resolution, as well as a sparser

sampling of momentum points. A doping-dependent Fermi arc made sense in the

context of a nodal/antinodal dichotomy, where the arc above Tc reflected the portion

of the Fermi surface where superconductivity existed below Tc. However, there is ev-

idence that superconductivity suppresses the pseudogap in a momentum-dependent

manner below Tc [39], so that interpretation of the Fermi arc is problematic. Further-

more, the doping-independent v∆ observed in much of the underdoped regime (see

Chapter 3) exists far beyond the Fermi arc in Fig. 5.2. This doping independent v∆

is thought to be a superconducting feature, which argues against superconductivity

being confined to the arc region.

There are a number of interpretations for the Fermi arcs at Tc in Fig. 5.2. In the

same doping regime where Fermi arcs are independent of doping or weakly doping

dependent, the low temperature v∆ is independent of doping (see Chapter 3). This

suggest that the Fermi arc length might reflect physics associated with superconduc-

tivity. Just below Tc, superconductivity may be squeezed into the small portion of

the Fermi surface where the Fermi arc is observed just above Tc, and it is logical that
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this momentum region be independent of doping because near-nodal superconduct-

ing gaps are independent of doping. Interestingly, an arc length of 11◦ (out of 90◦)

would produce an electron pocket occupying ≈2% of the Brillouin zone, assuming the

diamond-shaped pockets described in Ref. [109]. However, this reconstruction has

not been observed in ARPES. Potentially, the doping-independent arcs may have a

more trivial explanation: on the underdoped side, spectra are broader but measure-

ment temperatures are lower; approaching optimal doping, spectra are sharper, but

measurement temperatures are higher. These two factors may conspire to broaden

the arc (or whatever the underlying gap structure is) for different reasons at differ-

ent dopings. Another possibility is that the measurement temperature is too close

to Tc and the spectra are strongly influenced by fluctuating superconductivity or

filamentary superconductivity.

Notably, away from the arc, gaps follow the doping-dependence of the pseudogap,

increasing with underdoping.

5.2.2 Temperature dependence of arc length

Kanigel et al performed a comprehensive study of the temperature dependence of the

Fermi arc length as a means to gain information about the ground state of the pseu-

dogap [61]. By scaling temperatures with T*, they found that data from all dopings

collapsed on one another and the arc length extrapolated to zero–a nodal point–in the

limit of zero temperature, a so-called nodal-metal. This implies that the pseudogap is

a d -wave superconductor which lacks phase coherence. There were a number of prob-

lems with this approach. First, T* is not accessible by ARPES in deeply underdoped

samples, such that there is a large uncertainty in determining T* self-consistently.

Second, this analysis involves extrapolating across the superconducting phase bound-

ary which is not reasonable if the pseudogap and superconducting gap are of identical

origin, as was their argument. Finally, the experiments in Ref. [61] were performed

at 20meV energy resolution, which is more than twice the standard for modern ex-

periments on Bi-2212. Nevertheless, the temperature evolution of the Fermi arc is a

crucial piece of the phenomenology, so we have pursued these experiments with better
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resolution (10 meV).

The Fermi arc length as a function of temperature is shown in Fig. 5.3(b) for

UD92 and UD75. For both samples the arc length grows linearly with temperature

for a limited temperature range, consistent with previous experiments [61]. The
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temperature dependence of the Fermi arc in this regime is not consistent with a

nodal metal at zero temperature. For all the dopings, extrapolating to zero arc length

yields a finite temperature, which may not be physical for the reasons discussed above.

This is consistent with analysis in the supplements of Ref. [110]. It is important to

emphasize that the arc length measured at any finite temperature is an upper bound

of the real Fermi arc, as thermal broadening can obscure a small gap at the edge of

the arc. Thus, with a better cleave, statistics, and resolution, one may find that the

limit of zero arc length occurs at a higher temperature, but it is impossible to push

the curve in the other direction with a better experiment.

Interestingly, above a temperature smaller than T*, labeled T2, the arc length

shows no further increase. The Fermi surface momentum where the arc stalls is close

to where the antiferromagnetic zone boundary intersects the Fermi surface for both

UD75 and UD92. Although the arc is not increasing T2<T<T*, the remaining gap

continues to close or fill in such that a complete Fermi surface is recovered above T*.

T* can be reached with ARPES for UD92, but likely lies above room temperature

for UD75. Two temperature scales above Tc and two distinct momentum regimes

were reported in two recent papers from the AMES group [110, 87]. However, the

boundary in momentum space that they report is not at the antiferromagnetic zone

boundary.

Two distinct temperature regimes above Tc might be related to recent reports

of charge order in underdoped YBCO [111, 112], which will be discussed later in

this chapter. Alternately, a similar temperature dependence of Fermi arcs has also

been reproduced within a phase fluctuation picture without invoking two transitions

[113]. On the experimental side, we caution that the experiment in Fig. 5.3 should be

repeated with Pb-doped samples such that there is no superstructure in the antinodal

region and spectral features can be assessed more unambiguously. Nevertheless, the

conclusion that the temperature dependence of Fermi arcs above Tc does not support

a nodal metal ground state is still robust.
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5.3 EDC width

This section will discuss the lineshape evolution as a function of doping, temperature,

and momentum. This information will be used in conjunction with simulation to

clarify the real momentum space structure of the pseudogap. The starting point for

this discussion is that thermal broadening can obscure a small gap. Thus, when an

’arc’ is observed in ARPES data above Tc, there may potentially be a small gap in

the arc region which is not measurable at the temperature of the experiment. ARPES

data are in principle consistent with four scenarios (assuming a large pocket starting

point) shown in Fig. 5.4: nodes or accidental nodes at the zone diagonal, gap at every

Fermi surface momentum, real Fermi arcs, or a U-shaped gap structure with a small

v∆. These scenarios reflect the gap structures which can be consistent with ARPES

data, and the question of whether they can be explained by theory is put aside.
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Additionally, while quantum oscillation experiments certainly point to small pockets

in the (field induced) normal state, this figure explores the question of gap structure,

not Fermi surface topology. In the case of a ’real’ arc, the possibility that this is part

of a closed pocket should be explored more thoroughly in future experiments.

Fermi surface
Gap structure(a) (b) (c) (d)

Figure 5.4: Scenarios for momentum-space gap structure T>Tc. (a) Real or accidental
nodes (b) Gap at every Fermi surface momentum (c) Real Fermi arcs (d) U-shaped
gap structure.

5.3.1 Fitting

Two lineshapes were used to fit spectra in this Thesis. The first is a minimal model

proposed by M. Norman [64] (Norman Model). The second is a marginal-Fermi-

liquid-like model, particularly, the spectral function explored in Ref. [114] (Kordyuk

Model). The former will be discussed in this chapter, and the latter in Appendix A.

The Norman model is given by the following expression:

Σ(k, ω) = −iΓ1 +
∆2

ω + ϵ(k) + iΓ0

(5.1)

where Γ1 is said to be an approximation of the single-particle scattering rate, since

the real scattering rate likely depends on energy. Γ0 is an elastic term that is usually

only introduced above Tc. Note that this expression is only valid at kF .

Figs. 5.5, 5.6, and 5.7 illustrates how each of the parameters in Eqn. 5.1, together

with instrument energy resolution (3 meV), affects the symmetrized EDC at kF . The

starting point for each of the three figures (∆=4 meV, Γ1=22 meV, Γ0=0 meV) was
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chosen because it agrees well with ARPES data near the node in the superconducting

state. When ∆ is decreased (Fig. 5.6), the peaks on either side of EF move towards

each other, eventually forming a single peak when ∆=0. Increasing Γ1 (Fig. 5.5)

widens the outer envelope of the EDC, but a dip remains at EF even for Γ1 which is

quite large. In an experiment, a dip at EF is interpreted as a finite gap. Increasing

Γ0 (Fig. 5.7) fills in spectral weight at EF without widening the outer envelope.

Notably, when Γ0 is sufficiently large, there is a single peak in the symmetrized EDC,

even though a finite gap was explicitly included in the simulation. The condition for

this is is given in Ref. [64] to be 2∆2/Γ0
2+Γ1∆

2/Γ0
3=1. In an experiment, such a

spectrum would be interpreted as having zero gap. Including instrument resolution

in the simulations diminishes the depth of the dip at EF and pushes the value of the

smallest resolvable gap even larger. We note that for simplicity, the simulated EDCs

assumed particle-hole symmetry which might not be correct in the pseudogap state.

In order to gain correspondence with experiments, simulated spectra in Figs.

5.5(b), 5.6(b), and 5.7(b) were fit to the Norman model convolved with a Gaus-

sian of width 3 meV. Including the convolution with the instrument resolution in

the fit diminishes some, but not all, of the spectral weight redistribution caused by

instrument resolution. For the starting point in each of Figs. 5.5, 5.6, and 5.7 (∆=4

meV, Γ1=22 meV, Γ0=0 meV), the fits yield ∆=4.6 meV, Γ1=22 meV, Γ0=2.8 meV.

Including instrument resolution causes the EDC peak position, plotted in panels (c),

to shift to slightly higher binding energy, but fitting recovers a ∆ which is closer to

the input for the model. The fitted Γ1 is close to the input value for all variations

of other parameters because the outer envelope of the EDC is fairly unambiguous.

Because convolution introduces extra weight at EF , the fitted Γ0 is larger than the

input. When the gap becomes smaller than this baseline (Fig. 5.6), the fit yields

increasingly large Γ0. We note that in fitting real data, if there is a single peak in

the symmetrized EDC, the fitting is unstable if both ∆ and Γ0 are free parameters.

In Figs. 5.6 and 5.5, for symmetrized EDCs which only show one peak, we show fits

where Γ0 is fixed to zero. This tends to yield a fitted gap which reflects the peak

separation in the symmetrized spectra. In real data, momenta further away from the

node, where two peaks are present in the symmetrized EDC, can be used to asses Γ0,
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assuming that it is momentum-independent in the momentum regime of interest.

Fig. 5.7 gets to the heart of the difficulty of assessing small gaps at high temper-

ature. Although the same gap is always input into the model, an increasing elastic

scattering term (Γ0) fills in the spectral weight at EF , eventually yielding a single

peak in the EDC. This is the reason that the temperature dependence of the Fermi

arc length may be artificial. Coupling this with instrument resolution makes the EDC

peaks move towards EF , as if the gap were closing. Taken together, the measurement

temperature and instrument resolution must be considered when comparing reported

arc lengths from given experiments.
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Figure 5.5: Simulated symmetrized EDCs at kF , varying only Γ1. (a) EDCs with
varying Γ1. Vertical dotted line is guide-to-the-eye for peak position of top trace. (b)
EDCs in (a) convolved with Gaussian of width 3 meV. (c) fits of simulated data in
(b). Γ1 plotted on right axis.

The insight that a sufficiently large elastic scattering rate can obscure a small gap
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Figure 5.6: Simulated symmetrized EDCs at kF , varying only ∆. (a) EDCs with
varying ∆. Vertical dotted line is guide-to-the-eye for peak position of top trace. (b)
EDCs in (a) convolved with Gaussian of width 3 meV. (c) fits of simulated data in
(b). When a single peak is seen in the EDCs, a separate fitting where Γ0 is fixed to
zero is shown with open symbols.

and make it difficult to assess the veracity of Fermi arcs is appreciated by a number of

ARPES groups. Thus, several alternate analysis techniques have emerged to address

this deficiency of symmetrization [72, 110, 115]. The most promising proposal is to

study properly normalized MDCs [110], because this gives information about spectral

weight at EF , which may be obscured by symmetrization while still studying raw

or almost raw spectra. However, other proposed analysis techniques involve heavy

manipulation of ARPES data and should be pursued with care, because the spectra

are complicated. In particular, the problems with tDOS and deconvolution analysis is

discussed in Appendix A. The advantage of symmetrization analysis is that it involves
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Figure 5.7: Simulated symmetrized EDCs at kF , varying only Γ0. (a) EDCs with
varying Γ0. Vertical dotted line is guide-to-the-eye for peak position of top trace. (b)
EDCs in (a) convolved with Gaussian of width 3 meV. (c) fits of simulated data in
(b). When a single peak is seen in the EDCs, a separate fitting where Γ0 is fixed to
zero is shown with open symbols.

only a mild operation to the data, such that the spectra being studied are almost raw

data. Furthermore, the limitations of symmetrization are very straightforward: it

only measures the occupied part of the gap and a small gap might be obscured by

a large scattering rate. In the next section, we will discuss how the Norman model

parameters evolve across Tc in real data.
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5.3.2 Temperature and momentum dependence

Fig. 5.8 summarizes fitting below and above Tc for UD92. The raw EDCs (panels (a)-

(d)) demonstrate a profound change in lineshape across Tc for antinodal momenta

which is absent for momenta close to the node. This is quantified by Γ1 which

describes the width of the outer envelope of symmetrized EDCs. In synchrotron

data, this parameter increases by a factor of 4 near the antinode across Tc, but only

by a factor of < 2 at near-nodal or intermediate momenta.

Below Tc, Γ1 is weakly momentum dependent, but above Tc the momentum de-

pendence is more pronounced. Laser and synchrotron data are consistent when dif-

ferences in the resolution and cut geometries of the experiments are considered. In

the near-nodal region, synchrotron ARPES overshoots the real EDC width because

momentum resolution effects are most pronounced when vF is larger. Additionally,

synchrotron data were taken with cuts parallel to ΓM with a larger entrance slit, and

this further broadens nodal spectra. Γ0 was fit in the portion of the Fermi surface

where two peaks were visible in symmetrized EDCs. This parameter appears to be

momentum-independent within error bars and increases with temperature. With a

momentum-independent Γ0, we can estimate the maximum observable gap, which is

approximately 1/2 of Γ0, as indicated in the simulation in Fig. 5.7. Thus, under the

assumption of particle-hole symmetry near the node for UD92, the maximum measur-

able gap at 95K is 2 meV and the maximum measurable gap at 106K is approximately

4 meV.

The temperature evolution of near-nodal lineshapes is very different in Bi-2212 as

compared to BCS superconductors, as shown in Fig. 5.9. In the latter, the scattering

rate diverges approaching Tc [116]. In Bi-2212, Γ1 increases only moderately across

Tc. Γ0 may have a steeper temperature dependence than Γ1 across Tc, but approach-

ing Tc, it does not appear to diverge. We note that in the original paper, Γ0 in the

Norman model was described as an inverse pair lifetime in a fluctuating supercon-

ductor. In this analysis, we are using Γ0 purely phenomenologically to describe the

DOS enhancement at EF .
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Figure 5.8: EDCs and Norman model fit parameters, UD92. (a)-(d) Symmetrized
EDCs at selected momenta and temperatures, taken at SSRL with 22.7eV photons
and cuts parallel to ΓM. (e) Γ1 fit from same synchrotron data (f) Γ1 fit from laser
data, 7eV, cuts parallel to ΓY. (g) Γ0 from laser data. Horizontal dashed lines are
guide-to-the-eye.

5.3.3 Simulation: limits of real Fermi arc

Fig. 5.8 suggests lineshape parameters for UD92 in the near-nodal region which are

given in Table 5.1. These are used with ansatzes for the gap function to construct

what the experimentally measured gap function, particularly the length of the Fermi

arc, would be. This is then compared to experimental values. One constraint is that

the arc length is set to be the same at both temperatures. Away from the arc, the gap

was assumed to have a temperature dependence, and for simplicity, the temperature

dependence at each momentum was assumed to be the same. The test gap function

at 95K was found by fitting data away from the arc. It was found that multiplying

this gap function by 0.55 produced the best agreement with gap data at 106K. Both
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Figure 5.9: (a)-(b)Temperature dependence of fitted Γ1 (left axis) and Γ0 (right axis)
at select momenta for UD40 (a) and UD92 (b). For comparison: scattering rates in
Pb0.9Bi0.1 measured using SIS tunnel junction [116].

test gap functions are shown in Fig. 5.10(a).

Table 5.1: Norman model lineshape parameters from UD92 used in simulation.
Temperature Γ1 (meV) Γ1 (meV)
95 18 4
106 23 8

This simulation found that a real arc extending to 0.5 ∗ | cos(kx)− cos(ky)| = 0.1,

is consistent with experimental data. This corresponds to an angular extent of 6◦

(out of 90◦) or 7% of the length of a large Fermi surface. Note that these data are

for the antibonding band, and the bonding band might give a slightly different result,

depending on the origin of the arc. This sets a strong constraint on the length of a

real Fermi arc.

The experimental data are also consistent with a ’nodal’ gap function T>Tc with

a single point where the magnitude of the gap is zero along the zone diagonal (Fig.

5.10(c)). This does not necessarily mean that it originates from superconducting

fluctuations. Some proposals for the pseudogap, such as d -density wave order also

feature nodes (but only at a certain value of the chemical potential) [117]. Notably,

the nodal gap structure which agrees with data is smaller in magnitude than the gap

in the superconducting state, indicating real temperature dependence approaching

Tc.
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One argument for the veracity of Fermi arcs is that quantum oscillation data

are consistent with a pocket derived from short segments of near-nodal states and

the reconstruction is caused by the recently reported charge ordering [109]. The

correspondence between quantum oscillation and ARPES experiments relies on the

field-induced resistive state being identical to the normal state above Tc. Sound

velocity measurements suggest that a magnetic field stabilizes static charge order

only at low temperatures [118], so there might be important differences between the

T>Tc normal state and the high-field resistive state. At this point, the ARPES data

cannot distinguish between a nodal gap structure or small Fermi arcs, but it can set

the upper limit of the arc length.
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5.4 Density of states at EF

Fig. 5.11 shows the spectral loss function at the antinode, defined as 1-I0/I∆, where

I0 is the intensity at EF and I∆ is the intensity at the EDC peak energy. This function

is equal to 1 for a full gap and zero for no gap. It was introduced in Ref. [61], and we

use it here to quantify the density of states at Ef . As with the Fermi arc length, there
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appears to be two temperature regimes in the spectral loss function at the antinode.

It decreases rapidly Tc<T<T2 and decreases less rapidly T>T2. Two temperature

regimes of the antinodal DOS at EF were discussed in Ref. [87], though the authors

normalized to the total integrated spectral weight rather than the peak intensity.
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Figure 5.11: Spectral loss function at antinode for 3 dopings. Vertical lines mark Tcs.

5.5 Discussion: Relationship between pseudogap

and charge order

Although it has long been speculated that short-range charge order may be the origin

of the pseudogap, recent results were puzzling in that the charge order appeared to

onset at temperatures lower than T* indicated by other experiments [112]. There

appear to be two relevant temperatures. Below TCDW , there is observable (but short

range) charge order, T2 resistivity [119], and a finite Kerr rotation [29]. Additionally,

high field hall effect measurements show a signature at that temperature [76]. Be-

low, T∗, a magnetic Q=0 neutron diffraction signal is observed [28] and the nernst

coefficient becomes negative [31]. This is also the temperature where the antinodal

gap opens in ARPES experiments on Bi-2212. Interestingly, some experiments such

as resonant ultrasound [120] and possibly ARPES [110] show signatures at both T*
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and TCDW .

The relationship between the observed charge order and the pseudogap is an

important and timely question [121]. One possibility is that the former represents

fluctuations of the latter, as CDW fluctuations are observed above TCDW even in

more conventional charge density wave systems [122]. This is supported by the fact

that the two phase boundaries seem to be rigidly offset from one another. Another

possibility is that the pseudogap ’incubates’ the charge order, creating an electronic

condition where it can thrive. Finally, a somewhat less accepted proposal is that

charge order and pseudogap are distinct and unrelated phases. The distinctness of

the pseudogap and charge order has some empirical support. First, the pseudogap is

a general phenomenon observed over a wide doping range, whereas charge order has

only been seen near 1/8 hole dopings, and has explicitly not been observed far from

this doping regime [111]. Additionally, recent STS experiments show that in Bi2201,

a signature in the QPI pattern which is associated with charge order disappears at a

doping far smaller than the doping where the pseudogap vanishes [123]. On the other

hand, if the CDW ends in a quantum critical point, its fluctuations would appear

over a broad

What does ARPES have to say about this? It appears that T* represents the

gapping of the antinodal region, and T2 or TCDW represents the gapping of most of

the rest of the Fermi surface. However, as Ref. [87] and Fig. 5.11 showed, the density

of states at EF at the antinode starts to decrease more rapidly below T2, suggesting

that these states are involved in the possible electronic reorganization which takes

place below T2. However, the connection between T2 and TCDW is still tentative,

and additional data are needed to understand whether CDW and pseudogap are the

same or different based on ARPES data in Bi-2212. Is there any significance to the

temperature-dependent Fermi arcs terminating at the antiferromagnetic zone bound-

ary at a temperature similar to TCDW ? Recent Hartree-Fock calculations for a metal

with antiferromagnetic exchange indicated a susceptibility towards bond directional

charge order as observed in scattering experiments [124] and pointed towards similar

gap structure T>Tc as seen in ARPES experiments.
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5.6 Conclusions

In order to construct a theory based on ARPES experiments, every aspect of the

pseudogap spectra must be considered: gaps, lineshapes, and DOS at EF . Considering

all three allows us to place the upper bound on the arc length at Tc as 7% of a large

Fermi surface for UD92. At higher temperatures, the apparent ’growth’ of the Fermi

arc is at least partially an artifact from the increasing DOS at EF . Our data are not

consistent with a nodal metal ground state, as the arc length does not extrapolate to

zero in the limit of zero temperature. There may be two temperature regimes visible

in ARPES Tc<TleqT*, but this issue requires further investigation. If proven true,

this may indicate that distinct spectroscopic signatures mark T* and TCDW .



Chapter 6

Low Energy Kink

One of the first discoveries made by laser ARPES was a kink at very low energy

(ω≈10 meV) in the nodal dispersion. This was reported by several groups in Bi-2212

[125, 126, 127, 128] and Bi-2201 [129]. Notably, the energy of this kink is smaller

than the antinodal gap energy, indicating that its energy scale does not reflect a gap

shifting. Most of the experiments discussed in this chapter were published in Refs.

[126] and [130].

6.1 Introduction

In a d -wave superconductor like the high-Tc cuprates, the electronic component of

thermodynamic quantities in the limit of zero temperature is dictated by the nodes,

where arbitrarily small excitations are permitted by the gapless nature of these points.

An intriguing aspect of cuprate phenomenology is the so-called universal nodal Fermi

velocity (vF ) [131]. Along the nodal direction ((0,0)-(π,π)) the velocity measured by

ARPES within 50 meV of EF appears to be independent of cuprate-family or the

number of CuO2 layers in the compound, and is also nearly constant across the phase

diagram – from the undoped insulator, across the superconducting dome, and in the

non-superconducting metallic state at a doping p>0.25 – even though other electronic

properties vary significantly with doping [20, 132, 133]. In addition, this universal

vF , if combined with ARPES measurement of the near-nodal superconducting gap

80
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(see Chapter 3), leads to apparent contradiction with thermal conductivity observed

directly in transport measurements [134, 135], suggesting that crucial information

about the nodal quasiparticles is still missing.

ARPES data can be represented as a convolution between the single-particle spec-

tral function and the momentum and energy resolution of the experiment. Naturally,

with the improved resolution of laser-based ARPES, the measured spectrum begins to

approach the intrinsic spectral function, and finer structure can be revealed. The first

two sections of this chapter presents the systematics of the low-energy kink by means

of a doping-dependent study of underdoped Bi-2212. Afterwards, the momentum and

temperature dependence of the low-energy kink is investigated in UD55.

A list of the samples studied is shown in table 6.1. Samples were cleaved in-situ

at a pressure <4×10−11 torr to obtain a clean surface, and measured at 10K. Energy

and momentum resolution were 3 meV and better than 0.005 Å−1, respectively. All

data are 7eV laser ARPES taken with cuts parallel to ΓY.

Table 6.1: Summary of samples studied for this chapter with their composition.
Dopings determined from Tc via an empirical curve, Tc=Tc,max∗[1-82.6(p-0.16)2],
taking 96K as the optimum Tc for Bi-2212 [63].
Sample Composition
UD40 Bi2Sr2(Ca,Dy)Cu2O8+δ

UD55 Bi2Sr2(Ca,Dy)Cu2O8+δ

UD65 Bi2+xSr2−xCaCu2O8+δ

UD75 Bi2Sr2CaCu2O8+δ

UD85 Bi2Sr2CaCu2O8+δ

UD92 Bi2Sr2CaCu2O8+δ

OD80 (Bi,Pb)2Sr2CaCu2O8+δ

OD65 (Bi,Pb)2Sr2CaCu2O8+δ
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6.2 Doping dependence

Doping dependence of vF

Fig. 6.1(a)-(c) show ARPES image plots for nodal cuts at three dopings: UD55

(underdoped, Tc=55K), UD65, and UD92, corresponding to hole-dopings of ap-

proximately 0.088, 0.10, and 0.14. Standard momentum distribution curve (MDC)

analysis–Lorentzian fits at fixed energy– is used to extract the band dispersions [136].

The energy distribution curves (EDCs)–intensity as a function of energy at fixed

momentum– at kF in Fig. 6.1(d) indicate that these spectra are ungapped, as the

symmetrized EDCs [64] have a single peak at EF .
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Figure 6.1: (a)-(c) False-color image plots of the nodal dispersion of UD55, UD65, and
UD92, measured at 10K. Solid curves indicate band dispersions derived from MDC
peak positions. Inset of (a): Brillouin zone schematic with Fermi surface indicated in
red. The x -axes in (a)-(c) correspond to momentum along diagonal blue line (‘nodal
cut’) in inset. (d) EDCs (solid) and symmetrized EDCs (dashed) at kF . A single peak
at EF in the latter confirms that spectra in (a)-(c) are ungapped. kF determined from
Fermi crossing of dispersion (vertical dashed lines in (a)-(c)).

The systematics of the low-energy kink are studied via the MDC-derived nodal

dispersion, which are plotted for three dopings in Fig. 6.2(a). In addition to the large,

ubiquitous kink near 70 meV, a smaller kink is also evident: the dispersion within 10

meV of EF deviates from the velocity fit between 30-40 meV. This deviation appears
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more pronounced for more underdoped samples. The velocity (slope of the MDC

dispersion) within 7 meV of EF is smaller than the velocity at higher binding energy,

notably opposite to the expected effects of instrument and thermal broadening [128].

We also note that the low-energy kink cannot be identified as an artifact due to a gap,

because measurements are performed at the node where the superconducting gap is

zero.

Another way to visualize the low-energy kink is via the real part of the electronic

self-energy, ReΣ, plotted in Fig. 6.2(b)-(c). The low-energy kink is marked by a

deviation of the slope of ReΣ at 6-10 meV from the slope established at EF . For the

sample closest to optimal doping, UD92, there is a single ‘knee’ in ReΣ. Meanwhile,

the slope of ReΣ for UD55 and UD65 continues to evolve until 20-30 meV, possibly

suggesting an additional kink, reminiscent of the 70meV kink, which may have several

components [137, 138, 139]. From the Kramers-Kronig relation between ReΣ and

ImΣ, a signature of the low-energy kink is expected in ImΣ, which is proportional

to the MDC FWHM. In Fig. 6.2(d) we show that all dopings exhibit a downturn

in ImΣ near EF , though this is most pronounced for UD92. For more underdoped

samples, the larger linewidth and possible additional kink make it more difficult to

get quantitative information from ImΣ, but the observation that ImΣ decreases more

rapidly close to EF remains robust. The appearance of a low-energy feature in both

ReΣ and ImΣ strongly argues against a trivial origin for the low-energy kink, and the

phenomenology reported in Fig. 6.2 is reproduced in the other samples in our study.

Thus, the systematics of a new energy scale can be added to the hierarchy of multiple

energy scales in the cuprates [140].

The ubiquity of the low-energy kink in UD Bi-2212 leads us to reexamine previous

measurements of vF , as there is now compelling evidence that quasiparticles very close

to EF experience a heretofore unconsidered mass renormalization. The nodal vF is

plotted in Fig. 6.3, and our key finding is that vF is not universal, but rather, has

a pronounced doping dependence in the regime of this study. To characterize our

data, at least two velocities are needed: vmid, the linear fit between 30-40 meV,

and vF , the velocity fit between 0-7 meV, as defined in Fig. 6.2(a). These energy

ranges are chosen to get sufficient data points while avoiding the low-energy kink
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and 70 meV kink. vmid is found to be approximately 1.8 eVÅ, without a distinct

doping dependence, consistent with the previously reported ‘universal’ value [131].

Meanwhile, vF decreases monotonically with underdoping. The coupling strength of

this low-energy renormalization can be roughly assessed by the velocity ratio vmid/vF ,
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which is plotted in Fig. 6.3(b), and indicating that coupling strength increases with

underdoping. Notably, the ratio of velocities on either side of the 70meV kink exhibits

the same doping dependence, though with the 70 meV kink, it is the higher energy

velocity (ω>70meV) which is doping-dependent [131]. Although a doping-dependent

vF presents a significant shift from previous understanding of cuprate nodal physics,

new results are not inconsistent with previous measurements: vmid is indeed doping-

independent, and inferior energy resolution can easily obscure subtle low-energy kinks

near EF . This finding underscores the importance of very low energy scales in these

systems and revises cuprate phenomenology by linking nodal vF to doping and Tc,

previously suggested by the temperature dependence of the low-energy kink [128].

Further, this doping dependence constrains the origin of the low-energy kink, and

may aid interpretation of bulk thermodynamic measurements, particularly thermal

conductivity.
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Connection to thermal conductivity

For the cuprates, thermal conductivity near T=0 can be expressed in terms of two

components of the Fermi velocity: the velocity perpendicular to (vF ) and tangential

to (v2) the Fermi surface (FS) at the node (Fig. 6.4(a)-(c)) [141, 142, 143]. v2 is

equivalent to v∆ (Chapter 3), but is expressed in units of eV·Å instead of energy. For

a two-dimensional d -wave superconductor in the clean limit, the residual linear term

(T=0 extrapolation) of thermal conductivity, κ0/T, is independent of the quasiparticle

scattering rate, interaction energy, or other sample-dependent parameters [142, 144].

In this regime, κ0/T is related to vF and v2 by a simple formula [141, 142, 144]:

κ0/T =
k2
B

3h̄

n

d
[
vF
v2

+
v2
vF

], (6.1)

where n is the number of CuO2 planes per unit cell, and d is the c-axis unit cell length.

The second term is usually negligible, as v2≪vF . Thus, by measuring bulk thermal

conductivity, one can extract a microscopic parameter, v2/vF , which fully determines

the ground state nodal electronic structure of cuprates [143]. Thermal conductivity

measurements on La2−xSrxCuO4 [145, 146], YBa2Cu3O7 [146], Bi2Sr2−xLaxCuO6+δ,[147]

and Bi-2212[134] have all shown that κ0/T decreases with underdoping, implying that

vF/v2 also decreases. However, using v2 reported in Ref. [148] and a universal vF ,

Sun et al argued that ARPES suggested a different doping dependence of vF/v2 [134].

Such contradictions have been attributed to disorder effects, such as electronic inho-

mogeneity [134] or disorder-induced magnetism [135], but previous analysis lacked a

crucial component: a doping-dependent vF .

We plot the ratio vF/v2 in Fig 6.4(e) alongside the thermal conductivity values

reported by Sun et al [134]. The ARPES vF/v2 decrease strongly with underdoping,

exhibiting a consistent trend with the thermal conductivity results for Bi-2212 as well

as other cuprates. The ratio vF/v2 is approximately linear with doping until p≈0.20,

but the most overdoped sample in our study, OD65, deviates strongly from this trend,

which is an interesting topic for a future study. The vF/v2 derived from ARPES and

thermal conductivity differ in absolute value.

The difference in absolute value in Fig. 6.4(e) is explored in Table 6.2. Although
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the low-energy kink has not been reported for all of the compounds listed, the low-

energy kink in Bi-2212 is weak near optimal doping, so the ’universal’ value of vF can

be taken as a good approximation for all samples shown here. Thus, the ratio vF/v2

should be substantially determined by v2, or equivalently, ∆0. The ARPES value of

vF/v2 in Bi-2212 compares well to the YBCO value derived from thermal conductiv-

ity. Bi-2212 and YBCO have similar Tc and v2, and YBCO is a clean cuprate, so

perhaps comparing to thermal conductivity measurements in YBCO is more valid 1.

The ARPES value of vF/v2 in Bi-2212 is about half of the values derived from thermal

conductivity for LSCO and Bi2201. This is expected, because the superconducting

gap in Bi-2212 is about twice as big. Compared to other compounds, the Bi-2212

a-axis thermal-conductivity value of vF/v2 is anomalously large. A potentially im-

portant consideration is that in-plane anisotropy of thermal conductivity has been

reported in Bi-2212 (κa ̸=κb) [134, 149]. The doping-dependent data in Ref. [134]

were along the a-axis, which has a larger κ0/T, but the discrepancy in absolute value

of vF/v2 shown in Fig. 6.4 (e) may indicate that the b-axis may be the correct one to

compare to ARPES. However, ARPES does not observe in-plane anisotropy of nodal

single particle parameters (vF and v2), so the anisotropy in thermal conductivity

must have a different origin, such as coexisting density-wave order [150]. Alternately,

the difference in absolute value of vF/v2 may suggest that Bi-2212 deviates from the

clean limit, at least as far as transport measurements are concerned.

Table 6.2: Compilation of vF/v2 from heat transport and ∆0 (extrapolation of near-
nodal gap to the antinode) from ARPES for different compounds, near optimal dop-
ing.

Compound vF/v2 ∆0 (meV) Reference

Bi-2201 31 13.5 [147, 151]
LSCO 20 15 [145, 152]
YBCO 12 38 [146, 153]
Bi-2212 64 (κa) 35 [134]
Bi-2212 28 (κb) 35 [134]

Bi-2212 (ARPES) 15.5 35 [39, 126]

1Private communications with the group of L. Taillefer indicate quantitative agreement between
κ0/T from thermal conductivity in YBCO at vF /v2 from ARPES studied on Bi-2212
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laser-based ARPES measurements of the superconducting gap of UD92 around the
FS. When the data in (d) is fit to a simple d-wave form, ∆(θ)=∆0cos(2θ) close to the
node, v2 ≈ 2∆0/kF , where kF is the distance from the node to (π,π). (e) Comparison
between vF/v2 from laser ARPES and thermal conductivity from Ref. [134]. Doping
dependence is consistent, though absolute values differ.

6.3 Momentum dependence

The momentum dependence of the low-energy kink was explored in Ref. [130] as a col-

laboration between theory and experiment. This section follows that paper closely.

Fig. 6.5 shows the nodal low energy kink in UD55. This sample was chosen to

characterize the momentum dependence of the low energy kink because the renor-

malization is very pronounced. Away from the node, the superconducting gap will

have signatures in the MDC dispersion, so a strong kink is necessary to distinguish

renormalization effect from the gap. The nodal low energy kink is visible by eye in

Fig. 6.5(a), along with the renormalization at 70meV.

The momentum dependence of the low energy kink is shown in Fig. 6.6. The

energy where the MDC dispersion deviates from vmid gets monotonically larger away
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UD55

T=10K
F
 (0-7 meV)

F

Figure 6.5: Low energy kink in UD55, 11K. (a) Color image plot of the raw data with
both the low-energy and 70 meV renormalizations marked by arrows. (b) The band
dispersion derived by fitting the momentum distribution curves (MDC) at each energy
in (a) with a Lorentzian line shape. The low-energy renormalization is defined by the
deviation of the dispersion from vmid, the velocity fit between 3040 meV (dotted line).
(c) The MDC FWHM which shows a more rapid decrease close to EF .

from the node, following parallel to the momentum dependence of the superconduct-

ing gap. Thus, it appears that the low-energy kink only ’sees’ the local gap at each

momentum, and does not reflect the much larger gap at the antinode.

The hamiltonian for electron-phonon coupling in a single band can be expressed
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as

Hel−ph =
1√
N

∑
k,q,σ

|g(k,q)|2c†k-q,σck,σ[b
†
q + b-q] (6.2)

where c†k,σ(ck,σ) creates (annihilates) an electron with momentum k and spin σ and

b†q(bq) creates (annihilates) a phonon of wavevector q and energy Ωq. |g(k,q)|2 is

the electron-phonon coupling vertex which describes the momentum and wavevector

dependence of electron phonon coupling, and its functional form depends on which

phonon is being considered.

The vertex is related to the dimensionless electron-phonon coupling at each mo-

mentum, λ(k) via

λ(k) =
2

N
⟨ |g(k,q)|

2δ(ξp)

Ωq

⟩p,FS (6.3)

where δ(ξp) is the density of states at each momentum p on the Fermi surface.

Ref. [130] considered electrons coupled to acoustic phonon modes for which the

electron-phonon coupling vertex reduces to a function of only momentum transfer

g(q) =
1

Vcell

√
h̄

2MΩq

êq · qV (q)/ϵ(q) =
1

vcell

√
h̄

2MΩq

êq · q
4πe2

ϵq2
q2

1 + q2TF

(6.4)

where Vcell is the unit cell volume, êq is the polarization of the phonon, V(q) is

the bare coulomb potential, and ϵ is the static dielectric constant. The momentum-

dependent dielectric constant, ϵ(q) has been approximated by a Thomas-Fermi form,

where qTF is the Thomas-Fermi wavevector and expresses the screening length in

momentum space. Neglecting the phonon dispersion, this expression for g(q) is zero

for q=0, peaked at q≈qTF , and is small for large q. Metallic screening is poor in

underdoped cuprates [154] which leads to a small qTF , and thus, g(q) is peaked at

small q such that the low energy kink is gap shifted only by the local value of the gap

at each momentum. Experimental results agree with calculations as shown in Fig.

6.6. These calculations also reproduce the doping dependence of the low-energy kink

by considering doping dependence of qTF .
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Forward (small q) scattering can enhance dx2−y2 superconductivity [155], so cou-

pling to acoustic modes may increase Tc beyond the value set by the primary mech-

anism.
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Figure 6.6: (a) MDC dispersions at the node (rightmost) and away from the node,
offset horizontally for clarity. The black circles indicate the gap energy, determined by
fitting symmetrized data to a minimal model [64]. The red circles indicate energy of
the low-energy renormalization, determined from the deviation from vmid. (b) MDC
dispersions obtained from calculations in ref. [130]. (c) The momentum dependence
of the gap and renormalization energies.

6.4 Temperature dependence

Experiments at optimal doping showed that the low-energy kink is substantially re-

duced above Tc [128]. We have studied the temperature dependence of the nodal

kink in UD55 because Tc is 33% lower than the optimally doped sample and thermal

broadening above Tc is proportionally reduced. Additionally, the kink is very robust

at this doping. Fig. 6.7 shows the temperature dependence of ReΣ at the node for
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UD55, with potential kink energy scales marked with vertical dashed lines. The 70

meV kink maintains its energy position across Tc which is well known. At low tem-

perature, the low energy kink exhibits additional curvature which may be interpreted

as two energy scales, but above Tc only a single kink energy of the low-energy kink is

seen. Additionally, the low-energy kink weakens substantially across Tc These results

are illustrated by defining velocities at strategic energy intervals, 0-5meV, 10-15meV,

and 30-40meV, from the slope of the MDC dispersion at these energy intervals. The

velocities between 10-15meV and 30-40meV become identical above Tc, indicating

an absence of a kink in the energy range 10-40meV. The velocity 0-5meV remains

smaller than higher energy velocities above Tc, indicating that the low-energy kink

persists, although weakened.
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Figure 6.7: UD55: Temperature dependence of low-energy kink. (a) Temperature
dependence of ReΣ determined from subtracting assumed linear bare band from MDC
dispersion. Error bars are 95% confidence intervals from the fitting. Dashed vertical
lines are guides-to-the-eye. (b) Slope of MDC dispersion at various energy intervals.

6.5 Conclusions

Laser ARPES has given unprecedented access to the node, and new physics was

revealed in the Fermi velocity both orthogonal to (vF ) and parallel to (V∆) the

Fermi surface at the node. The latter was the focus of the previous chapter, where
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three distinct ground states were revealed, via distinct phenomenology of near-nodal

gaps. The former was the focus of this chapter, where a new kink was revealed

at very low energies, producing Fermi velocities which decrease with underdoping.

Taken together, vF and v∆ can be used to make connections to bulk thermodynamic

measurements in the superconducting state. The observation that the low-energy

kink gap shifts by the local gap instead of the maximum gap indicates that it has

distinct origin from the renormalization at 70 meV. Coupling to acoustic phonons

can reproduce experimentally observed doping and momentum dependence.



Chapter 7

HgBa2CuO4+δ (Hg1201)

This chapter focuses on ARPES studies on HgBa2CuO4+δ (Hg1201), a cuprate whose

structural simplicity and cleanliness makes it a model compound for certain types

of experiments including charge transport and neutron scattering. In fact, it is be-

coming a model cuprate on par with YBCO for experiments where cleanliness is of

utmost importance, such as observing quantum oscillations and gaining quantitative

information from transport measurements [119]. The highest Tc ever was reported in

a triple-layer cousin of Hg1201 [11], so in addition to offering general insight on the

cuprates, Hg1201 may provide a materials-dependent perspective on how to maximize

Tc.

However, the lack of a neutral cleavage plane makes it a difficult material to study

with ARPES. This chapter summarizes the progress we have made in ascertaining the

optimal experimental conditions to study Hg1201 with ARPES as well as our progress

in understanding the near-nodal electronic structure of this material. A great body

of ARPES studies exists for LSCO and Bi-2201, the ’low Tc’ single-layer cuprates.

Performing comparable studies on Hg1201 and Tl2Ba2CuO6+δ (Tl2201), the ’high Tc’

single layer cuprates, is crucial for discerning the electronic ingredients for higher Tc.

94
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7.1 Experimental conditions

Hg1201 is considered a model cuprate because it has a simple tetragonal single-layer

crystal structure (P4/mmm), and additionally, oxygen dopants are believed to be

predominant in the HgO layer, far from the CuO2 planes, minimizing disorder effects

[156]. The crystal structure of Hg1201 is shown in Fig. 7.1. Notably, the crystal

structure lacks a neutral cleavage plane, as there is nowhere to slice the crystal struc-

ture and achieve identical atomic planes on both sides at the cleave. Cleaving Hg1201

breaks the Hg-O bond, and the exposed surface includes both Hg and O termination.

Γ

M

X

(−π,π)

(−π,−π) (π,−π)

Figure 7.1: Crystal structure of Hg1201 (left). Image from Ref. [119]. 2D projection
of tetragonal Brilliouin zone with high symmetry points labeled (right).

In preparing Hg1201 samples for ARPES experiments, care was taken to ensure

conductance between the sample and the copper post. Samples were glued onto

the copper post using EPO-TEK H21D silver epoxy (Epoxy technology Inc). While

this silver epoxy provides adequate conduction between the copper post and most

cuprates, Hg1201 samples were not found to be properly grounded to the post after

this step. This may be due to the epoxy reacting with the Hg1201 surface. Thus, the

silver epoxy provides only mechanical adhesion in our experiments. For conduction,

a silver paint (Dupont) was applied to the side of the sample and the copper post
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and cured at room temperature. Conduction between the top of the sample and the

copper post was confirmed. Care was also taken to maximize the probability of a

good cleaved surface. A pre-cut was made on the side samples using a wire saw,

parallel to the a-b face. This was to ensure cleaving at a designated location, rather

than at inclusions and imperfections as would be the tendency without a pre-cut.

Experiments were attempted with the 7eV laser, near 55 eV at beamline 10.0.1

of the Advanced Light Source (ALS), and near 19 eV at beamline 5-4 at SSRL. The

latter experimental condition was found to yield the best spectra, and the quality

of the measured spectra depended sensitively on the experimental conditions. Fig.

7.2 shows EDCs at kF at the node taken with several photon energies between 18.6

and 19.6 eV. The amplitude of the quasiparticle peak relative to the background was

found to vary sensitive with the choice of photon energy, even within this narrow

range. Quasiparticle peaks were clear for 19-19.4 eV photon energy and very weak

for 18.6, 18.8, and 19.6 eV photon energies. The nodal quasiparticle peak was found

to be most pronounced for 19.4 eV photon energy and Γ-M cut geometry, so this

experimental configuration was used for all data presented in this chapter. Note that

because Hg-1201 is tetragonal, the M point is the Brillouin zone corner, and Γ-M cuts

are along the (0,0)-(π,π) line.

Using this experimental configuration, electron states near the node are accessible,

and cross section disappears approximately 25◦ away from the node. This is likely

a matrix elements effect, and further exploration is needed to find an experimental

configuration where the antinode has adequate cross section. Because, quasiparticles

near the node are pronounced only within a limited range of photon energies, optimiz-

ing the experiment for the antinode may require ergodic exploration over parameter

space. Fig. 7.3 shows momentum dependence of spectra on either side of the node.

The band is most pronounced near the node in this experimental configuration, and

spectral intensity diminishes moving away from the node. By 21◦, a quasiparticle is

no longer observed. EDCs at kF are shown in Fig. 7.3(i). All spectra feature a strong

energy dependent background, shown in Fig. 7.3(h), which is identical for all cuts in

the Figure. Subtracting this background yields more pronounced quasiparticle peaks,

as shown in Fig. 7.3(j). Similar methods have been used to discern spectral features
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Figure 7.2: Photon energy dependence of nodal EDC at kF . Data taken at SSRL
with cuts parallel to Γ-M ((0,0)-(π,π) line) on a single cleave.

buried beneath a large background in other cuprates [157].

7.2 Momentum dependence

Fig. 7.4 shows a Fermi surface mapping and Fermi crossings for optimally doped

Hg1201 taken with 19eV photons. Another experiment taken at 19.4eV yielded a

similar Fermi surface. Data were taken on two opposite sides of the Γ point on either

side of the node. Four-fold rotational symmetry was assumed in order to assess the

positions of all near-nodal Fermi crossings in the Brillouin zone. Fig. 7.4 also shows
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a tight binding Fermi surface

Ek = µ+
t

2
(cos(kxa) + cos(kya)) + t′ cos(kxa) cos(kya) +

t′′

2
(cos(2kxa) + cos(2kya))

+
t′′′

2
(cos(2kxa) cos(kya) + cos(kxa)cos(2kya))

(7.1)

using the hopping parameters [158]

(t, t′, t′′, t′′′) = (0.46,−0.105, 0.08,−0.02) (7.2)

The chemical potential µ was adjusted to fit the Fermi-crossings data (red and blue

symbols in Fig. 7.4. This Fermi surface encloses a volume of 1.53Å−1, which amounts

to 13% hole doping, using 1+p=2AFS/AFS, where AFS (ABZ) is the area of the

Fermi surface (Brillouin zone). This result is consistent with earlier reports [159].

The discrepancy between the nominal hole concentration (16%, optimal doping) and

the Fermi surface volume may stem from the lack of observed Fermi crossings in the

antinodal region. The exact shape of the Fermi surface is not known because the

antinodal segments have not been accessed experimentally. Additionally, the lack

of a neutral cleavage plane may play a role, making the hole concentration in the

surface different from the bulk. However, it should be noted that the agreement

between Fermi surface volume and nominal doping in the literature is mixed. In

LSCO, the Fermi surface volume follows Luttinger’s theorem within the accuracy

of the experiment, while in Na-CCOC and Bi-2201 the FS volume increases with

doping more rapidly [16, 160]. This has been associated with differences in how

doping occurs in different cuprates. In LSCO, the chemical potential appears to be

pinned inside the charge transfer gap, while in Na-CCOC and Bi-2201, the chemical

potential shifts with doping. Additionally, recent x-ray absorption and Compton

scattering experiments have indicated the breakdown of the single-band Hubbard

model in LSCO with sufficient doping, suggesting that not all doped holes reside

in the CuO2 planes [161, 162]. Future doping-dependent ARPES studies of the FS

volume in Hg1201 can clarify the interpretation of the FS volume observed in this
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experiment.

With a favorable experimental configuration and a good cleave, we were able to

measure the momentum dependence of the superconducting gap in Hg1201 using

ARPES for the first time, as shown in Fig. 7.5. Background EDCs were subtracted

in order to emphasize the quasiparticle for accurate extraction of the gap. Spectra

were symmetrized and EDCs at kf were fit to the Norman model convolved with the

instrument resolution of the experiment (10.6 meV) [64]. Fitted gaps are plotted as a

function of the simple d -wave form, 0.5|cos(kx)−cos(ky)|, in Fig. 7.5. Extrapolating

to the antinode, assuming the gap function obeys a simple d -wave form, gives an

antinodal gap of 39±2 meV. This is similar to the antinodal gap observed in Bi-2212

by ARPES at optimal doping [32, 39]. For Hg1201, Raman shows a peak in the B1G

channel corresponding to a 31 meV antinodal gap [38], and tunneling experiments

have reported a d -wave gap with a maximum of 33 meV [163].

7.3 Nodal dispersion analysis

Fig. 7.6 analyzes the MDC lineshape. Selected MDCs are shown in panel (a), and

they have certain peculiarities which were observed in every experiment. First, the

MDCs near EF show deviation from a Lorentzian lineshape, with extra weight in

the tails, such that the peak height and width cannot be simultaneously captured in

a Lorentzian fit. Moving to higher binding energy, the MDCs become increasingly

asymmetric, with extra weight on the side of the peak further from the Gamma point.

Every sample studied showed the same asymmetry. Because of this MDC lineshape,

using the usual fitting procedure of a Lorentzian peak on top of a constant background

does not yield the correct peak position at higher binding energy when asymmetry is

strong (Fig. 7.6(b)). Using a linear background for each MDC better reproduces the

peak position. (Fig. 7.6(c)).

Fig. 7.7 shows MDC analysis at the node using both a constant (red) and

constant+linear (blue) background. Both methods indicate dispersion anomalies near

50 meV and 200 meV, and they yield comparable low-energy dispersions (<50 meV).

Using a constant background yields steeper dispersions at higher binding energy,
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which is not physically correct because this fitting does not capture the maximum of

each MDC. The dispersion slopes in three different energy regimes are summarized

in table 7.1. The Fermi velocity (vF ) is found to be similar to but slightly larger than

other cuprates at optimal doping [131]. The velocity at higher energy (vHE, 80-180

meV) is strongly dependent on the fitting scheme, with a constant background giv-

ing a slope which is 25% larger. This discrepancy can lead to an overestimation of

the mass renormalization at the ≈50meV kink. A linear background yields a mass

enhancement factor 1 + λ≈vF/vHE=1.97. This is comparable to other cuprates near

optimal doping [131].

Table 7.1: Slopes of portion of MDC dispersion, as defined in Fig. 7.7, in units of
eVÅ. Error bars represent 2σ confidence interval of fitting.

Linear Background Constant Background
vF (0-40 meV) 2.008 ± 0.0024 2.076 ± 0.023
vHE (80-180 meV) 3.956 ± 0.064 5.612 ± 0.061
vHE2 (230-330 meV) 8.994 ± 0.623 16.890 ± 1.26
vF/vHE 1.97 2.70

The MDC asymmetry might reflect interesting physics, such as a momentum-

dependent self energy, contrary to the usual assumption. This can arise from cor-

relation effects, as recently investigated in sodium cobaltate [164]. However, given

the lack of a neutral cleavage plane, surface electric fields might be responsible. In

photoemission, the interaction between a photon and an electron of momentum p is

given by Ĥint = − e
2mc

(A ·p+p ·A) = − e
mc

A ·p+ ieh̄
2mc

∇·A where the latter expression

makes use of the commutation relation [p,A] = −ih̄∇ ·A. Usually, A is assumed to

be constant, and thus ∇ ·A = 0, but if this assumption does not hold, asymmetric

lineshapes can result [165].

Fig. 7.8(a) shows the real part of the self energy at the node, approximated by

subtracting an assumed linear bare band, as indicated in Fig. 7.7(b). The peak of

ReΣ is at 51meV. The MDC FWHM shows an inflection point at a similar energy,

affirming data quality and confirming a mode-coupling feature at that energy. There

is a small upturn in the FWHM approaching EF , but this is within the error bars, and

likely not significant. There was some sample-to-sample variation in the kink energy,
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with another good cleave showing a kink energy up to 58 meV. Comparisons are made

to Bi-2212 with a similar Tc (UD92). The magnitude of ReΣ is about half as small

in Bi-2212, suggesting stronger electron-boson coupling in Hg1201. Additionally, the

dominant kink energy is larger in Bi-2212, with ReΣ peaking at 66 meV. Fig. 7.5

indicates that the superconducting gap in Hg1201 is comparable to that in Bi-2212,

which suggests that a bosonic modes of different energy are responsible for the kinks

in the two compounds. For further comparison, optimally doped Bi2201 (Tc=33K,

∆=15 meV) has a multiple distinct contributions to the nodal kink, and the most

prominent features appear at 70 meV and 41 meV [129].

The origin 50-80 meV nodal kink in cuprates is debated with some explanations

favoring a phononic origin [139, 166] and others favoring a magnetic origin [167, 168].

We will consider the former first. For optical phonons, the kink will appear at an

energy Ω+∆0, where Ω is the phonon energy and ∆0 is the magnitude of the antinodal

gap [169]. Thus, given a 39 meV extrapolated antinodal superconducting gap, the

kink observed in Hg1201 between 50-58 meV would imply an optical phonon between

11-19 meV. Ref. [170] shows in-plane optical phonon branches with maxima at 14

meV and an enhanced calculated phonon density of states at a similar energy.

In neutron scattering, a magnetic collective mode has been observed T<T*, whose

energy range varies from 52 meV and 56 meV between q=(0,0) and q=(0.5,0.5)

[171]. This energy is almost identical to the energy position of thekink observed

with ARPES, and the presence of the mode above Tc agrees with literature on other

cuprates that the nodal kink persists above Tc [172]. Additionally, analysis of optical

conductivity data in Hg1201 yielded a bosonic ”glue” energy between 50 and 60 meV

[173]. However, dispersion kinks normally show up at the mode energy gap shifted by

the maximum superconducting gap, except for special cases such as acoustic phonons.

Studying the momentum dependence of the kink in Hg1201 indicates that the kink

energy does not disperse away from the node (Fig. 7.9). The kink energy appears

similar for all momenta, suggesting that at every momentum, the maximum of the

d -wave gap–not its local value–is the relevant quantity.
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7.4 Conclusions

Despite its lack of a neutral cleavage plane, Hg1201 is a crucial compound to explore

with ARPES because of the wealth of high quality neutron and x-ray scattering and

transport data on this compound. This chapter outlined our technical experimental

progress (sample preparation procedure, cleaving procedure, ideal experimental con-

ditions for taking near-nodal data) and measurement of basic electronic properties

available in ARPES (superconducting gap, nodal kink energy and renormalization

strength).

Experiments can be further improved by using a more controlled method to cleave

the samples [174, 175], and by finding experimental conditions where the antinode

has cross section. Higher photon energy experiments (hν>100 eV) may be promising

for the latter goal. As an example, PdCoO2 also lacks a neutral cleavage plane, and

yields sharp spectra as expected from the low residual resistivity when measured with

120 eV photons [176] (see also Appendix C).

Ultimately, studies of Hg1201 may be very fruitful in addressing the question of

’what causes a high Tc?’ via comparisons to other single layer cuprates. LSCO and

Bi2201, the low-Tc single layer compounds have received substantial ARPES study,

while Hg1201 and Tl2201 have been less studied by the technique, but notably, the

latter has a neutral cleavage plane. All four of these compounds are accessible and

practical for ARPES. With a comprehensive study, new and non-trivial features may

be found in the electronic structure which distinguish the low Tc compounds from

the high Tc ones.
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Figure 7.3: (a)-(g) Image plots of near-nodal cuts, with Fermi surface angle indicated
in lower left of each panel. Data taken with 19eV photons, cuts parallel to ΓM,
and T=10K. Red vertical line in (b) marks Fermi momentum (kF ) and black dashed
line marks momentum where background EDC is taken for all cuts. (h) Background
EDCs for all cuts. (i) EDC at kF for all cuts. (j) EDC at kF with background EDC
subtracted for all cuts.



CHAPTER 7. HgBa2CuO4+δ (Hg1201) 104

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

k y
 (

Å
-1

)

-0.8 -0.4 0.0 0.4 0.8

kx (Å
-1

)

 Tight binding FS
 Experiment A
 Experiment B
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tons. Dashed line is tight binding Fermi surface using hopping parameters in Ref.
[158]
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Chapter 8

Conclusions and outlook

The 7eV laser has proved to be a tremendously useful tool, especially when it is used

to study the model cuprate for the ARPES technique, Bi-2212. Although each of

the parameters where the 7eV laser offers improvement over the synchrotron–energy

resolution, momentum resolution, and photon flux–improves by less than an order of

magnitude, their totality underscores the paradigm that new experimental technology

leads to new discoveries.

One of the first discoveries made with the 7eV laser was the low-energy kink,

and this is an important spectral feature for two reasons. First, its doping depen-

dence allows to make correspondence between ARPES, a surface spectroscopy, and

thermal conductivity, a bulk thermodynamics/transport experiment. There are often

doubts about whether ARPES gives information about bulk properties of cuprates,

and agreements like this help validate the technique. Secondly, a potential origin of

the low energy kink, electrons coupled to acoustic phonons, may be a mechanism of

enhancing Tc.

The resolution of the 7eV laser also afforded more careful study of gaps in the

near-nodal region, a momentum regime which was previously neglected because of

poorer resolution of earlier experiments. The lowest lying excitations near the node

are relevant to ground state properties, and these experiments revealed three distinct

phase regions inside the superconducting dome, separated by two phase boundaries

which might be quantum critical points. With the laser, we could also resolve subtle
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temperature dependence of gaps which showed that the pseudogap is not static below

Tc, but rather, it is suppressed by superconductivity in a portion of the Fermi surface

at low temperature. This is a crucial piece of information with which we can revisit

conclusions drawn from earlier data.

The 7eV laser is supplemented by synchrotron experiments which allow access to

the antinode and fine-tuning of photon energy. The former is generally important

for the cuprates because pseudogap physics is strongest at the antinode, and the

latter is a crucial prerequisite for studying Hg1201 which only yields acceptable nodal

spectra at a precise experimental configuration. Although Hg1201 is not the easiest

material to study with ARPES, we should continue to search for an experimental

configuration which highlights antinodal states in that compound and also measure

other dopings. A related line of inquiry is to study the other single-layer cuprate

with a high Tc, Tl-2201. This has the advantage of a neutral cleavage plane, and

it has not yet been explored with modern experimental precision. In my mind, this

constitutes one of the last low-hanging fruits in ARPES studies of cuprates–even the

superconducting gap has not been measured with the energy resolution standard in

modern ARPES experiments (10 meV). Tl-2201 has the additional advantage of being

naturally overdoped, and recent experiments have emphasized the overdoped side, to

the degree that other cuprates can be grown overdoped.

Recently, we have demonstrated an 11eV laser for ARPES experiments, and once

this system is optimized new discoveries will undoubtedly be made. The photon

energy is sufficient to reach the antinode in the cuprates and the Brillouin zone

boundary in other materials of interest such as the iron based superconductors and

topological insulators. Other forthcoming upgrades include a new R8000 analyzer

and 6-axis sample manipulator. With two bright narrow-bandwidth lightsources and

improved resolution and angular acceptance we can find answers to many of the key

questions in cuprates including the real momentum space structure (node? pockets?

real arc?) of the pseudogap.



Appendix A

Appendix: Other gap analysis

A.1 Kordyuk Model

The spectral function model proposed by A. A. Kordyuk (Kordyuk model) may be

more physical for the cuprates, and it is given by [114]:

Σ(k, ω) = λω + i
√

(αω)2 + (βT )2 (A.1)

Where the band dispersion is approximated to be linear and λ is a velocity renormal-

ization parameter. The (βT)2 term behaves like Γ0 in the Norman model in that it is

nonzero in the limit that ω goes to zero at kF . The single particle spectral function

for the Kordyuk model, including a gap ∆ opening at kF , can be expressed as:

A(kF , ω) ∝
|Σ′′(ω, T )|

(ω −∆)2 + (Σ′′(ω, T ))2
+

|Σ′′(ω, T )|
(ω +∆)2 + (Σ′′(ω, T ))2

(A.2)

This is the expression that is examined in Fig. A.1 by varying β while keeping

other parameters, including the gap, constant. β modulates the degree of thermal

broadening, and when it is sufficiently large, the symmetrized EDC at kF shows a

single peak, analogous to the effect of Γ0 in the Norman model. If one were to increase

α in equation A.1, there would be additional weight at higher energy in the EDCs in

Fig. A.1, but it would not contribute to the weight at ω=0, so an apparent gap would

persist. In real data analysis, models including an energy-dependent scattering rate
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tend to yield more unstable fitting, particularly near the node. For this reason, the

Norman model is often a better choice for extracting the gap, which is why it was

used in Ref. [39].
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Figure A.1: Kordyuk model [114]: EDCs at kF as a function of temperatures

A.2 tDOS

A new method of analyzing ARPES data has received attention in recent years [115,

177]. Tomographic density of states (tDOS) is a multistep procedure which aims to

mitigate the ambiguities of resolving a small gap buried under a large scattering rate,

as described in Chapter 5. The procedure is as follows:

1. Remove incoherent background and correct for detector nonlinearity

2. Integrate nodal cut over momentum in cut

3. Integrate off-nodal cut over momentum
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4. Divide off-nodal integrated cut by nodal integrated cut to produce tDOS spec-

trum

5. fit to Dynes model to extract gap (∆) and pair-breaking rate (Γ). ρDynes =

Re ω−iΓ√
(ω−iΓ)2−∆2

The following two sections will show simulation and data to assess the differences

between tDOS and traditional single-EDC ARPES data analysis.

A.2.1 tDOS simulations

Fig. A.2 shows simulation data using the Kordyuk model. The scattering rate ≈ 0.02

meV is more than twice the gap (4.5 meV) so that the EDC at kF shows a single

peak. However, the momentum integrated EDC shows a dip at zero energy indicating

that a gap is present. The reason this information shows up in the integrated EDC

(considering only E< EF ) is because of the backbending of the lower Bogoliubov

branch k> kF which adds extra weight away from EF .

Further simulation was used to assess the meaning of the ’pair breaking rate’, Γ

in terms of ImΣ input into different models of the spectral function. For simplicity,

instrument resolution was not included in these simulations. Since the real spectral

function of the cuprates is still debated, several scenarios are shown in Fig. A.3.

The simplest model has ImΣ = Γ = constant, and this is shown in Fig. A.3(a).

The gap is systematically overestimated in the tDOS fitting, but the severity is less

pronounced when ∆ > Γ. A variation of this model involves a momentum-dependent

Γ. For the values of Γ and ∆ chosen, this approach gave poorer agreement between

the tDOS fitting and the input, because Γ was always larger than ∆. The fitted Γ also

differs from the input by several meV. However, this discrepancy is not as large as the

difference between experimental the Γ found from tDOS analysis as compared to the

EDC width from symmetrization [115]. Using the Kordyuk model as an input[114],

tDOS fitting gives good agreement with the input model parameters (Fig. A.3(b)),

except at the smallest gap values. A Fermi-liquid spectral function similarly offers

good agreement at sufficiently large gap values.
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Figure A.2: (a) Simulated off-nodal spectrum, not including Fermi-Dirac cutoff. Ko-
rdyuk model parameters: α = 0.2, β = 0.002, T = 10K,∆ = 0.0045. Red dashed line
marks kF (b) EDC at kF (red) and integrated spectrum (black). Integration range is
entire k-range of (a).

A.2.2 Data: tDOS vs symmetrization

Figure A.4 shows EDCs at kF and tDOS spectra at 12K and 77K for a UD65 sample.

We note that our spectra were not corrected for detector nonlinearity, and the effect

this has on the tDOS spectra is mostly on the unoccupied side as discussed in the

supplements of Ref. [177]. At low temperature, both EDC and tDOS show structure

by which a gap can easily be defined, though raw spectra have sharper peaks and

hence a better defined gap energy. However, at high temperature, tDOS spectra

near the node lack structure. For θ = 49◦, there is a subtle dip near EF , but this
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constitutes only 6% of the spectral weight. Thus, the fitted ∆ and Γ have very large

error bars.
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Figure A.5: Fits for UD65 sample. (a)-(b) ∆ and Γ fit from Norman model (red) and
tDOS (blue) at 12K. (c)-(d) 77K. Error bars for Norman model fitting determined by
3σ from fit (≈ 0.5 meV at 12K, 1 meV at 77K) and uncertainty in fitting of EF (0.5
meV at 12K, 1 meV at 77K). Error bars for tDOS determined from 3σ confidence
interval fitting to Dynes model.

Figure A.5 compares ∆ and Γ for Normal model fitting and tDOS spectra fit to

the Dynes model. At low temperature, fitted gaps are comparable, though tDOS

analysis yields consistently smaller gaps away from the node. The Γ from tDOS anal-

ysis is consistently smaller than Γ1 from fitting symmetrized EDCs to the Norman

model. At high temperature, particularly near the node, tDOS analysis yields giant

error bars, because the spectra are so featureless. Thus, analysis method offers the
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least quantitative utility in the regime where its necessity was motivated: when tem-

perature is high and gaps are small. tDOS analysis very close to the node can suggest

that a gap is still present, but it is more difficult to quantify the gap. In raw data,

EDCs retain peaks from which gaps can be assessed less ambiguously. In that way,

tDOS is similar to recent analysis of MDC integrated spectral weight at EF [110]:

they suggest that the Fermi arcs may be shorter than suggested by symmetrization

analysis (or absent altogether), but cannot quantify the magnitude of the gap.

Because the high temperature tDOS spectra do not have well defined structure,

choosing an energy range for the fitting can be ambiguous. Fig. A.6 explores how the

fitted ∆ and Γ vary with upper bound of the fitting for tDOS spectra in Fig. A.4(g)-

(h). For the tDOS spectrum at θ = 49◦, the fitting range had little effect on the

extracted parameters, and the statistical errors were always large. For the spectrum

at θ = 60◦, there was an effect, with error bars being minimized for a fitting range of

50-70 meV.
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Figure A.6: Fitting range dependence for tDOS spectra in Fig. A.4(g)-(h). All fitting
done only on occupied side with upper bound being EF . (a) 60

◦, 77K. (b) 49◦, 77K.

Figure A.7 compares temperature dependence across Tc between published tDOS

analysis (Ref. [177]) and independent symmetrization analysis using laser ARPES.

The Tcs are 85K and 83K, respectively. For θ ≈ 62◦, the gap magnitude and tem-

perature dependence are very similar. The gap decreases by ≈ 20% approaching Tc.

For For θ ≈ 58◦ (0.5*| cos(kx)− cos(ky)| ≈ 0.4) tDOS analysis yield a slightly smaller



APPENDIX A. APPENDIX: OTHER GAP ANALYSIS 119

gap. Symmetrization analysis yields a gap closing by ≈ 40% across Tc while tDOS

analysis yields a gap closing by ≈ 30% across Tc.
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Figure A.7: Comparison of temperature dependence of gaps from symmetrization
analysis and tDOS. tDOS analysis from Ref. [177] and data for symmetrization
analysis are used in Chap. 3.

To summarize this section, tDOS appears to be useful for gaining qualitative

information which is absent in symmetrization analysis: that a small gap is buried

underneath a large scattering rate. This is similar to the information gained by

analyzing the integrated MDC at EF [110], though tDOS analysis can be done at a

single temperature. However, in the regime where symmetrization fails–small gaps

at high temperature–tDOS analysis is not useful for gaining quantitative information

as the fitting has large statistical errors. In simulation for a variety of lineshapes,

tDOS-analyzed gaps begin to differ from input values when the scattering rate is

large relative to the gap.
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A.3 Alternate analysis: Deconvolution

1 A series of papers from the Brookhaven group used Lucy-Richardson deconvolution

to analyze ARPES spectra, and the result was a nodal hole pocket whose volume

decreased with underdoping and whose size was unchanged with temperature above

Tc [178, 72]. Pockets are an attractive explanation for the pseudogap Fermiology

because many theories can produce pockets without fine tuning. Refs. [178] and [72]

discussed the analysis within a Yang-Rice-Zhang picture, but density waves would

also produce pockets. It is difficult to get arcs or nodes without fine-tuning.

In principle, ARPES has some access to unoccupied states at elevated tempera-

ture, but in practice, this information is difficult to quantify as well as the occupied

states. Above EF , one needs to contend with detector nonlinearity, higher order re-

flections from the beamline grating and other accounted beamline light, and detector

noise. The latter two are problems particular to the unoccupied side because the pho-

toemission intensity is smaller there, and they both enhance the ARPES intensity on

the unoccupied side. It is because of these factors that the photoemission intensity

on the unoccupied side in Ref. [34] appears larger than on the occupied side after

dividing by EF . The authors of Ref. [34] are aware of this issue and did not attempt

to quantify the intensity on the unoccupied side. Detector nonlinearity becomes an

issue when one wants to compare signals over a wide dynamical range: depending

how the experiment is done, either the low-intensity portion is undercounted rela-

tive to the high-intensity portion or vis versa. This can be corrected for by properly

characterizing the detector in the experiment, as discussed in Ref. [179] for an earlier

Scienta detector. Correcting for detector nonlinearity not a routine procedure for all

ARPES groups because a correction is usually not needed if one only studies occu-

pied states. The authors of Ref. [178] emphasize that they performed experiments in

pulse-counting mode in order to better quantify the unoccupied states, but it is clear

that the unoccupied states are being overcounted (supplements, Fig. S1(b)-(c)). In

the superconducting state at kF , the upper Bogoliubov peak appears to have a larger

1some of the information in this section comes from a presentation Makoto Hashimoto gave in a
Superconductivity Subgroup meeting and discussions with Jonathan Sobota
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amplitude than the lower Bogoliubov peak, which would not be the case if beam-

line noise and detector nonlinearity were corrected for. The deconvolution procedure

seems to mitigate most of this, but it is not clear why, because this is not the purpose

of deconvolution.

The main problem with Ref. [178] is that the argument relies on the truncation of

intensity above EF , which is a delicate issue to quantify. More clarity might be gained

by analyzing raw data taken with superior energy resolution (1 meV, as afforded by

a 7eV laser system and R4000 analyzer).

A.4 Future experiments

The conclusion one can draw from analysis from the Stanford, Colorado, and Brookhaven

groups is that all analysis methods are limited in the regime where the gap is small

and the scattering rate is large. One obvious way to mitigate issues of thermal broad-

ening is to study cuprates where the pseudogap is accessible at low temperature. In

Bi-2201, the pseudogap phase boundary extends beyond the superconducting dome

and nonsuperconducting overdoped samples can be grown. Studying the pseudogap

on the strongly overdoped side at low temperature can set limits on whether there

are Fermi arcs (or pockets) and how large they are. One possible complication is that

charge order appears to disappear much sooner than the pseudogap in Bi-2201 [123],

so it might not perfectly reflect the physics of Bi-2212 and YBCO.

Additionally, experiments should continue to search for bending at the end of the

Fermi arc, which would indicate a pocket. Analysis of quantum oscillation experi-

ments suggest that the Fermi arcs might in fact be portions of electron pockets [109].

This requires taking cuts orthogonal to the usual direction (i.e. cuts parallel to ΓX

when measuring in ΓY quadrant), and probably exploring a wider regime of matrix

elements. With future upgrades to our analyzer and manipulator in the basement

lab, it will be easier to explore this parameter space.



Appendix B

Appendix: Mode coupling, future

directions

One of the difficulties in analyzing kinks in Bi-2212 is that there are six different enti-

ties existing at a similar energy scale (≈35 meV) near optimal doping: The supercon-

ducting gap, pseudogap, B1g phonon, magnetic resonance mode, bilayer splitting, and

the van hove singularity. In light of this complexity, there are two potentially fruitful

approaches to assessing the origin of the prominent kink in the nodal dispersion:

1) Study the kink on the strongly overdoped side (p>0.22) where the pseudogap is

absent at all temperatures

2) Systematically study the doping dependence of the kink, as the doping dependence

of near-nodal gaps and antinodal gaps has been carefully characterized [39].

This appendix will first assess the cleave-to-cleave variation of the nodal kink and

then show preliminary studies of the temperature and momentum dependence of the

kink in OD65 where the gap closes across Tc. Finally, the doping dependence of the

nodal kink and antinodal dip will be assessed in terms of recent studies of spectral

gaps.

For most forms of electron-boson coupling, the dispersion kink appears at energy

Ω+∆0, where Ω is the boson energy and ∆0 is the antinodal gap energy. For exam-

ple, in Eqn. 6.3 the electron-phonon coupling parameter (λ) at a given k is related to

122
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the electron-phonon coupling vertex, |g(k,q)|2, averaged over the entire Fermi sur-

face. The discussion here will assume that the kink energy reflects gap shifting by the

antinodal gap, rather than the local gap. For this appendix, ReΣ is approximated

by subtracting an assumed linear band from the dispersion. While this procedure

is only an approximation, it is extremely useful for assessing the energy position of

mode-coupling features and tracking their momentum and temperature dependence,

provided the same bare band is used for all data within the comparison. If not stated

explicitly, the endpoints of the assumed linear graph are given by the range of the

x-axis. The peak of ReΣ will be taken as ”the kink energy”.

B.1 Cleave-to-cleave nodal kink variation

There are two dopings that we studied frequently at low temperature: UD92 and

OD65. For reference for future investigations, Fig. B.1 summarizes the kink energies

observed in multiple experiments on OD65 and UD92 at low temperature. The energy

position of the peak of ReΣ varies by about 8 meV for both dopings (4 meV if outlier

is removed), and the kink energy for OD65 is consistently higher than UD92. This

suggests that either a different mode dominates the kink in OD65 vs UD92 or there

is a doping-dependence to the mode energy, because within a simple gap-shifting

picture, OD65 is expected to show a kink at a lower energy for the same mode.

Several variables were investigated to understand the cause of the outliers in Fig.

B.1: 1) vF , 2) nodal renormalization, 3) MDC FWHM at EF , 4) MDC FWHM at 100

meV, 5) ratio of MDC FWHM at EF to MDC FWHM at 100 meV, and 6) maximum

binding energy of cut. The first two were meant to account for the possibility that

the cut was slightly off-node or did not intersect the node perpendicular to the Fermi

surface. The third, fourth, and fifth variables were used to quantify cleave quality.

In particular, a poorer cleave will yield broader low-energy spectra. The final crite-

rion accounts for boundary condition problems that may arise in the data analysis.

Preliminary analysis could not find links between most of these variables and an out-

lier kink energy. The only one which appeared problematic is the maximum binding

energy of the cut. Future experiments should measure nodal spectra to at least 180
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Figure B.1: Peak energy of ReΣ for all experiments on OD65 and UD92. Outlier is
circled for each doping. For all experiments, temperature is well below Tc.

meV binding energy to permit reliable data analysis.

B.2 Kink in OD65

Recently, the overdoped regime has emerged as a promising venue for understanding

near-nodal band renormalization [180, 181]. For data in this section, OD65 samples

from two different batches were studied. The first batch were older samples stored

in desiccant for 5 years. The newer batch were annealed in 2012. All OD65 samples

contain Pb-doping on the Bi site, which is required to attain heavily OD samples

which are stable.

Fig. B.2 shows the temperature dependence of gaps and ReΣ across Tc for OD65.

At low temperature, the d -wave gap has a maximum of 17 meV at the antinode. The

gap appears to close everywhere across Tc for this doping, indicating no pseudogap



APPENDIX B. APPENDIX: MODE COUPLING, FUTURE DIRECTIONS 125

above Tc. This reduces one variable when analyzing the temperature dependence of

the kink. Below Tc, a kink is observed near 71 meV (peak of ReΣ) and another one is

observed near 43 meV (shoulder of ReΣ). This is different from samples with smaller

dopings (UD92, Fig. B.2(c)) where a clear shoulder is not visible at low temperature.

Assuming gap shifting by the full antinodal gap, the kink and shoulder imply modes

at ≈54 meV and ≈26 meV, respectively. Above Tc, there appears to be a single peak

in ReΣ at 61 meV. This may correspond to the same mode giving rise to the main kink

at low temperature, though higher-statistics studies are needed to verify the energy

of the kink at each temperature. UD92 does not show a pronounced shift of the

energy position of the main kink across Tc, as shown in Fig. B.2(c). Previously, the

temperature dependence of the nodal kink and subkink in optimally doped Bi-2212

was interpreted in terms of a closing superconducting gap [137], but that analysis was

complicated by the presence of the pseudogap above Tc. A similar approach can be

applied to deeply overdoped samples, and it should be more rigorously correct in the

doping regime where the gap closes over the entire Fermi surface at Tc.
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different OD65 samples (s1 and s2), from older batch. (b) Temperature dependence
of ReΣ for OD65. Arrows mark kink and subkink. (c) Temperature dependence of
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Fig. B.3 shows the momentum dependence of the kink and subkink in OD65. As

in Fig. B.2, a main kink and subkink are observed. Additionally, these data show a

low energy kink at ≈10 meV. This is not expected because the low energy kink was

previously found to weaken substantially with doping [126, 127]. One explanation is

that the OD65 sample is Pb doped, whereas samples in previous studies were not. It

is possible that Pb may alter the dielectric properties of Bi-2212. Another possibility

is that we do not understand the doping dependence of matrix elements sufficiently,

and what looks like the low energy kink might just be the bonding band. This can

be rigorously investigated at the beamline by varying the photon energy away from

7 eV. The spectra in Fig. B.2 were much broader than the spectra in Fig. B.3

such that the low energy kink, if present, may not be observable in Fig. B.2. In

Fig. B.3, the relative weight of the subkink gets larger away from the node such

that 16 degrees away from the node, the peak of ReΣ is near 40 meV instead of 70

meV. Two other dopings are shown for comparison: UD92 and OD80. Both of these

samples show an apparent shift in ReΣ away from the node. However, there is no

”two-mode” structure, and the magnitude of the shift between 45 degrees (node) and

29 degrees is 10 meV and 6 meV for OD80 and UD92, respectively. Approaching the

antinode, the break between the quasiparticle portion of the spectrum (|E|<|Ekink|)
and the incoherent portion of the spectrum (|E|>|Ekink|) becomes more pronounced

and MDC analysis becomes less reliable [182]. Thus, the modest momentum-shift of

the kink for OD80 and UD92 should be investigated further, employing both EDC

and MDC analysis. Because two structures are clearly seen at each momentum in

ReΣ for OD65, separated by 30 meV, this observation is probably robust. We note

that a recent preprint has reported two distinct modes for an OD82 sample, near 40

meV and 80 meV with the lower energy one dispersing to lower energy approaching

the antinode [180]. This was not observed in the OD80 data in Fig. B.3.

B.3 Doping dependence of kink

At the antinode, the dip energy is associated with mode coupling, gap-shifted by

the antinodal gap. Two leading candidates to explain dispersion anomalies are the
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Figure B.3: (a) Momentum dependence of ReΣ for several cuts at specified FS angles,
OD65. Arrows are guides to the eye for energies of kinks and subkinks. Samples are
from newer batch. (b) MDC FWHM at the same cuts. (C) Momentum dependence
of ReΣ for OD80. (d) momentum dependence of ReΣ for UD92.

B1g phonon and the magnetic resonance mode. The B1g phonon appears in Raman

spectra at 38 meV in optimally-doped Bi-2212 [183]. The energy of the resonance

mode (the one odd under exchange of CuO2 planes) at Q||=(π,π) ranges from 43

meV at optimal doping to 34 meV at p≈0.21 [184]. Following a comprehensive,

high-resolution study of the spectral gap in the superconducting state [39], dispersion

anomalies were analyzed in terms of gap shifting, and the results are shown in Fig.
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B.5. This is similar to analysis done in [185], except with newer data (generally with

higher statistics and resolution) and more dopings.

Two unanticipated results are seen. First, simple gap-shifting analysis implies a

higher energy mode giving rise to the dip near the antinode as compared to the kink

near the node. In Fig. B.5(b), the mode at the antinode has an average value of

36±3 meV and the mode at the node (Ekink-v∆) has an average value of 29±5 meV.

The difference might be explained by considering the pseudogap at the antinode,

as recent analysis has indicated that superconductivity, pseudogap (as modeled by

a charge order with finite correlation length), and mode coupling are all required

to reproduce the temperature dependence of spectral features and spectral weight

[186]. Additionally, when considering coupling to the B1g phonon, the dispersion of

the phonon can produce a momentum-dependent kink energy, both with a Holstein

coupling and with a momentum-dependent coupling1. The second surprising result

in Fig. B.5 is that in order to imply a mode whose energy is independent of doping

(i.e. the B1g phonon), the near-nodal energy scale v∆ must be used instead of the

antinodal gap energy, ∆AN . Thus, the kink energy does not reflect a gap shift by

the full antinodal gap. This suggests that there is a strongly reduced density of

states at the antinode in the doping regime where the low temperature gap deviates

strongly from a simple d -wave form, such that the contributions of the antinode to

the nodal kink are suppressed. Photoemission matrix elements make it difficult to

quantitatively assess relative quasiparticle weight between different cuts, but it has

been shown the the quasiparticle spectral weight at the antinode is suppressed with

underdoping [67].

B.4 Temperature dependence of nodal spectrum

across T*

This section explores the temperature dependence of the nodal kink above T* in

UD92. There are a number of motivations for this project, particularly extending

1private communication with Steve Johnston
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Figure B.4: (a) ∆AN and v∆ found from measuring gap at antinode and near-node,
respectively. (b)Ekink is the peak energy of ReΣ and Esubkink is a subkink energy
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EDC.

the study to more dopings. First, if there is a boson mediating the pseudogap phase,

there may be a signature in the kink across T*. Alternately, gap-shifting of the kink

energy might be visible across T* as the pseudogap closes. Second, new pump-probe

ARPES experiments have unprecedented access to nodal dynamics [187, 188], and it

is important to have high-quality equilibrium data in order to distinguish interesting

effects from trivial ones. Finally, though the temperature dependence of the nodal

kink has been studied in the past, it is important to revisit it with new tools (high

resolution laser ARPES) and new insights (pseudogap is distinct phase from Tc,

competing phases manifest near node too).

Fig. B.6 shows the temperature dependence of ReΣ in UD92. The data are

quantified by two metrics: the kink energy and the integrated area of ReΣ. The kink

energy is found by smoothing ReΣ and taking the first derivative to find the peak.

In the case that the peak energy depends on the number of smoothing iterations, the

kink energy is measured as a function of the number of smoothing iterations, and

extrapolated to zero. Fig. B.6(b) shows that the dominant kink energy in UD92

is unchanged across Tc, and weakly temperature dependent at higher temperatures,

though always within error bars. The latter may be an artifact of thermal broadening

which is more pronounced at low binding energy. The integrated area of ReΣ is one



APPENDIX B. APPENDIX: MODE COUPLING, FUTURE DIRECTIONS 130

100

80

60

40

20

E
n

e
rg

y
 (

m
e

V
)

 dip at AN (Edip)

 nodal kink (Ekink)

 AN gap (∆AN)

 nodal subkink (Esubkink

) v
∆

50

40

30

20

10

E
n

e
rg

y
 (

m
e

V
)

0.200.160.120.08

p

mode at AN (Edip-∆AN)

mode at node (Ekink-∆AN)

mode at node v2 (Ekink-v
∆
)

subkink mode at node (Esubkink-v
∆
)

(a)

(b)

Figure B.5: (a) Energy scales from doping dependent data. Definitions in Fig. B.4.
(b) Mode energies as defined in key. Horizontal bands are guides-to-the-eye for mode
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way of quantifying the strength of the electron-boson coupling within a temperature-

dependence study, though it must be stressed that the ReΣ plotted in the figure is

only approximate, given our crude estimation for the bare band. The integrated ReΣ

gets smaller across Tc, and continues to diminish with increasing temperature. The

analysis suggests that it might level out at 200K, which is approximately T* for this

doping, but further studies are needed to confirm this. Prior experiments indicated

that mode coupling weakened across Tc [189, 190, 172]. However, the data shown
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here extend to even higher temperature with more accuracy and suggest that the

change at Tc might not be as singular as previously thought.
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Figure B.6: (a) Temperature dependence of ReΣ. (b) Temperature dependence of
energy position of peaks in (a). (c) Temperature dependence of integrated area of
ReΣ curves in (a). Horizontal dotted line is a possibly obfuscating guide-to-the-eye.

Fig. B.7 studies the temperature dependence of MDCs at all energies and EDCs at

kF . Below Tc, the MDC width shows a pronounced anomaly at an energy close to the

kink energy (Fig. B.7(a)). Above Tc, the MDC FWHM evolves smoothly with energy,

even though the kink is still present in the dispersion. Note: data were not corrected

for detector nonlinearity, so MDC widths above EF are not to be taken seriously,

especially at low temperature. The data in Fig. B.7(a) are shown in a different way

in Fig. B.7(b), via the temperature evolution of the MDC FWHM at selected energies.

At EF , the MDC width is constant across Tc and increases linearly with temperature
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above Tc. No anomaly is observed at T*. At higher binding energy, the sudden change

at Tc is less pronounced, and the linear increase of the MDC width with temperature

above Tc is less rapid. Fig. B.7(c) shows the temperature evolution of the EDC

width at kF . The EDC width is quantified by fitting symmetrized EDCs at kF to the

Norman model (Σ(k, ω)=-iΓ1+ ∆2/[(ω+i0+) + ϵ(k)]), with the gap fixed to zero [64].

Above Tc, the Norman model usually includes an additional scattering parameter Γ0,

but it is omitted in this fitting because the fitting is unstable and underconstrained

for gapless spectra if both terms are used. It would be very interesting to repeat the

analysis of Fig. B.7(b)-(c) with a deeply overdoped sample to assess if the temperature

evolution of the MDC remains linear with temperature or becomes quadratic. Earlier

experiments reported a T2 dependence of the MDC width [191], but high resolution

ARPES experiments often promote revisions of previous results.
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Figure B.7: (a) Energy and temperature dependence MDC FWHM for UD92 nodal
cuts. (b) Temperature dependence of MDC FWHM at selected energies. (c) EDC
width at kF as fit by Norman model.

B.5 Conclusions

This appendix discussed a few experiments related to near-nodal mode coupling,

with a focus on questions which can be addressed most readily with laser ARPES.

Ascertaining which bosonic modes give rise to dispersion anomalies in the cuprates

is a deep issue with implications for the mechanism of cuprate superconductivity.

These excitations may be involved in Cooper pairing, or they may reflect elementary
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excitations of the pseudogap. Even if these modes are found to be unrelated to

superconductivity, it is highly non-trivial that superconductivity can exist amidst

such strong, non-pairing electron boson coupling.



Appendix C

Appendix: PdCoO2

C.1 Motivation

The first ARPES project I pursued was studying PdCoO2, a triangular lattice oxide.

Whereas the building blocks of cuprates are corner sharing CuO6 octahedra, the

building blocks of the cobaltates are CoO6 edge-sharing octahedra. PdCoO2 is well

known for having an exceedingly high conductivity at low temperature [192].

The motivations for this were two-fold. First, it was pursued in the context of

NaxCoO2 which has a similar crystal structure with identical building blocks of CoO6

edge-sharing octahedra. NaxCoO2 becomes superconducting when intercalated with

water [193], has large thermopower [194], and features antiferromagnetic exchange on

a triangular lattice [195]. In that context, PdCoO2 represents a clean, stoichiometric

model system for NaxCoO2.

Second, understanding the conditions under which superb metallic conductivity–

ρab = 0.03µΩcm at 1.6K in PdCoO2–can develop in oxides is interesting from an

applications standpoint. Many potentially technologically important materials are

oxides with a perovskite crystal structure. This includeshigh temperature supercon-

ductors, giant magnetoresistant manganites, piezoelectrics, and solid oxide fuel cells

are oxides[196]. Interfacing these materials with metallic components is easier if the

latter have the same crystal structure.

134
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C.2 Data and discussion

PdCoO2 data were taken at SSRL. Figure C.1 shows photon energy dependence along

a high symmetry cut (ΓM). Two features are observed, labeled A and B. It is now

known that feature A is a bulk feature derived from Pd s-d hybridized states, while

feature B is a surface feature consistent with Co d states [176]. The Fermi surface

from feature B agrees with band structure calculations [197]. For the photon energies

sampled in Fig. C.1, 19-22 eV yields the largest intensity near EF for EDCs at both

points A and B. We note that the hump observed near 0.3 eV at point A is likely from

the surface state. In the MDCs, the highest intensity for both the bulk and surface

bands is achieved at 22 eV.
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Figure C.1: Photon energy dependence, 10K. Conventions for labeling high symmetry
points in Brilliouin zone given in Ref. [176]. (a) image plot taken with hν =22 eV,
cut along ΓM. (b) MDCs at EF for different photon energies, offset for clarity. MDCs
are normalized at 12 degrees emission angle and offset horizontally such that feature
B lines up for all photon energies. (c) EDCs at point A for different photon energies,
normalized at 0.6 eV. (d) MDCs at point B for different photon energies, normalized
at 0.6 eV.

Figure C.2 shows a high symmetry cut along M-Γ-M with 4 features visible, labeled

A, B, C, D. Features C and D are also seen in Fig. C.1 and are robust at low

temperature. The feature at the Γ point (A) is of unknown origin, and it fades away

within 30 minutes at 10K. Feature B was not reported in Ref. [176], and it also

has a finite lifetime, disappearing within 2 hours. Experiments on PdCrO2 (Ref.

[198]), reported a similar feature which was shown to be a surface reconstruction on

a Pd-terminated surface. Thus, during cleaving, PdCoO2 likely has mixed Pd and
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O terminations, with the former aging more quickly. The Pd terminated portions

give rise to surface feature B in Fig. C.2 and the O terminated portions give rise to

surface feature C. The Fermi velocity of the bulk feature (D) is measured to be 5.15

eVÅ, which is consistent with the value reported in Ref. [176]. kF was found to be

0.92 Å, giving a cyclotron effective mass m*= 0.55me.
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Figure C.2: Cut along M-Γ-M, taken with 21 eV photons at 10K.

Interestingly, ARPES data taken at 120 eV and 60 meV energy resolution were

able to yield a resolution-limited bulk band and also observe two spin-orbit split

bands constituting the surface band [176] while ARPES data at 21-22 eV and 10

meV energy resolution yielded much poorer bulk spectra. Though the ’universal

curve’ for the electron mean-free path does not suggest a tremendous enhancement

of bulk sensitivity at 120 eV as compared to 21 eV [199], these results certainly

suggests that this is the case for PdCoO2 in particular. This lesson may be useful

for studying other compounds which lack a neutral cleavage plane such as Hg-1201:

sacrificing resolution at hν > 100eV may be worthwhile in terms of gaining cross

section. Both PdCoO2 and Hg-1201 were attempted with the 7eV laser, and both

yielded no dispersions at all.



Appendix D

Appendix: 11eV laser

The 7eV laser has revolutionized ARPES experiments on Bi-2212, permitting faster

data collection with better statistic, momentum resolution, and energy resolution.

However, there are some key limitations, notably the difficulty in accessing the Bril-

louin zone boundary. Unfortunately, the mechanism of producing 7eV light–second

harmonic generation in a KBBF crystal–is not applicable above ≈150nm (8.27 eV)

because the phase matching angle approaches 90◦ and CaF2 (used in the prism cou-

pling) becomes opaque.

Recently, a laser system based on frequency up-conversion in a gas cell was demon-

strated to produce 10.5 eV light with intensity, bandwidth, and repetition rate useable

for equilibrium ARPES experiments [200].

We have purchased a 114nm (10.876 eV) laser (colloquially dubbed the ’11eV

laser’) from Lumeras, and have worked with Lumeras to develop the optics system

to interface with the ARPES chamber. In July 2013, we succeeded in taking the first

spectra (Fig. D.1), and we are working to optimize the operation of this laser. The

new lightsource has been demonstrated to work on other materials besides Bi-2212,

and we are also continuing to explore which compounds show good cross section.
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(a) (b)

Figure D.1: (a) Au Fermi edge, taken at 6K, 5eV pass energy, and 0.3mm straight
slit with SES2002 analyzer. Resolution was measured to be 8 meV. (b) Bi-2212,
UD92, near node. Spectra taken before maximizing the 11eV intensity, hence the low
photoemission counts.
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