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CHAPTER

THREE

ON THE PHASE DIAGRAM OF BI2201

In this chapter the phase diagram, and some of the electronic phases existing in

hole-doped (Pb,Bi)2Sr2−xLaxCuO6+δ are investigated using ARPES. As this exper-

iment gives direct access to the occupied electronic structure and its modification

as the hole doping level is changed, it can identify and quantify gaps at different

portions of the Fermi surface, and thus is well suited for investigation of the pseu-

dogap. In addition, via the area of the Fermi surface or from the doping-dependent

shift of the flat bands near the Brillouin zone boundary, the hole doping itself can

be tracked, so as to compare with transport experiments and aid the interpretation

of other surface sensitive spectroscopies such as Scanning Tunneling Spectroscopy

(STS). Here a collection of data from (Pb,Bi)-2201 is presented, both of the normal

and superconducting states. These data have been recorded from samples that have

also been the subject of transport and STS experiments by our colleagues in the

NWO Strange Metal Programme in Nijmegen (HFML, Hussey group) and Leiden

(Allan Lab), respectively. Consequently, the data presented in this chapter are in-

corporated into manuscripts of publications with the transport1 and STM group2,

illustrating the added-value of the collaborative approach between experimentalists

in the Strange Metal consortium. ARPES data measured at synchrotron sources

are used in tandem with measurements using AMSTEL, the lab-based system, to

paint a coherent picture of the whole phase diagram. The transport data presented

in this chapter where indicated are courtesy of Maarten Berben (MB) and Nigel

Hussey (NEH) of the Radboud University Nijmegen, and are added here to enable

a complete discussion.

1M. Berben∗, S. Smit∗ et al., ‘On the superconducting dome and pseudogap endpoint in Bi2201’

Physical Review Materials 6, 044804 (2022). ∗Authors contributed equally.
2W.O.Tromp,..,S. Smit,.. et al., ‘Puddle formation, persistent gaps, and non-mean-field break-

down of superconductivity in overdoped (Pb,Bi)2Sr2CuO6+δ’ (submitted)
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Chapter 3. On the phase diagram of Bi2201

3.1 Introduction

There can be significant differences in elemental composition, structural disor-

der and low lying electronic structure (sometimes called fermiology) between the

different cuprate families. Nevertheless, a lot of the electronic phases that occur on

doping display remarkable universality. This begs the question whether all of the

electronic properties common between different families of cuprates can really be de-

scribed by considering a single doped copper-oxygen plane, a feature that all have in

common. Generally, these electronic phases emerge at roughly similar doping levels

between systems. Most obvious among these phases is superconductivity that, for a

large number of cuprates, possesses a doping dependence in the form of a dome with

the only difference being the maximum Tc [8], which is mainly dependent on the

number of CuO2 planes per unit cell. Besides superconductivity, there are multiple

other significant electronic reconfigurations happening in the phase diagram, such

as the closing point of the pseudogap as a function of doping, something that is a

hotly-debated point in Bi2201. In this system, Nuclear Magnetic Resonance (NMR)

measurements [119, 120], and spectral weight analysis in ARPES [42] suggest a clos-

ing point of the pseudogap, denoted by p∗, located on the far overdoped side, for

Tc <18 K, or (<0.5Tmaxc ). This in contrast to in-plane resistivity measurements,

where a vanishing of the S-shaped temperature dependence of ρab characteristic of

the PG phase is observed at overdoping for Tc <29 K, or <0.8Tmaxc [46]. This would

bring Bi2201 in line with other cuprates, where p∗ is also found to be around 19-20%

[121].

At the far overdoped side of the superconducting dome, the absence of the pseu-

dogap makes the quantitative determination of the Fermi surface topology easier.

Since above Tc there are no gapped states there is a fully closed Fermi surface centred

on the (π,π) and equivalent points in the Brillouin zone. Given enough doped holes,

the flat bands at the (π, 0) points, as shown in Fig. 1.3 of Chapter 1, are raised

above the Fermi level, and the topology of the Fermi surface changes from that of

hole-like pockets around the zone corners, to an electron-like Fermi surface closed

around Γ. There is some debate whether this topological transformation, called a

Lifshitz-transition, is accompanied by the disappearance of superconductivity at the

same doping level.

From the ARPES point of view, there are reports of hole-like Fermi surfaces

(thus with the saddle point below EF ) still existing in non-superconducting Bi2201

by Valla et al. [122], whereas Ding et al. [123] report a Lifshitz transition occurring

simultaneously with the disappearance of superconductivity in one layer Bi2201,

similar to the situation in Bi2212, where the antibonding Fermi surface undergoes
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Chapter 3. On the phase diagram of Bi2201

a Lifshitz transition as superconductivity disappears [124]. These results seem to

emphasise the important role played by the antinodal states in the mechanism of

superconductivity in the Bi based cuprates. An interesting observation here is that

Lifshitz-transitions in LSCO and Tl2201 do not coincide with the disappearance

of superconductivity. For LSCO the vHs crosses the Fermi level inside the super-

conducting dome close to optimal doping between 15-22 % doping [125], possibly

coinciding with the pseudogap closing point p∗. For Tl2201 the Lifshitz transition

happens beyond the dome at much higher overdoping, as far out as p ∼0.5 [126].

What causes these differences between those particular cuprates is as of yet unclear,

but this nonetheless energises us to identify cases in which their properties do appear

the same across the cuprate families.

3.2 Absolute doping axis in the phase diagram

In principle, determining the absolute doping for a given compound is a matter of

counting the available excess holes per copper atom. In fully stochiometric materials

such as YBa2Cu4O8 (Y124) this can be feasible, as the doping is not influenced by

additional (or missing) oxygen atoms. In La2−xSrxCuO4 (LSCO) the Sr content

dominates the doping behavior, which is thus dependent on the amount of Sr2+

compared to La3+. Conservation of charge then requires the hole doping to follow

p = x. This has been confirmed by chemical titration measurements in LSCO

[127, 128], and this clarity is a cornerstone of the famous ‘superconducting dome’.

In the Bi- and Tl- based compounds, this determination is not so straightforward,

partly due to their complex chemistry, non-stoichiometry, and the fact that the hole

concentration in these materials is heavily influenced by the oxygen content in the

electronically inert layers. Besides this, certain constituents like bismuth can have

multiple valencies. This is experimentally difficult to determine, but systematic

studies on the oxygen content by Presland et al. [8] in Bi2201, Bi2212, Tl2201,

revealed a very similar hole concentration vs Tc behavior to that of LSCO, with a

maximum Tc occurring at or close to 16 % doping. This led to the formulation of

the empirical ‘universal’ relation of Tc/Tmax
c vs p [8] with the beginning and end

point of the dome situated at psc1 = 0.05 and psc2 = 0.27 respectively:

Tc
Tmaxc

= 1− 82.6(0.16− p)2 (3.1)

There are known deviations from this relation in multiple compounds. For ex-

ample in Tl2Ba2CuO2+δ (Tl2201), superconductivity extends to ∼ 0.31 holes/Cu as

shown by quantum oscillations [126], and a downward dip in Tc exists around the
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Chapter 3. On the phase diagram of Bi2201

special doping of p = 1/8 = 0.125 holes/Cu, where spin stripes have been seen [129]

and charge order is said to be strongest [130].

However, in the case of Bi2201 there exists more controversy about the applicabil-

ity of this universal ‘Presland’ relation. These materials are among the most studied

cuprates, since they cleave easily due to their layered nature and offer a large range

of accessible doping levels. However, different experimental probes suggest contra-

dicting carrier densities. Ando et al. [131] proposed a dome that is narrower for

Bi2201 than the Presland curve, based on measurements of the thermopower and

temperature dependent Hall-effect comparing LSCO to Bi2201. However, the pres-

ence of a Lifshitz transition within the SC-dome for LSCO [125] makes comparison

of their respective Hall numbers in the overdoped region very difficult. The Hall

numbers between Tl2201 and Bi2201 in the overdoped region are very similar [47],

but the anomalous p to 1 + p transition of nH in the overdoped region for both

systems (as will be further discussed in Chapter 6) makes it that this cannot be

used as a reliable estimate of p. Kondo et al. [53] argue for a dome displaced much

further to the right, based on Luttinger counting arguments from ARPES Fermi

surface maps, as will be explained in more detail in the next sub-section. These

different propositions for the phase diagram are shown in Fig. 3.1.

Figure 3.1: Controversy regarding the superconducting dome in Bi2201. 
Multiple propositions for the doping dependence of the critical temperature in 
(Pb,Bi)2Sr2−xLaxCuO6+δ according to Presland et al. (green) [8], Kondo et al.

(red)[53] and Ando et al. (blue) [131]
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Chapter 3. On the phase diagram of Bi2201

3.2.1 Luttinger counting

Luttinger counting is a conceptually straightforward way of determining the total

carrier density of a system using ARPES, by comparing the area (for a 2D system)

or volume (for a 3D system) of occupied states with those of unoccupied states in

the relevant Brillouin zone. For the case of the undoped cuprate parent compounds,

there is a single electron per copper site in the uppermost band, meaning the band

is half-filled. In this case exactly half of the Brillouin zone contains band states

with E < EF occupied by electrons, and half the Brillouin zone contains bands with

E > EF occupied by holes, and the area of the hole-pocket is exactly half that of

the Brillouin zone: Aholes = Aelectrons as illustrated in Fig. 3.2c. Doping with more

holes lowers the Fermi energy, and thus increases the size of the hole pocket as a

proportion of the Brillouin zone.

To calculate the hole doping level from the area of the hole pocket, the following

relation holds:

pLutt = 1− nLutt = 2
Aholes
ABZ

− 1 (3.2)

Luttinger counting is based on the fundamental Pauli exclusion principle, and

thus counts all fermions that form the Fermi surface irrespective of whether they

contribute to electrical transport. There are examples where Luttinger count-

ing matches the doping level inferred from other techniques, such as in Tl2201

[83] and Bi2212 [124]. But very often however, the comparison does not work.

In YBCO [132], LSCO [133], Nd-LSCO [134], Bi2201 [53] and the oxychloride

Ca2−xNaxCuO2Cl2 (Na-CCOC) [54], the doping inferred from ARPES-based Lut-

tinger counting does not match those from other probes. For some of these com-

pounds there are arguments to be made that the surface electronic structure as

measured by ARPES does not represent that of the true bulk states, since they

lack a low energy, charge-neutral cleavage plane. For the purpose of the following

section, the simplest possible tight binding model is taken for performing the Lut-

tinger count in the single band cuprate (Pb,Bi)2201, which has an ideal cleavage

surface. In this analysis a fully 2-dimensional Fermi surface is assumed, as well as

a tetragonal unit cell. This means any kz dispersion is ignored, the Fermi surface is

assumed to possess C4 rotation symmetry, and the Cu3dx2−y2-O2px,y hybrid band

is described in terms of an effective single orbital model.

The tetragonal tight-binding model used here takes into account hopping between

Cu atoms up to next nearest neighbour, and is given by:
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Chapter 3. On the phase diagram of Bi2201

Figure 3.2: Luttinger counting for a 2D-material. Schematic illustration of the

total amount of electrons ‘n’ (green area) and holes (blue area) in the bands of a 2

dimensional material for a certain holedoping ‘p’. (a,b,c) show the Fermi surface

and 2D Brillouin zone for the case of a completely filled, half filled and empty band,

respectively. Also shown are two cases for slight hole doping (0 < p < 1), once

with the vHs below (d) and above (e) the Fermi surface. (f) shows an energy vs.

momentum slice through such a band structure, with the parts of the band structure

that are filled with holes and electrons indicated. In the half filled case, Aholes =

Aelectrons, and in general pLutt = 1− nLutt = 2Aholes

ABZ
− 1

ε(k) = {2t0 cos
(
kx
a

2

)
cos
(
ky
a

2

)
+2t1(cos(kxa)+cos(kya))+2t2 cos(kxa) cos(kya)−EF}

(3.3)

with a = 5.3 Å

The result of a fit of the TB model to typical ARPES Fermi surface maps is shown

in Fig. 3.3. The dash-dotted lines in all three maps are models for which the hopping

parameters have been kept constant between the different doping levels, with only a

rigid shift applied by means of altering the chemical potential. The TB parameters

for these three samples are summarized in Table 3.1 below, and the resulting doping

from applying Eq. (3.2) is plotted in Fig. 3.3d, together with values gathered from
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Chapter 3. On the phase diagram of Bi2201

the literature, both from Bi2201 and from LSCO. In most cases, pL (Luttinger count)

is larger than pP (Presland curve). Luttinger counts using quasiparticle interference

(QPI) in STS experiments on Bi2201 also give values that exceed the Presland line

[52].

Figure 3.3: Example of Luttinger counting in (Pb,Bi)2201. (a-c) Typical

Fermi surface maps for three doping levels with Tc’s UD32K, OD12K and OD3K,

measured at a photon energy of 100eV. The constant energy contours at E = EF of

the tight binding model described in the text are overlaid on the ARPES data. (d)

Direct comparison between the doping levels from Luttinger counting (pL) and the

Presland formula (pP), which include the data of (a-c) marked ‘This Work’, as well

as different studies of Bi2201 [53, 54, 122, 123] and LSCO [54, 133].

From Fig. 3.3d it is clear that this Luttinger counting method on both Bi2201

and LSCO in general yield a larger doping than what is expected from the Presland

formula. There can be multiple reasons for the discrepancy between the result of a

Luttinger count and the Presland dome. In LSCO the LaO planes generated upon
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Chapter 3. On the phase diagram of Bi2201

Sample EF t0 t1 t2 pL pPres

OD3K -0.49 0.7 -0.11 0.03 0.34(3) 0.27(1)

OD12K -0.47 0.7 -0.11 0.03 0.30(3) 0.25(1)

UD32K -0.44 0.7 -0.11 0.03 0.24(3) 0.14(1)

Table 3.1

cleavage in the La2O2 rocksalt layers are charged, and this could lead to a different

doping for the outermost layer that contributes the most to the ARPES signal. A big

assumption that is made in the analysis above for Bi2201 is that of a kz independent

Fermi surface. This is at first sight not a bad assumptions to make, as there can be

up to five orders of magnitude difference in resistivity between the in-plane and out-

of-plane directions [135], indicating that the orbital overlap between the conducting

CuO2 planes in neighbouring unit cells along the out-of-plane direction is very small.

However, there is evidence suggesting that on the heavily overdoped side there is a

noticeable kz dependence, mostly affecting the dispersions along the zone boundary

[136].

Figure 3.4: Nodal MDCs at two different photon energies. MDC along the

(−π,−π)-(π, π) direction at the Fermi level for data recorded from the same cleave,

but with two different photon-energies. A clear difference in Fermi wavevector is

observed, indicating the possible presence of significant kz dispersion.

Another indication that the kz dispersion might play a significant role here is

shown in Fig. 3.4. Here a nodal dispersion measured at two different photon energies

shows a significant difference in the measured kF values. More complete studies of
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Chapter 3. On the phase diagram of Bi2201

the dispersion perpendicular to the cleavage plane has - as of yet - not been success-

fully done, as unforgiving matrix elements do not allow for features to be intense

enough across large ranges of photon energies. In addition, as will be discussed

in Chapter 5, the fact that (Pb,Bi)2201 has an orthorhombic crystal structure has

been ignored here, despite it having a noticeable effect on the band structure near

the Fermi level. To perform a proper Luttinger count, the full 3-dimensional Fermi

surface has to be mapped, and its volume compared to the 3D Brillouin zone. This

task falls outside the scope of this thesis, but offers an outlook for future work.

3.2.2 Electrical transport - comparing Bi2201 to LSCO

The transport data presented in the following section has been measured and

analysed by Maarten Berben of the Radboud University. It is well known that

at optimal doping the Hall resistance RH(T ) and the in-plane resistivity ρab(T )

of Bi2201 agree well with those of both LSCO and Tl2201 [131, 137], and that

these compounds all exhibit similar systematic changes on both overdoping and

underdoping [138]. Since ρab(T ) is a key observable for the electronic behavior of the

CuO2 plane, and relevant to the determination of the Presland curve, we compare

the temperature-dependent resistivity as function of doping in Bi2201 to that of

LSCO, a cuprate with a very similar Tmax
c and one for which the absolute bulk

doping can be determined from the stochiometric relations. To do this, data from

a range of overdoped Bi2201 crystals spanning 0.2≤Tc/Tmax
c ≤0.8 are compared

to LSCO crystals of similar Tc. To be able to compare the two, the resistivities

are expressed as a sheet resistance by dividing out the c-axis lattice parameter (=

6.4 Å in LSCO and 12.3 Å in Bi2201), and for LSCO and Bi2201 samples with

similar Tc values the resistivity curves are then plotted in the top row of Fig. 3.5.

The derivatives of the corresponding data are shown in the bottom row. In order

to deal with any temperature-independent differences with respect to the LSCO

data, the curves for the Bi2201 samples have been offset vertically, removing the

residual resistivity. Furthermore, the Bi2201 curves are normalised in such a way

that the slopes at room temperature coincide with those of the LSCO (thereby

making sure the derivatives overlap at T=300K). From the data in panels b-c, it

is clear that LSCO and Bi2201 crystals of similar Tc have identical temperature

dependent behavior of ρab. For example, in panel a the LSCO data fit perfectly in

between two Bi2201 curves possessing adjacent critical temperatures on either side

of the LSCO value.

Fig. 3.5 clearly shows that the overall form of ρab(T ) in overdoped LSCO and

Bi2201 is essentially identical for samples with similar Tc values across a wide doping
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Chapter 3. On the phase diagram of Bi2201

range. It is true that the resistivity does not only depend on the carrier density but

also on numerous other factors, but the since the doping-dependent behavior of

the resistivity of hole-doped cuprates is so generic, this finding suggests strongly

that LSCO and Bi2201 samples with a comparable Tc have an equivalent density of

transport-active carriers.

Figure 3.5: Comparing temperature dependent resistivities between LSCO

and Bi2201. (a,b,c) ρab(T ) of single crystal Bi2201 (green and blue curves) and

LSCO (black) samples with indicated critical temperatures. (d,e,f) corresponding

temperature derivatives for each curve. Plots courtesy of MB and NEH

From both the similarities in the Luttinger count (Fig. 3.3) and the temperature

dependent ρab (Fig. 3.5) the proposition can be made that Bi2201 and LSCO follow

the same doping vs. Tmaxc curve for the transport-active carriers. The difference

between the doping inferred from Luttinger counting and the Presland formula from

Eq. (3.1) is as of yet still unexplained, but for convenience it is the Presland one

that will be used in the remainder of this thesis.
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Chapter 3. On the phase diagram of Bi2201

3.3 Pseudogap

Now that a common doping-level axis between Bi2201 and LSCO has been set

up, we turn our attention to the position of p∗, or the doping at which the pseudogap

closes in Bi2201. This is investigated using a combination of high field resistivity

and ARPES measurements. Most available data concerning the pseudogap consists

of NMR, transport and ARPES studies. Transport identifies the presence of the

pseudogap as a S-shape in the resistivity as function of temperature, attributed

to a decreasing density of states and scattering. The onset temperature T∗ was

found to strongly decrease with overdoping. Such behavior has been seen in many

underdoped cuprates, such as Y124 [139], Hg1201[140] and Bi2212 [141], and also

Bi2201 [46, 47].

From Ref. [47] we know that for Bi2201 samples with p < 0.20, T∗ increases with

underdoping, and the derivative shows an increasingly pronounced maximum due

to the aforementioned S-shape of the resistivity. For p > 0.20, on the other hand,

the derivative has no maximum from 300 K down to the onset of superconducting

fluctuations at 60 K. For the samples measured in our joint transport and ARPES

study, the same difference in the derivative between the OD31K (pp ∼ 0.195) and

OD27K (pp ∼ 0.21) samples is clear, as can be seen in Fig. 3.5d. Previous ARPES

studies have examined the temperature dependence of the spectral weight at the

Figure 3.6: Two propositions for the pseudogap behavior in Bi2201.
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antinodes. For example, it was shown that for an OD22K sample spectral weight

depletion starts to set in below 80K [42], coinciding with a departure of T-linear

behavior of the in-plane resistivity. This was attributed to the opening of the pseu-

dogap, leading to the proposed orange T∗ line in Fig. 3.6. However, simulations

of the impact of fluctuating superconductivity have since shown that these features

can be attributed to Azlamazov-Larkin fluctuations [47].

Nuclear Magnetic Resonance (NMR) measurements are one of the other main

approaches used to observe pseudogap signatures, in the form of a decrease in the

Knight shift upon lowering temperature through T∗. Such studies on Bi2201 show

a decreasing T∗ with increased doping as expected, but the drops in Knight shift

extend further into the overdoped region than the S-shaped resistivity from [47] does,

up to at least 23% doping [119, 120]. This would match the orange T∗ scenario from

the ARPES results shown schematically in Fig. 3.6.

However, arguments can be made that a crucial part of the data in the NMR

studies (at 23% doping) was taken at insufficient magnetic fields (9T) to suppress

superconducting fluctuations. Indeed, superconducting fluctuations can lead to a

very similar behavior, as the suppressed density of states near the Fermi level due

to pairing fluctuations can also cause a drop in the Knight shift. For these doping

levels, the inferred T∗ is very similar to the onset temperature of superconducting

fluctuations as can be seen in our collaborators transport results at high magnetic

fields. This situation makes it impossible to attribute the observed drop in Knight

shift with certainty to either pseudogap physics or fluctuations. In order to clarify

the origin of the ∼ 50 − 60K resistive downturns in overdoped Bi2201, we use the

empirical fact that although a magnetic field suppresses superconductivity, it has

no influence on the pseudogap itself [142]. Relevant magneto-transport results are

summarized in Fig. 3.7, in which the upturn in the derivatives (see black arrows

in panels d,e,f) shifts to lower temperature with increasing field, indicative of a

relation to superconductivity.
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Chapter 3. On the phase diagram of Bi2201

Figure 3.7: Resistive downturns in Bi2201. (a,b,c) ρab(T) for different mag-

netic fields H||c up to 35T, for three overdoped samples with Tc as indicated. (d,e,f)

show their corresponding derivatives. Black arrows indicate the approximate onset

of superconducting fluctuations TF , that can be seen in the zero-field data as the

onset of the upturn. With increasing field strength the downturns are suppressed,

indicating that they are due to superconducting fluctuations. Note that for OD27K

and OD17K, TF barely changes between 0 and 10 T. Plots courtesy of MB and NEH
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Chapter 3. On the phase diagram of Bi2201

3.3.1 Pseudogap in ARPES

Fig. 3.8 shows a typical pseudogap as observed in ARPES for an UD32K sample.

To visualize the gap and remove the effect of the Fermi-Dirac distribution, spectra

taken around the Fermi surface are symmetrized around EF , and for the spectra

that do not show a well-defined, single peak at EF (e.g. those labelled ‘Node’ in Fig.

3.8) the peak-to-peak distance is then plotted as a function of the Fermi surface

angle. The gap due to d-wave superconductivity is visible near the nodal region,

and this gap closes when warming above Tpair [37], forming a Fermi arc. The gap

near the antinode does not decrease in size upon warming.

Due to the low critical temperatures of the single layer Bi2201, the pseudogap

around the antinode is significantly larger than the superconducting-gap. The antin-

odal peak-to-peak distance (here simply denoted ‘2∆’) for the UD32K as measured

in our experiment is approximately 100meV, while BCS theory for a weakly cou-

pled d-wave superconductor would predict a maximum gap value of 2∆ ≈ 4.3kBTC ,

which for a critical temperature of 32K comes down to a 2∆ of only 12 meV.

In Fig. 3.9 the low temperature, antinodal gap size is displayed for four different

doping levels. Panel a shows antinodal, low temperature spectra for UD32K and

OD30K samples as measured at 5K at the I05 beamline of Diamond Light Source.

Panel c shows spectra from three overdoped samples, OD30K, OD23K and OD15K

Figure 3.8: Pseudogap in ARPES. Spectra from an UD32K sample covering the

Fermi surface from node to antinode, at low temperature in the superconducting state

(a) and in the normal state at 50K (b) and at 150K (c). The peak-to-peak ‘2∆’

energies for all spectra are gathered and plotted in (e) as a function of the Fermi

surface angle as defined in (d).
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Chapter 3. On the phase diagram of Bi2201

as measured in the AMSTEL ARPES system in Amsterdam, measured at a base

temperature of 12K. Panel b shows both the spectra for OD30K, from the exact same

physical crystal measured in the synchrotron and then recleaved and measured again

in the lab system, to give very reproducible results for the gap size. The combined

results are then gathered in panel d, showing that a significant drop in gap size

occurs when our putative p∗ ∼ 0.2 holes/Cu is crossed, reminiscent of the results in

Bi2212 [30, 143].

Figure 3.9: Low temperature antinodal gap size in Bi2201. (a) Two low tem-

perature (5K) spectra at the AN kF point, for two doping levels left of p∗ measured at

the I05 beamline. (b) The same OD30K spectra as in (a), shown together with a low

temperature (12K) spectrum measured in the lab from the same crystal, displaying

a very similar gap size. (c) Three spectra from overdoped samples measured in the

lab, on either side of p∗. The OD30K curve is the same as in (b). Panel (d) shows

all the extracted 2∆ values from (a-c) together, superimposed on the phase diagram

57



Chapter 3. On the phase diagram of Bi2201

In Fig. 3.10 both superconducting (12K) and normal state (at 50K or ∼ 2Tc)

spectra taken at the antinodal kF are shown for two dopings on either side of p∗,

OD30K (p < p∗) and OD23K (p > p∗). Besides the difference in the size of the spec-

tral gap at low temperatures (as was already seen in Fig. 3.9), the gap for OD23K

also closes a lot faster as T is raised compared to the OD30K. Panel c of Fig. 3.10

shows that in temperature-dependent measurements on the same OD30K crystal

performed at the synchrotron, the gap closes between 100 and 150K, consistent

with the transport results of Ref. [47].

Figure 3.10: Temperature dependence of the antinodal gap. Antinodal spectra

of Bi2201 taken at kF , for two samples with doping on either side of p∗. (a) For

the OD30K sample the gap hardly changes between superconducting state (12K) and

∼ 2Tc, while the gap in the OD23K sample (b) closes completely at 50K. (c) shows

the complete temperature dependent dataset for the antinodal gap in the OD30K

sample, indicating that T∗ lies between 100-150K.

For high signal-to-noise data, such as those measured at the synchrotron shown

in Fig. 3.8, the symmetrization method used above for determining gaps works well,

because the states above EF are visible and smooth in the energy window before the

Fermi-Dirac distribution drops to zero. In the lab system however, we noticed that

sample aging in the beam constrains the total available measurement time for each

sample, thus limiting the achievable signal to noise in the data as will be further

discussed in the supplementary information section of Chapter 6. For such data

the leading edge shift can be used to quantify gaps. As the leading edge is the

only sharp feature in the spectrum, and it follows similar behavior to 2∆, it can be

used as a proxy to show the behavior of the gap as a function of temperature and

Fermi surface angle [144]. Fig. 3.11 shows the leading edge shift for both OD30K

and OD23K, for a number of FS angles φ, with respect to the leading edge of the

spectrum closest to the nodal point. A clear difference between the two doping levels

can be seen in the behavior of the leading edge shift as function of φ. The more
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overdoped sample, OD23K, has a gradually increasing gap towards the antinode,

where OD30K, to the left of p∗ in the phase diagram has a sudden, large increase

in the shift (or gap size) for φ < 20, which is a strong indication of the pseudogap

kicking in [39].

Figure 3.11: Gaps around the Fermi surface. Normalised EDCs around the

Fermi surface are shown for an OD30K (a) and OD23K (c) sample measured at

12K. The energy difference of the midpoint of the leading edge (indicated with blue

and red triangles) for all EDCs, determined with respect to the EDC closest to the

node are plotted in (b) and (d).

3.3.2 Incoherent carriers indicating pseudogap presence

Having discussed the T- and φ-dependence of both superconducting and pseu-

dogaps for doping values either side of p∗, we now turn our attention to the presence

of incoherent spectra around the Fermi surface. A recent ARPES study on Bi2212

revealed a sharp, temperature-independent onset of the pseudogap phase at a p∗

of 19% hole doping [30]. This manifested as a sharp demarcation between incoher-

ent, peakless antinodal spectra (EDCs) to the left of p∗ with more regular peaked

spectra to the right of p∗. Fig. 3.12 shows an analogous doping-dependent study

of antinodal spectra in Bi2201, measured near 50K. It can be clearly seen that for
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Figure 3.12: Doping-dependent antinodal dispersions near 50K. Top row:

antinodal dispersions measured at ∼ 50K, for a range of dopings with Tc as indicated.

Bottom row: two different normalisations of the same EDCs taken from k = kF : The

left-most has all EDCs normalised at high binding energy, and the centre panel with

normalisation at the peak maximum. Only UD32K and OD30K show a pseudogap.

The UD32K, OD30K, OD0K samples were measured at I05 beamline at T=50K,

and the OD26 and OD23 at CASSIOPEE at T=60K.

higher overdoping, the antinodal kF spectra get more sharply peaked. The UD32K

and OD30K sample are the only ones with a clear pseudogap, and extremely broad

spectra, looking similar to the results of Ref. [30].

To investigate whether this effect is distinct from, or actually tied to the existence

of the pseudogap, the next step is to look at spectra around the Fermi surface, at a

temperature where no gaps are present for any of the doping levels.

For this reason we select two doping levels very close to each other, one on each

side of p∗, and measured above any gap temperature. From the data shown in

Fig. 3.10c it can be seen that for OD30K, the pseudogap closes between 100K-

150K. The data shown in Fig. 3.13 were recorded at 150K, and thus there was a

gapless situation for both dopings. Panels a-e of Fig. 3.13 display cuts through the

Fermi surface at k-space locations identified as being equivalent for both samples,

indicated in panel g. Also shown in each case are the EDC at kF after division by

the resolution-broadened Fermi-Dirac distribution. For the two FS angles closest to
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the zone boundary (0 and 14 degrees), the MDC at the Fermi level is also displayed.

No gap feature is present in any of the spectra, but for a and b a clear difference

in EDC lineshape between the two dopings is visible. The more overdoped sample,

OD26K (p > p∗) has identifiable, peak-like features in the kF EDC, whereas the

OD30K (p < p∗) spectra are essentially peakless and thus point towards states that

seem completely incoherent. The momentum distributions at these k-space locations

are clearly peaked for both dopings and with similar widths, indicating that there

is no sudden jump in elastic scattering between the two doping levels. For Fermi

surface angles φ ≥ 22, panels c− e show that both samples show very similar

qualitative (peaked) behavior in their EDCs. The momentum space loci of these

peaked, coherent spectra are exactly those where at low temperatures (Tc < T < T ∗)

no gap is present, and thus these lie on the Fermi arc. This is shown in Fig. 3.13f

where the measured gap magnitude around the Fermi surface is plotted for data

taken at 50, 100K and 150K. At either measurement temperature for Φ > 22o, there

is no gap present. The temperature independence of the Fermi arc length indicates

that none of the FS angles shown here are gapped due to the formation of a pairing

gap, but rather show the true Fermi arc [15, 44]. Taken together, the data of Fig.

3.13 argue that those states that display a pseudogap at low temperature never

recover peaked quasiparticles, even when the pseudogap is closed and a large Fermi

surface is recovered, where for p > p∗ all the states are at the very least peaked. This

matches the results of Ref. [30] on Bi2212 very well, which were interpreted as a sign

of a sharp, temperature-independent crossover happening at p∗. The work presented

here now extends research on this issue to a different cuprate family for multiple

angles around the Fermi surface, pointing to a link between incoherent electronic

states and the pseudogap. This might signal a new phase of matter at operation for

T > T ∗, one that is qualitatively different from a coherent metal. If this is the case,

a first order phase transition at p∗ might explain the discontinuous change observed

here, which should be corroborated by discontinuities in other probes of macroscopic

electronic properties at high temperatures. If such signatures are observed in future

experiments, the origin of this transition might be resolved.
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Figure 3.13: Incoherent spectra along the Fermi surface of Bi2201. (a-e)

High temperature (150K) normal state spectra for OD30K and OD26K samples for

various cuts through the Fermi surface as indicated in (g), together with the EDCs

at kF after division by the resolution broadened Fermi-Dirac function. For the points

on the FS that show a clear pseudogap at T < T ∗ (φ =0 - 14o) also the MDC at

EF is shown. For these angles there is a distinct, qualitative difference between the

kF spectra of the two samples, whereas for the Fermi arc region around the node

(φ > 20o, shown in rows (c-e)), all the spectra show well defined peaks. (f) shows

the gap magnitude 2∆ for the OD30K sample around the FS at various temperatures,

indicating the start of the Fermi arc between 14o − 20o.
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3.4 Lifshitz transition

In this section the dispersion relation of the electronic states in the antinodal

region is studied as a function of hole-doping in the overdoped regime. In Fig. 1.2 of

Chapter 1, the band structure relevant to the Bi2201 case is shown. Close to the (π
a
)

k-point, there is an extended, shallow minimum in the E(kx, ky) landscape, known

as the van Hove singularity (vHs). Tracking the energy of the vHs using an EDC

analysis shows a continuous upwards shift towards EF with increasing hole doping,

with the band bottom eventually moving above the Fermi level. At the point where

the vHs crosses EF , the Fermi surface undergoes a qualitative change from being

closed around the zone corners to being closed around the Γ-point. This means the

topology of the Fermi surface is changed and this is known as a Lifshitz transition.

Our data show that for the (Pb,Bi)2201 system the Lifshitz transition happens at

a doping level equivalent to when the crystals are no longer superconducting.

The focus lies on overdoped samples without a pseudogap, with Tc <23K. This

allows for measurements at relatively low temperatures (50K) without being hin-

dered by any gaps. With the AN band bottom being so close to the Fermi surface,

very high resolution measurements are required to resolve the dispersion. Fig. 3.14

shows the procedure followed for determining the band bottom for examplary data

from an OD14K sample measured at 50K, using the lab-based AMSTEL instru-

ment. Features close to the Fermi level will be smeared out by both the Fermi-Dirac

distribution and the resolution of the measurement. If care is not taken, this can

result in errors, as the measured EDCs do not fully reflect the underlying spectral

function. Looking at Fig. 3.14c and d the effect of this is clear: the dispersion

as indicated by the raw EDC maxima appears to be at higher binding energy, and

does not actually cross the Fermi level, which could lead to a mistaken conclusion of

the existence of a gap. Dividing out the resolution-broadened Fermi-Dirac function

from the raw EDCs yields a more accurate reproduction of the underlying disper-

sion, the true energy of the band bottom as well as the existence and location of

Fermi-momenta can be read off. This same procedure was followed for data from

multiple overdoped samples with Tc’s ranging from OD23K to OD0K. The result

of this analysis is shown in Fig. 3.15. These kind of data can be modelled with a

rigid band shift as function of doping, and this was used to generate a doping scale

even for non-superconducting samples by extrapolating from samples with a known

doping level from their Tc via the Presland relation to meet the observed energy of

the vHs for the OD0K sample. The result of this procedure is shown in Fig. 3.15,

where we find that the OD0K sample has a doping level of p=0.274±0.008, and thus

is very close to the edge of the Presland dome.
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Figure 3.14: Extracting the antinodal dispersions in Bi2201. (a) Shows an

antinodal dispersion (the measured direction in the Brillouin zone being indicated

in (b)) of an OD14K sample measured at 50K. The raw EDCs are then divided by

a resolution-broadened Fermi-Dirac distribution as illustrated in (c) for the (π, 0)

point. The spectra are then fitted using a high-order polynomial. The collection of

their maxima are plotted in panel (d), making the dispersion relation along the slit

very clear. Panel (e) shows a selection of EDCs along the dispersion, with the fitted

maxima indicated using stars. The kF EDCs are thick red lines, and the EDC at

(π, 0) is shown in green.

3.5 Conclusions

In this Chapter, the phase diagram of (Pb,Bi)2Sr2−xLaxCuO6+δ was investigated

using a combination of ARPES and high-field transport. Using arguments based on

the comparison of transport data between Bi2201 and LSCO, we find the absolute

doping scale to be similar to LSCO, thus these data allow Bi2201 to be placed

on the Presland curve. Luttinger counting nevertheless indicates a still existing

discrepancy between the p values derived from the ARPES Fermi surface and those

from the Presland curve. This might be resolved in the future by careful mapping

of the kz dispersion, as well as taking the lower symmetry of the Fermi surface into

account. The fact that the FS does not possess a C4 rotational symmetry will be
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c

Figure 3.15: Lifshitz transition in strongly overdoped Bi2201. Top row: five 
antinodal dispersions for different overdoped samples with Tc’s as indicated, mea-

sured at 50K. In the bottom left picture, the positions of the peak maxima of the 
Energy Distribution Curves (EDC’s), extracted after dividing out the resolution-

broadened Fermi-Dirac distribution from the raw data are shown. It can be seen that 
the anti-nodal band bottom shifts towards the Fermi level as the samples are pro-

gressively overdoped. The energy position of the band-bottom is shown in the bottom 
right panel, and is extracted by the average position within a range of ±0.02Å−1 
around k = 0.

discussed in Chapter 5. A second insight that these experiments have yielded is the 
information that the pseudogap is found to close suddenly at a similar doping value 
as observed for the Bi2212 and LSCO systems, at around 20% hole doping or ∼ 0.8 Tc 

/ T max. This conclusion is reached by mapping the behavior of the observed spectral

features across this doping range over different locations on the Fermi surface, in an

analysis that includes the presence of gaps and incoherent spectral features. These

ARPES-based conclusions are supported by transport measurements, that find no

signatures indicating pseudogap behavior for p >0.2. In turn, these spectroscopic
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measurements help our transport colleagues to unravel the effect of the pseudogap

vs. superconducting fluctuations and facilitate the comparison of the important

Bi2201 system with LSCO and Tl2201. The final contribution from ARPES in this

chapter is also of interest to our STM colleagues in the Allan lab (U. Leiden), so as to

help interpret STS data exploring the spatial gap distribution in overdoped Bi2201

- with some of the very same samples as those investigated here using ARPES. The

Lifshitz transition of the Fermi surface is found to occur very close to the edge of

the superconducting dome similar to Bi2212, for an estimated doping value <28%,

suggestive of a relation between the van Hove singularity and superconductivity in

the Bi-based cuprates.

Fig. 3.16 brings all the results of this chapter together in the form of a phase

diagram updated according to the results presented here.

Figure 3.16: Phase diagram of Bi2201. From the results presented and discussed

here, we place p∗ at ∼0.2 holes per copper, and the end of the dome at p = 0.27,

according to the Presland relation. The upper panels show three representative Fermi

surfaces for p < p∗, p∗ < p < p2, and p2 < p.
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