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CHAPTER

TWO

EXPERIMENTAL METHODS

Angle resolved photoemission spectroscopy, or ARPES, is the main experimen-

tal technique used in this thesis to study the electronic structure of Bi2201. In this

Chapter, the technique will be introduced in some detail, starting from the photoe-

mission process to the characterization of the electronic structure of single crystals

in both momentum and energy using high-resolution ARPES. Part of this project

involved a major upgrade of a lab-based ARPES system at the University of Am-

sterdam called the Amsterdam Momentum Space Telescope, or AMSTEL. As this

was used for many of the measurements in this thesis, the main parts of this upgrade

will be presented here. Other experiments contained in this thesis were performed

at multiple beamline/endstations at synchrotron light sources around the world, one

of which will be briefly introduced as an illustration for these kind of ARPES exper-

iments. Some other crucial components for successful measurements, including the

growth, characterisation and manipulation of high quality samples are also discussed

at the end of this chapter.
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Chapter 2. Experimental methods

2.1 ARPES

Angle Resolved Photoemission Spectroscopy is one of the most powerful and

widely used tools to investigate the electronic structure of matter. Its unique

strength lies in visualizing the occupied electronic states in a simultaneously energy-

and momentum-resolved manner. It is based on the photoelectric effect, which was

discovered in 1887 by Heinrich Hertz [95], and explained in 1905 by Albert Einstein

[96], by realizing that the light used to emit the electrons should not just be de-

scribed as a wave propagating through space, but as quantized packages of energy,

called photons. This feat led to the award of the Nobel prize in 1921, and ulti-

mately to the development of many powerful and useful techniques that elucidated

the behavior of electrons in solids [97–100].

Quantized light in the form of photons can excite single electrons out of a ma-

terial when the photons have sufficient energy. Part of the photon energy is then

transferred to the electron in the form of kinetic energy, which is a quantity that

can be measured. The binding energy EB of the electron in the solid can then be

expressed in terms of the photon energy hν, the measured kinetic energy EK and

the work function of the material φ.

EB = hν − EK − φ (2.1)

A schematic representation of the energetics involved in the photoemission pro-

cess is given in Fig. 2.1a.

Since the photon momentum is negligible for the relatively low photon energies

that are used in regular, high-resolution ARPES experiments (∼5-120 eV), one can

determine the momentum the electron had while inside the solid by measuring its

EK and the angle at which it leaves the crystal with respect to the surface normal.

A cartoon showing the geometry of an ARPES experiment is shown in Fig. 2.1b.

The electron momentum parallel to the crystal surface can then be related to its

emission angle with respect to the surface normal:

k|| =
1

~
√

2mEKsin(θ) (2.2)

Due to the lack of translational symmetry when crossing the sample surface, the

electron momentum perpendicular to the crystal surface is usually not conserved.

This is one of the reasons why the strength of ARPES often lies in studying lower

dimensional systems, such as the quasi-2D cuprates, for which kx and ky are the

most important for the determination of the energies of the electronic states.
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Chapter 2. Experimental methods

Figure 2.1: Photoemission energetics and geometry. (a) Shows an illustration

of a photon of energy hν promoting an electron from an occupied state to a state

above the vacuum level. Adapted from [97]. (b) Schematically shows an ARPES

experiment, where hν is the incoming photon, and the angles φ and θ are shown at

which the photoelectron leaves the sample surface. Adapted from [7].

2.1.1 Three step model

The conservation of energy and in-plane momentum during the photoemission

process is thus quite straightforward, but giving a formal, microscopic description

of the photoemission process is more complex. In reality, the optical excitation

of the electron, the journey of the electron through the crystal to the surface and

the transmission from the crystal into the vacuum are a single process, one that

can be described in the so-called ‘one-step-model’, in the framework of which it is

theoretically possible but challenging to do calculations. An in-depth discussion

and overview of state-of-the-art, one-step photoemission calculations can be found

in Ref. [101]. Often, the more conceptually accessible three step model is used to

illustrate the photoemission process. In this framework, the process is split up into

three independent and consecutive steps.

• Optical excitation of the electron in the crystal

• Propagation of the electron to the surface of the crystal

• Transmission of the electron from the crystal into the vacuum

A combination of these three steps determines the probability of photoemitting

an electron from a given electronic state in the sample in question. To avoid any
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Chapter 2. Experimental methods

complications from relaxation dynamics in the system while removing an electron,

and to enable Eq. (2.2) to be used, the sudden approximation needs to be valid.

Here the photoemission process is assumed to be quasi-instantaneous, meaning that

the emitted photoelectron and the (N-1) electron system left behind do not interact.

The sudden approximation is valid for high energy photons, but evidence shows it

is valid even for photon energies as low as 6 eV, thus also covering the range of

energies utilised in laser-based ARPES experiments [102]. For the description of the

three steps given in the following, Refs. [7, 97] have been followed.

First step and Fermi’s golden rule

The probability of optical excitation of an electron by absorption of a photon

is described by Fermi’s golden rule. This can be used to calculate a transition

probability wfi between an N-electron initial state ΨN
i and an N-electron final state

ΨN
f by calculating their overlap in a matrix element with the interaction Hamiltonian

Hint:

wf,i =
2π

~
|
〈
ΨN
f

∣∣Hint

∣∣ΨN
i

〉
|2δ(EN

f − EN
i − hν). (2.3)

Here EN
f and EN

i are the energies of the final and initial N-particle states, re-

spectively. In the most general case, the interaction Hamiltonian Hint is given by

Hint =
e

2mc
(A · p + p ·A)− eΦ +

e2

2mc2
(A ·A) (2.4)

with A and Φ the electromagnetic vector and scalar potentials, and p the mo-

mentum operator. One can ignore the two-photon process represented by the A ·A
term, as this is negligible for the moderate intensities of exciting radiation relevant

for high resolution ARPES experiments. If Φ = 0 is chosen as the gauge field, and

the dipole approximation is used (where the electromagnetic wavelength is large

compared to atomic distances and thus A can be taken as a constant), one can

write the interaction Hamiltonian as:

Hint =
e

mc
A · p (2.5)

To calculate the transition probability wf,i, it is useful to express the final state,

N-particle wavefunctions ΨN
f in terms of the (photo)electron wavefunction φk

f with

momentum k and the (N-1)-electron system ΨN−1
f . ΨN−1

f is then one of the possible

excited states of the eigenstate ΨN−1
m with energy EN−1

m . Similarly the initial state

wavefunctions ΨN
i can be expressed as the product of the single electron orbital φk

i

and the (N-1)-electron initial state wavefunction ΨN−1
i .
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Chapter 2. Experimental methods

ΨN
f = Aφk

fΨN−1
f (2.6)

ΨN
i = Aφk

i ΨN−1
i (2.7)

Here A is an operator to antisymmetrize the wavefunction, to account for the

Pauli exclusion principle. This means the matrix element from Fermi’s golden rule

(Eq. 2.3) can now be written as follows, where ΨN−1
f is replaced with one of its

eigenstates ΨN−1
m 〈

ΨN
f

∣∣Hint

∣∣ΨN
i

〉
=
〈
φk
f

∣∣Hint

∣∣φk
i

〉 〈
ΨN−1
m

∣∣ΨN−1
i

〉
(2.8)

This expression consists of the product between the one-electron matrix element

Mk
f,i ≡

〈
φk
f

∣∣Hint

∣∣φk
i

〉
, and an (N-1)-electron overlap integral

〈
ΨN−1
m

∣∣ΨN−1
i

〉
that is

called cm,i. The probability that the (N-1)-electron system is left in the exited state

m after removal of the photoelectron is then given by |cm,i|2. The total photoemis-

sion intensity as a function of kinetic energy and momentum is then the sum over

all transition probabilities
∑

f,iwf,i, and requires summation over all possible final

states, m. Explicitly, this gives

I(Ek,k) ∝
∑
f,i

|Mk
f,i|2

∑
m

|cm,i|2δ(Ekin + EN−1
m − EN

i − hν) (2.9)

The delta function ensures conservation of energy, and the first term contains

the matrix elements (Mk
f,i). This is a term that can relate the measured intensity

to certain experimental conditions (e.g. the choice of photon energy) or certain

symmetries (for example, the alignment of the electromagnetic vector field with

respect to the detector and the relevant orbitals at the sample surface). If the

orbital character of the sample in question is known, experiments can be designed

to maximize intensity of certain features in the ARPES experiment, and suppress

others. Reasoning the other way around, variation of the experimental geometry

such as light-polarisation or photon energy can help to clarify the character of the

orbitals that are being measured. A well known and understood example of this

will be illustrated in the next Section, and will be used in the discussion presented

in Chapter 5.

|cm,i|2 from Eq. (2.9) is non-zero only for a specific m = m0, when ΨN−1
m0

=

ΨN−1
i . This would yield an ARPES spectrum comprised of a series of delta functions

at specific energies. When interactions are taken into account (for example, on

going from the free electron gas to the Fermi liquid), other probabilities |cm,i|2 can

also become non-zero. In a sketch of the output of an ARPES experiment, these
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Chapter 2. Experimental methods

are usually represented as ‘satellite-peaks’ with respect to the main excitation, as

schematically shown in Fig. 2.2c.

Figure 2.2: Single particle spectral function. (a) Schematic of a half-filled

band. (b) In a non-interacting system, photoemission of electrons result in delta

functions with well defined momentum k and energy E. (c) Adding interactions will

renormalize the dispersion, broaden the features in the spectral functions and shift

spectral weight, meaning the observed peaks represent quasiparticles. Adapted from

[7].

In cases such as for correlated electron systems, where many |cm,i|2 are non-zero,

photoemission is most commonly approached using a Green’s function formalism

[57]. The Green’s function describes the propagation of a single electron in a many-

body system, where electron-electron and other interactions are represented by a

complex self-energy Σ(k, ω) that broadens and renormalizes a bare dispersion εk:

G(k, ω) =
1

ω − εk − Σ(k, ω)
(2.10)

The imaginary part of this Green’s function is called the single particle spec-

tral function A(k, ω) = 1
π
|ImG(k, ω)|. This, together with the matrix elements from

equation (2.9) and the Fermi-Dirac distribution form the key components contribut-

ing to the k- and ω-dependence of the measured intensity in an ARPES experiment:

I(k, ω) = M̂(k, ω)fFD(ω)A′(k, ω) (2.11)

Second and Third step

The second step in the three-step model is the propagation of the electron

through the crystal to the surface. This is most easily described by a quantity

know as the inelastic mean free path, λ. The mean free path is the distance elec-

trons can travel -on average- before the elastic photocurrent is reduced by a factor
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Chapter 2. Experimental methods

of 1
e
. There are experimental data that show that this property is not very strongly

material dependent, but rather is dominated by the kinetic energy of the photoelec-

tron. This has led to the concept of the so-called ‘universal curve’, shown in Fig.

2.3. Photoelectrons in most solids have a minimum mean free path of about 5 Å for

kinetic energies between 20-100 eV, and longer mean free paths for both the low

and high end of the spectrum. The consequence of the short λ value is that most of

the useable photoelectrons come from the outermost few atomic layer of a sample.

This illustrates the surface sensitivity of a regular ARPES experiment, and brings

the necessity for creation of pristine surfaces to enable high resolution ARPES mea-

surements. To boost the bulk-sensitivity of the measurement, either very low or

very high photon energies can be used, although each of these approaches brings its

own complications [103, 104].

Figure 2.3: Universal curve describing the mean free paths of electrons as

function of their kinetic energy. Adapted from [103].

The scattering of photoelectrons before they exit the sample surface can cause

them to lose energy and change momentum, leading to background signals in ARPES

data. In the third step of the three step model the excited photo-electron escapes the

material into the vacuum. For the electron to escape the material it has to overcome

the surface potential and the material work function φ, meaning that the photon

used in the photoemission process needs to have an energy larger than these values

to be able to excite an electron. The second and third step of the photoemission

process will have influence on what the probed region of the sample is, and on

the absolute measured intensity of the photoemission signal, but the information of

interest regarding the spectral function is described in the first step.
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Matrix element effects

As discussed earlier, the intensity measured in an ARPES experiment can strongly

depend on the matrix elements in Eq. (2.9). These are influenced by, among other

things, the experimental geometry. Good examples of this can be found when look-

ing at highly symmetric situations, such as when the photoelectron is emitted from

a band built up out of 3dx2−y2 orbitals, or from Zhang-Rice singlets, as is more

relevant for an electron in the highest occupied band in a cuprate. If the photo-

electrons are measured by a detector on a mirror plane of the sample as depicted

in Fig. 2.4a, then the matrix element for photoemission can even drop to zero.

Here we recall that that the measured intensity depends on the matrix elements

via: I ∝
〈
φk
f

∣∣Hint

∣∣φk
i

〉
, with Hint ∝ A · p. In this situation, only if both the entire

matrix element and the final state
〈
φk
f

∣∣ have even parity with respect to the mirror

plane, can the photoelectron intensity be non-zero [7, 105]. This means the total of

A · p
∣∣φk
i

〉
needs to be even on reflection in the mirror plane to have any intensity.

Figure 2.4: Example of a strong matrix element effect: The extinction

of nodal states. The measurement geometry sketched in panel (a), in which the

incoming photon beam, the surface normal and the outgoing photoelectron are all

located in a mirror plane of the involved orbitals, yields a matrix element with odd

parity in the mirror plane. This leads to extinct nodal points marked by arrows along

kx for p-polarised light on the Fermi surface in panel (b), whereas the other nodal

line along ky does show intensity.

For the geometry sketched in Fig. 2.4a, the initial state
∣∣φk
i

〉
has the same

symmetry as a dx2−y2 orbital, oriented such that it has odd parity with respect to

the mirror plane, and corresponding to the nodal direction of a cuprate CuO2 plane.

Thus, for the total matrix element to be even, A · p needs to be odd. Using again

the dipole approximation for the vector potential A, one can write A = A0ê with ê

being the unit vector in the polarisation direction. Together with the commutator
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Chapter 2. Experimental methods

relationship ~p = −i[x, Hint], this gives A · p ∝ ê · x, with x the position operator

[100]. Now one can see that ê components orthogonal to the mirror plane have odd

parity, while in-plane components are even.

The Fermi surface shown in panel b of Fig. 2.4 was measured with p-polarised

light, meaning the polarisation vector lies in the mirror plane (even parity). So,

multiplying the odd initial state
∣∣φk
i

〉
with this even A ·p yields an odd total matrix

element, causing the nodal states on the mirror plane axis (at ky = 0) to show no

intensity at all. If the antinodal direction is measured, the initial state orbital is

rotated by 45 degrees, now making it even in the same plane. In this case, one would

need s-polarised light to see any intensity. This example illustrates how the ARPES

matrix elements - when properly used - can reveal useful additional information

about the electronic states.

2.2 Measuring the spectral function

Fermi level calibration

The data produced in a modern ARPES apparatus often comes in the form of

Energy Distribution Maps (EDMs). These are 2-dimensional datasets, measuring

the photoelectron signal as function of the kinetic energy and the emission angle,

usually displayed as an image in which the signal intensity is encoded using a colour

scale. The axis of such a plot can then be converted into binding energy and in-

plane momentum via equations (2.2) and (2.1). This conversion requires accurate

knowledge of the work function of the system, which has to be determined via a

calibration measurement. Usually this is done by measuring a sample of amorphous

gold that is electrically connected to the measured sample. Amorphous gold has

no dispersive features near the Fermi level, and shows a more or less flat density

of states with a clear cut-off at E = EF . This allows for precise determination of

the Fermi level on the kinetic energy scale, for a specific photon energy used in the

experiment. Such a reference measurement has as additional advantage that one

can determine the energy resolution of the experiment, by fitting the data of the

gold spectrum to a resolution-broadened Fermi-Dirac distribution at the appropriate

temperature. The process of converting the measured EDMs into dispersions using

physically relevant units is illustrated in Fig. 2.5. One dimensional slices out of the

resulting dataset are called Momentum Distribution Curves (MDC) at fixed energy,

and Energy Distribution Curves (EDC) at fixed momentum.
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Figure 2.5: Calibration of the Fermi level, and energy resolution. a Mea-

surement of an amorphous gold sample at a photon energy of 22 eV, used to calibrate

the Fermi energy in terms of photoelectron kinetic energy. b The EDCs in the gold

reference measurement are fit to a Gaussian-broadened Fermi-Dirac distribution,

determining both the Fermi energy and energy resolution. This value for the EF

position is then used to convert the energy and momentum axis of the measured

cuprate dispersion in the bottom row c, d

Extracting the self-energy

From Section 2.1 we know the intensity is a measure of the single-particle spectral

function A(k, ω) combined with matrix elements and the Fermi-Dirac distribution as

given in equation (2.11). In the framework of Fermi liquid theory, one can write down

a general form of the spectral function as given in equation 2.12 [7]. The spectral

function reflects the probability of finding an electron with certain momentum k

and energy ω, and defines the effective mass and lifetime properties of the photohole

injected into the electronic system by the emission of the photoelectron.
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A(k, ω) ≡ 1

π
Im [G(k, ω)] (2.12a)

=
1

π

Σ
′′
(k, ω)

(ω − ε(k)− Σ′(k, ω))2 + (Σ′′(k, ω))2
(2.12b)

Here a ‘bare band’ ε(k) is modified by a complex self-energy Σ(k, ω). In principle,

this bare band can take any form, and can be approximated by a tight binding model,

by density functional theory (DFT) calculations or any other weakly interacting

theory or simply can be assumed. The self-energy then leads to a broadening (via

the imaginary part) and a renormalisation (via the real part) of the bare dispersion

[106]. The effects of the real and imaginary parts of the self-energy on a dispersion

are visualized in Fig. 2.6a. Here, the measured MDC peak positions, indicated by

the dotted red line, are shifted by an amount Σ
′

from a bare dispersion ε(k), the

later -in this case- is approximated to be linear. As a result of Σ
′′
, the dispersion

also contains peaks of a certain breadth at fixed energy instead of delta functions.

If the self-energy is assumed to dominantly depend on energy [106], Σ(k, ω) ≈ Σ(ω),

the imaginary part can be easily extracted by fitting each MDC with a Lorentzian,

the widths of which are then directly proportional to Σ
′′

at the given energy of that

MDC. If a momentum dependence of the self-energy is also taken into account, the

extraction of the self-energy becomes more convoluted. An example of data that

require k-dependence to be taken into account is presented in Chapter 4.

Causality demands that the self-energy obeys Kramers-Kronig consistency [107],

a fact that besides offering an internal consistency and quality check of the data, also

provides some handle on determining unknown parameters from the experimental

ARPES data. An example of Kramers-Kronig consistent, nodal self-energy extracted

from ARPES data is shown in Fig. 2.6b

Since its only possible to measure ARPES data over a finite energy range and

only from the occupied states, the data need to be extended to infinite frequency

in order to calculate the Kramers-Kronig integral from Eq. (2.13), where P is the

Cauchy principal value.

Σ
′
(ω) =

1

π
P
∫ ∞
−∞

Σ
′′
(ω′)

ω′ − ω
dω′, Σ

′′
(ω) =

−1

π
P
∫ ∞
−∞

Σ
′
(ω′)

ω′ − ω
dω′ (2.13)

Enforcing particle-hole symmetry gives access to the unoccupied states of the

spectral function: Σ
′′
(ω) is an even function of frequency (i.e. Σ

′′
(ω) = Σ

′′
(−ω)),

and Σ
′
(ω) an odd function, (Σ

′
(ω) = −Σ

′
(ω)), as can be seen in Fig. 2.6b.
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Figure 2.6: Self-energy of the nodal spectral function. (a) The imaginary part

of the self-energy leads to a broadening of the spectral function, while the real part

shifts the dispersion in energy away from the bare band (solid black line). (b) shows

the self-energy extracted from panel (a) (red and green curves). Enforcing particle-

hole symmetry on the imaginary part, and extending it to zero at high energy allows

for the calculation of the Kramers-Kronig integral, so as to give Σ
′
KK (blue curve).

An extensive discussion of how to extend data to infinite frequency by using tails

that go to zero can be found in Ref. [106]. In the example of Fig. 2.6, the imaginary

part of the self-energy extracted, symmetrized in energy to also cover E+EF values,

and extended as sketched in Fig. 2.6b, yields the red curve.

The Kramers-Kronig relations of Equation (2.13) can then be used to calculate

the real part of Σ(k, ω), with the velocity of the bare dispersion as the only tuning

parameter. Here, adoption of a bare velocity value of 4.8 eVÅ means the calculated

(blue) and measured (green) Σ′ curves overlap.

2.3 Experimental set-up

Besides experiments at the synchrotron, a large part of the data in this thesis

was gathered using a lab-based ARPES setup, called the Amsterdam Momentum

Space TELescope (AMSTEL). As part of the NWO programme on Strange Metals,

and also helped greatly by additional investment from the Institute of Physics at

the University of Amsterdam, a major upgrade of pre-existing ARPES equipment

was carried out, with all the main components of the setup being either replaced or
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updated. This upgrade included a new hemisperical analyser with 2D angle scanning

possibilities and two new light sources: a monochromatized Helium plasma lamp

with linear polarisation control and a tuneable 5.9-6.4eV laser. An upgrade to the

sample cooling inside the UHV environment was also carried out, lowering the base

temperature at the sample from 30K to 11K.

2.3.1 Electron analyser

Arguably the most important part of a photoemission setup is the electron anal-

yser. The analyser consists of a few parts: the first being a tube of electrostatic

lenses, that accelerate (or decelerate) the incoming electrons to a mean value, called

the pass energy, and sort them by emission angle. Depending on the lens settings

used, for a modern analyser this can be done for a solid cone of electrons coming out

the sample with emission angles covering approximately 30 degrees. At the end of

the electrostatic lenses this solid cone is projected on the entrance slit to the energy

analysis part of the system. This slit selects a single line of angle-sorted electrons

containing all kinetic energies, and all these electrons then get dispersed in the di-

rections perpendicular to the slit by an electric field generated between two parallel

hemispheres. This process leads to the projection of the electrons along two axis

(angle and energy) onto a multichannel plate (MCP). Here the incoming electrons

get multiplied and are then directed onto a phosphor screen. A CCD-camera on the

air-side of a UHV viewport then takes pictures of the light flashes from the phosphor

screen. This process is schematically shown in Fig. 2.7.

To measure the electron dispersion also in the direction perpendicular to the slit,

one can rotate the sample in tiny steps around an axis parallel to the slit. In this

way, the sample surface normal will tilt up and down in a direction perpendicular to

the slit, effectively moving the solid cone of photoemitted electrons across the slit,

each time taking a 2D I(k, ω) measurement. This way a 3-dimensional map can be

built up, with photoelectron intensity as the measured parameter as function of 3

variables: emission angle along the slit, the sample rotation angle perpendicular to

the slit and kinetic energy units. Thus using Eqs. (2.1) and (2.2) to convert the

angles and KE into k-space and binding energy, a sort of data cube is arrived at,

containing I(kx, ky, EB), that can be sliced to yield a Fermi surface map like that

shown in Fig. 2.4b.

The MBS-A1 [109] analyser installed at AMSTEL has an additional functionality

of great use in measuring such a 3D dataset. Motors are attached to the lenses, and

these can physically move the lenses up and down (perpendicular to the analyser

slit), changing the part of momentum space the slit transmits. This has the great
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Figure 2.7: Hemispherical ARPES analyser. Adapted from [108].

advantage that sample rotation is eliminated during measurement, and the photon

beam-spot stays on exactly the same position on the sample during Fermi surface

mapping. For small or inhomogeneous samples this is a major advance over the

‘traditional’ way of measuring Fermi surfaces. These two ways of shifting the line in

k-space probed by the slit through the 2D Brillouin zone is illustrated in Fig. 2.8.

Figure 2.8: Two different ways of Fermi surface mapping. Top row: The

sample and light spot do not move, and the Fermi surface is mapped by moving the

analyser lenses. Bottom row: Analyser lenses and slit are stationary, and the Fermi

surface is mapped by rotating the sample around an axis parallel to the slit.
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2.3.2 Light sources

In-house

The AMSTEL setup utilises two commercially available light sources. The first is

a microwave powered, electron cyclotron resonance (ECR) discharge-based helium

plasma lamp made by MB Scientific, monochromatized using a rotatable SPECS

Toroidal Mirror Monochromator (TMM-304) tuned to the He Iα spectral line at

21.2 eV, see Fig. 2.9. The light is 80% linearly polarized by reflections at the mirror

and grating of the TMM, and by physically rotating the monochromator around the

long axis of the beamline, the direction of the polarisation vector can be changed

with respect to the sample and analyser.

Figure 2.9: Helium discharge lamp and rotatable monochromator. On the

left-hand side a drawing of the He-lamp/Monochromator combination, with on the

right-hand side a photo of the lamp, with the bright plasma visible through the back

window.

The second light source used in the lab is a wavelength tuneable, picosecond

pulsed UV laser system supplied by APE GmbH, with a photon energy range be-

tween 5.9 and 6.4 eV. Fig. 2.10 shows the layout of the APE laser system. ARPES

using a UV laser as the light source has multiple advantages over He lamp and syn-

chrotron sources, see for example Refs. [104, 110, 111]. Very high photon fluxes are

achievable, which reduces measurement time while still enabling excellent signal to

noise levels at high resolution in the photoemission experiment. The typical kinetic

energy of the emitted electrons is well below the minimum in the universal photo-

electron mean free path (see Fig. 2.3) [103], allowing for greater bulk sensitivity as

compared to regular ARPES. Due to the relatively low photon energy in the case

of the laser system, the kinetic energy is low and thus the angular resolution of the

37



Chapter 2. Experimental methods

analyser is translated into a higher resolution in k compared to -for example- what

would be the case for high energy synchrotron radiation.

Figure 2.10: Layout of the APE GmbH laser system. The main components

of the APE GmbH laser system. A 20W, 532 nm pump laser [1] goes into an Op-

tical Parametric Oscillator (OPO)[2] that uses non-linear optics to create tuneable

light between 680-980nm. This light is then fed into the Fourth Harmonic Genera-

tor(FHG) [3] which mixes the OPO fundamental with the third order excitation to

create UV light down to 194nm wavelength (6.4eV). Adapted from [112].

The laser light itself can be generated outside of the UHV-environment of the

ARPES system, which makes it relatively easy to focus the beam to a small spot

size while keeping all optical elements such as lenses and mirrors outside the UHV

envelope. The He Iα light is generated and monochromated in vacuum, and this

makes the focusing more difficult. Small spot sizes are desired for high resolution

ARPES experiments, for example if a sample is spatially inhomogeneous and one

wants to quantify this with real-space mapping, or if the surface is not perfectly flat.

Large beam sizes will average over larger areas on the sample, and for imperfect

sample surfaces this will decrease the attainable angular resolution. In addition,

the analyzers electron optics works best for a small illuminated spot as a source of

photoelectrons. The MBS-A1 analyser can be run in two modes: angular resolved

and spatially resolved. In the spatially resolved mode a real-space image of the

electron source (in our case the UV-spot on the sample) can be taken to get an

estimate of its size. A comparison between the spot sizes of the two present light

sources is given in Fig. 2.11.
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Figure 2.11: UV Spot size. Imaging of the spot size of the He-lamp (left) and

UV-laser (right), by measuring the real space distribution of photoelectrons emitted

from a clean amorphous gold sample.

Synchrotron radiation

A significant part of the data presented in this thesis was collected at various

ARPES machines attached to synchrotron light sources in different countries. A

synchrotron is a type of particle accelerator, in which electrons are used to generate

tuneable and high brightness beams of radiation.

The electrons used to create the light are first accelerated in a linear accelerator

(or LINAC) to several MeV’s, after which they enter a booster ring where the

energy is increased to the order of GeV’s. Then they are injected in to a storage

ring, and bending magnets are used to keep them moving in a roughly circular

orbit. In the storage ring the electrons also pass through periodic structures of

alternating magnets called undulators, which produce radiation that can be used

for a wide variety of experiments, ranging from photoemission on superconductors,

to 3D tomography of historic artefacts and protein crystallography.

Synchrotrons have certain advantages over lab-based systems, mainly their high

photon flux and the ability to tune the photon beam over a large range in energy.

The main beamlines used in the gathering of the data presented in this thesis are the

i05 beamline at Diamond Light Source (Didcot, UK), the SIS beamline at the Swiss

Light Source (Villigen, Switserland), and the CASSIOPEE beamline at Synchrotron

Soleil (near Paris, France). As an example, the layout of the i05 beamline is shown

below. A complete review of the specifications of the beamline can be found here:

[114].

The I05 beamline is a beamline with two experimental set-ups, or ‘end stations’

in synchrotron jargon. These share an Apple II undulator, which is located in

a straight section of the Diamond Light Source which has a 3 GeV storage ring
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Figure 2.12: Synchrotron schematic. Layout of a typical modern synchrotron

and undulator used to generate radiation. By tuning the period λu and separation of

the array of magnets indicated by the red and green blocks (1), the electron beam (2)

can produce radiation (3) with differing polarisation and wavelength. Adapted from

[113].

energy. There is a nano-ARPES branch and a high-resolution branch at I05, of

which only the latter was used for this work. The undulator can produce both

linear and circular polarized light in an energy range between 18-240 eV. The beam

is monochromatized by a combination of a plane mirror and a planar diffraction

grating. The diffraction grating disperses the incoming light in the vertical plane,

with a vertical exit slit of variable size selecting a narrow bandwidth in energy.

Figure 2.13: Schematic of the I05 beamline at Diamond Light source.

Adapted from [114].
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2.3.3 Samples

High quality single crystal (Pb,Bi)2Sr2−xLaxCuO6+δ samples were grown in-

house using the floating zone technique by Dr. Yingkai Huang, or by the group

of Prof. T. Kondo from the University of Tokyo. The starting chemicals (PbO,

Bi2O3, SrCO3 and CuO, all 4N or higher purity) were well mixed. The mixture was

heated in 3 to 4 temperature steps to 900C with intermediate grinding. The reacted

powder was then pressed to form a cylindrical bar. After sintering it at higher tem-

perature, the bar underwent a fast scanning in the mirror furnace. The floating-zone

growth process was followed with the travelling rate of 0.6 mm/h under 2 atm air.

Figure 2.14: Sample mounting and manipulation. (a) shows the sample pocket,

which is connected via a flexible high-purity copper braid to a Janis flow cryostat,

using liquid helium to reach a minimum temperature of 11K at the sample. The

manipulator offers 6 degrees of freedom: 3 translations and 3 rotations. (b) The

sample itself is mounted on a phosphor-bronze stub (c) screwed into an standard

flag-style sample holder, that can be clamped into the manipulator sample pocket.

Individual (Pb,Bi)2201 crystals were annealed in varying atmospheres for varying

lengths of time, so as to change the oxygen content and with it the hole doping

controlling the carrier concentration. In the Pb-free variant of this compound, there

is an incommensurate modulation of the Bi-O planes with respect to the rest of the

crystal structure [115]. This causes diffraction replicas in ARPES, which clutter

k-space in a similar way as is seen in the Bi-2212 case [116, 117]. By replacing

some of the Bi atoms with Pb, the modulation wave vector increases, until this

super-modulation is essentially extinguished [118]. With its high-quality cleavage
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surfaces, single band crossing the Fermi level and clean k-space, (Pb,Bi)2201 is the

perfect testbed for the highly precise quantitative analysis aimed for in this work. Its

relatively low maximum critical temperature of approximately 34K has as additional

advantage that the ‘normal’, strange metal state is available for study over a large

range of temperatures.

Samples are mounted on interchangeable phosphor-bronze (CuSn8) sample stubs,

that can be screwed into a flag style sample plate, as shown in Fig. 2.14. The

mounting is done using Epotek E4110 two component silver glue, cured at 150

degrees Celsius for 15 minutes. After mounting, a top-post is then glued on top of

the sample, to allow in-situ cleaving in the vacuum-system, usually carried out at

low temperature.

Sample characterisation - resistivity and susceptibility

To determine the critical temperature (Tc), and thus the doping p of the samples

in this thesis, a Quantum Design Physical Property Measurement System (PPMS)

was used. The two methods used for Tc determination are 4-probe resistivity mea-

surements, and AC susceptibility. Exemplary curves for the two techniques on

samples from the same growth batch and post-anneal give very good agreement

in critical temperatures. An advantage of using the AC-susceptibility method is

that samples can be measured while still on their phosphor-bronze stub, directly

after having being measured in the AMSTEL-ARPES machine. This allows for the

determination of Tc value of the same physical sample measured in ARPES.

Figure 2.15: Example of Tc determination. Two crystals from the same growth

boule and anneal are measured in the PPMS, once using AC-susceptibility and once

using a 4-probe resistivity measurement. A sharp drop in both susceptibility and

resistivity, indicating the critical temperature, is seen around 9.5K. The estimated

error bar is 1K, and this sample would be called OD9K.
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