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Abstract

In this PhD work the electronic structure of Bi cuprates from the normal state
down to the superconducting state is investigated. The normal state electronic
structure is probed by polarization dependent x-ray absorption spectroscopy (XAS)
on single layer Bi cuprates. With the x-ray beam being incident normal to the
CuO; plane the azimuthal angle was varied to explore the polarization effects on
orbitals within the plane. In the CuLs- as well as the OK-edge spectra, the spec-
tral features related to the doped holes showed a distinct polarization dependence
which probably became observable through the inhomogeneities present in this sys-
tem. The revealed polarization dependence is more complex than expected from
hybridization of Cu3d,>_,» and O2p,,, orbitals only. Thus, the results support the
inclusion of out-of-plane orbitals into the description of the electronic structure as
has been previously theoretically proposed. Furthermore, the implications of the
results on the electronic structure are discussed. The obtained XAS spectra can be
interpreted within the charge-transfer picture. However, the charge transfer gap has
been observed to rise with rising hole concentration which supports theories of the
instability of Zhang-Rice-singlets in the overdoped regime.

By angle resolved photoemission (ARPES) the excitations close to the Fermi sur-
face in the antinodal region of double layer Bi cuprates have been investigated. The
complex lineshape in double layer Bi cuprates that results from interlayer effects
has been disentangled by exploiting matrix element effects. In combination with
distinct polarization settings this enabled to unify seemingly inconsistent observa-
tions made on single and double layer Bi cuprates. The existence of an excitation
additional to antibonding and bonding band could be shown in the double layer
Bi cuprate. This additional excitation is probably connected to the antibonding
band. It furthermore shows similarities to the sharp peak observed in single layer
Bi cuprates. It persists to temperatures above the superconducting temperature T,
and presumably vanishes at or above the pseudogap temperature T*. The ARPES
results could be best explained within the model of electronic inhomogeneity which
derives superconductivity from stripes.



Zusammenfassung

Die vorliegende Arbeit befasst sich mit der elektronischen Struktur von Bi-Kupra-
ten vom Normalzustand bis in den supraleitenden Zustand. Der Normalzustand
von einschichtigen Bi-Kupraten wurde mittels polarisationsabhéngiger Rontgenab-
sorptionsspektroskopie untersucht. Dabei wurden die Rontgenphotonen senkrecht
zur Probennormale, und damit auch senkrecht zur CuOs-Ebene eingestrahlt, und
der azimuthale Winkel variiert, um Polarisationseffekte innerhalb der Ebene zu er-
forschen. Die Absorptionsspektren der Culs- und OK-Kante zeigen deutlich eine
Polarisationsabhéngigkeit in den Merkmalen, die den dotierten Lochern zugeord-
net werden. Diese Polarisationsabhéngigkeit innerhalb der CuOs-Ebene wird wahr-
scheinlich durch Inhomogenitéten, die fiir Bi-Kuprate typisch sind, beobachtbar. Die
Winkelabhéngigkeit dieser Polarisationsabhéngigkeit geht iiber die erwartete Hybri-
disierung von Cu3d,2_,2- und O2p, ,-Orbitalen hinaus. Die Resultate unterstiitzen
also Theorien, die auch Orbitale ausserhalb der CuOs-Ebene zur Beschreibung der
elektronischen Struktur einbeziehen. Desweiteren werden Schlussfolgerungen fiir die
elektronische Struktur diskutiert. Die XAS Spektren lassen sich innerhalb der Theo-
rie zum Ladungs-Transfer-Isolator interpretieren. Allerdings wurde auch beobachtet,
dass die Ladungs-Transfer-Liicke sich mit steigender Lochkonzentration vergréfert,
was von Theorien zum Zusammenbruch der Zhang-Rice-Singuletts im tiberdotierten
Bereich vorhergesagt wurde.

Mittels winkelaufgeloster Photoemission (ARPES) wurden die Anregungen nahe
der Fermikante in antinodaler Richtung an zweischichtigen Bi-Kupraten untersucht.
Die komplexe Linienform im zweischichtigen Bi-Kuprat, die aus Interlageneffekten
resultiert, wurde durch die gezielte Ausnutzung von Matrixelementeffekten verein-
facht. Dadurch konnten, in Kombination mit der spezifischen Ausrichtung der Polari-
sation, vorherige, sich scheinbar widersprechende Beobachtungen am einschichtigen
und zweischichtigen Bi-Kuprat in Einklang gebracht werden. Es konnte gezeigt wer-
den, dass im zweischichtigen Bi-Kuprat eine Anregung zusétzlich zum bindenden
und antibindenden Band existiert, welche mit dem antibindenden Band korreliert
zu sein scheint. Auflerdem zeigt es Gemeinsamkeiten mit dem scharfen Peak, der
im einschichtigen Bi-Kuprat gefunden wurde. So besteht es iiber die supraleiten-
de Sprungtemperatur T, hinaus, und verschwindet vermutlich bei oder tiber der
Pseudoliicken-Temperatur T*. Die ARPES Messungen lassen sich am Besten inner-
halb des Modells elektronischer Inhomogenitéiten erkléren, welches Hochtempera-
tursupraleitung aus Streifen ableitet.
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Introduction

One of the persisting problems in condensed matter physics is the explanation of high
temperature superconductivity - even more than 20 years after its discovery!. Two
central issues for solving high temperature superconductivity are the description of the
electronic structure of the cuprates, especially the incorporation of their strong correla-
tions, and most of all the mechanism of pairing.

However, by now, some views and experimental techniques have become common
which led to omitting information that could possibly clarify the matter. Regarding
the electronic structure the modeling with two-band Hamiltonians accounting only for
in-plane Cu and oxygen orbitals has become a generally accepted fact, although there
is experimental®? and theoretical work®®, that emphasizes the importance of the sur-
rounding of the CuOs plane. Furthermore, concerning the pairing mechanism proposed
models have been, especially in ARPES, probed with similar experimental settings and
on mostly the same material, the double layer Bi cuprate®!?. However, on single layer
Bi cuprates contrary observations to those in the double layer have been reported 2.
For deriving a uniform picture of cuprates, material dependent features have to be dis-
cerned from those universal to all cuprates. In this vein, it would certainly be helpful
to first coalesce the experimental observations within one cuprate family, namely the
investigations on the single and double layer Bi cuprates.

Within this thesis the two questions raised above shall be investigated obtaining addi-
tional information by varying matrix elements. By polarization dependent x-ray absorp-
tion spectroscopy the unoccupied density of states and the orbital occupation within the
CuO2 plane is probed on a very local scale, looking at the in-plane polarization which
has not been done so far. In angle resolved photoemission measurements, the complex
lineshape of double layer Bi cuprates is disentangled by exploiting matrix element de-
pendencies on photon energy, but also specific polarization settings. Thus, seemingly
differing observations on the single and double layer Bi cuprate have been unified by the
exploration of excitations additional to the commonly accepted ones.

The following introductory chapter intends to present the concepts of the physics of
high-T. cuprates that are by now generally accepted, but also, to indicate the challenges
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Figure 1.1: The figure!® shows the various families of superconductors each with the structure
of one characteristic example and the highest T, indicated. For details see the text.

that these commonly agreed upon models still hold. First, the way from conventional
to unconventional superconductivity is laid out following the route to high temperature
superconductivity. Then, the unifying element of the high-T. cuprates, the CuQO- plane,
is focused on regarding its electronic structure with emphasis on the physics of strong
correlations. This will lead to the introduction of the general phase diagram of the
cuprates. Finally, the most discussed models for the mechanism of high temperature
superconductivity in cuprates are introduced. At the end of this chapter, the scope and
layout of this thesis are specified.

1.1 From conventional to unconventional superconductivity

Superconductivity was first discovered in mercury by Kamerlingh Onnes'* in 1911. This
discovery was made possible by the ability to liquify Helium and thus reach temperatures
in the very low Kelvin regime. Kamerlingh Onnes reported a sharp drop to zero in the
resistivity at Ta4.3 K which could not be reconciled with the Drude theory of metals,
where the resistivity drops continuously like T down to pg, the residual resistivity due
to impurities. Meissner and Ochsenfeld ' showed in 1933 that the superconductor dif-
fers from the ideal conductor in that the superconductor will expel an applied magnetic
field when cooled below the superconducting transition temperature T, regardless of the
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field being applied before or after T, is reached. Hence, superconductors are perfect
diamagnets. The expulsion of the magnetic field was named Meissner-Ochsenfeld effect.
With the latter it could be shown that the superconducting state is a true thermody-
namic state and not just one of infinte conductance. Various metals and metallic alloys
show so-called conventional superconductivity. The term refers to them being explained
within the theory of Bardeen, Cooper and Schrieffer, the BCS theory!%. The key ingre-
dient to conventional superconductivity is the interaction of two electrons via a virtual
phonon. This interaction creates a bound pair, the so-called Cooper pair. The initial
idea was inspired by the isotope effect found in mercury by Maxwell!” and Reynolds
et al.'® in 1950. Frohlich then predicted that the electron phonon interaction is the key
for the occurence of superconductivity '*. Finally in 1957 the BCS theory provided an
understanding of superconductivity and all its features on a microscopic level. Previous
theories were phenomenological and only able to account for single effects. One of those
theories is that of London and London?° which describes the Meissner-Ochsenfeld ef-
fect by deriving equations for the electrodynamics of a superconductor. They concluded
that the field is not expelled totally from within a superconductor. Instead the London
penetration depths can be defined within which the field is reduced to zero exponen-
tially. Another early phenomenological theory is that of Ginzburg and Landau?!. They
described superconductivity as a second order phase transition within the framework of
the Landau theory of such phase transitions. Now the existence of type I and type II
superconductors could be explained. While the first exhibit a pure Meissner phase, type
II superconductors also show a Shubnikov phase with rising magnetic field, where the
magnetic field penetrates the superconductor in vortices.

The most prominent superconductors are sketched in fig. 1.1. A variety of metals
exhibit conventional superconductivity (Burnssee e.g.??, Buzea and Yamashitasee e.g.??,
and references therein). Conventional meaning not only being well explained within
BCS theory, but also: having a Fermi liquid-like normal state, high superfluid density,
long coherence length, and no magnetic correlations. Also some metallic alloys are
conventional superconductors. Although most, as e. g. the A-15 compounds sketched
in the figure, show also some unconventional behavior, like their comparably high T,
and the short coherence length. Nevertheless their pairing mechanism is phononic.

More promising for practical applications are MgB,2* and fullerenes, like Cg2°. Both
have a higher T, than the materials discussed before. It is still under debate, if MgBs is
a real exponent of conventional phonon-mediated BCS supercondutivity 2326, Also for
Cgo the mechanism of superconductivity is still disputed, although it is widely believed
to be BCS-like pairing?6-28,

Also the Bechgaard (TMTSF) and organic (BEDT-TTF) salts shown in fig. 1.1 are
highly unconventional. They are layered, quasi-two-dimensional materials. The electron
transport, however, is one-dimensional. They exhibit magnetic correlations and low
superfluid density.

In 1986, the most famous unconventional superconductors, the high-T, cuprates, were
discovered by Bednorz and Miiller!. They are the only true high-T, superconductors.
For completeness it shall be mentioned here that there exist electron and hole doped
cuprates. The electron doped cuprates exhibit some physical properties distinctly dif-



1. Introduction

ferent to the hole doped cuprates and have a much lower T.2?. This thesis, however,
will only deal with hole doped cuprates, and therefore the term cuprates will be used as
refering to the hole doped materials, unless otherwise stated. There exist various cuprate
families, all of which are layered compounds with one or more CuQO» planes within one
unit cell. The individual members of each family are called single, double and triple
layer accordingly. T. is higher in triple than in double, and in double than in single
layers. However, adding more than three CuOs planes does in most cases not raise T,
any higher. Some widely known cuprate families and their T, are shown in fig. 1.2.
The cuprates are unconventional in many respects.
While the normal state of the conventional metal-
lic superconductors can be well described within
Fermi liquid theory, the cuprate parent compounds
are antiferromagnetic insulators. This was supris-
ing since in conventional superconductors any mag-
netically long-ranged ordered state was believed

120

100

-: 80 to be incompatible with superconductivity. When
F doping the cuprates with holes, the superconduct-
g 60 ing state arises. Even in doped cuprates, however,
T e the normal state is a so-called bad metal state.

40 pie s N Only with higher hole concentrations the cuprates
T Gl begin to exhibit Fermi liquid like behavior in their

20 . . normal state. Furthermore, the cuprates have a su-

S -

perconducting gap with d-wave symmetry, in con-
trast to the s-wave gap of conventional supercon-
Figure 1.2: Maximum superconduct- ductors. Another up to now strongly debated and
ing transition temperature T over not understood characteristics is the opening of a
number of adjacent CuQOy layers of dif- gap above the superconducting transition temper-
ferent cuprate families.*** ature T.. This so-called pseudogap exists only in

the underdoped regime. This rich phase diagram,
where superconductivity is only one phase with unusual properties, is outlined in general
in section 1.2.3 of this chapter.

The mystery of superconductivity in the high-T. cuprates has pushed forward solid
state research. It has been a driving force for the development and advancement of novel
experimental techniques as e.g. angle resolved photoemission spectroscopy (ARPES)
and scanning tunneling microscopy (STM) and spectroscopy (STS), but also THz time-
domain spectroscopy, IR ellipsometry etc. Furthermore, it has triggered new insights
into the physics of strongly correlated electrons.

Finally, it shall be mentioned that another group of unconventional superconductors
has been discovered recently, the pnictides3’. They have some characteristics similar to
the cuprates. They are layered iron arsenids with spacer layers in which substitution
of atoms results in doping. Only doped compounds become superconducting within a
certain range of dopants concentration. The parent compounds are antiferromagnets
and doping destroys the magnetic order. However, they are not Mott insulators like
the cuprates, but an antiferromagnetic “spin-density-wave” metal. Although there have

1 2 3
n - number of CuO, layers per unit cell
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been a multidude of publications since the initial paper, it is yet too early to make
definite statements about the mechanism of superconductivity other than that it is not
conventional but also different from that in the cuprates3!. The highest T, reached so
far has been 55 K reached in SmFeAsO;_,32.

1.2 The Cuprates

The most promising high-T. candidate among the unconventional superconductors are
the superconducting hole doped cuprates. The cuprates derive their name from the
CuOy4 unit which is common to all of them. They can be systematized according to the
organization of those CuO4 units. Among them are one- and two-dimensional systems, as
well as ladder systems. They all show interesting physics like e.g. the realization of one-
dimensional quantum spin chains®?® or spin-Peierls behavior3*. However, only the two-
dimensional cuprates whose CuQOy4 unit link their edges to form a CuOs plane as shown
in fig. 1.3(a) exhibit high-T, superconductivity. The CuOg plane is the most important
ingredient for high-T. behavior in those layered cuprate systems. It is surrounded by
rare earth oxide layers. Each cuprate family has its own characteristic combination of
those spacer layers which act as a charge reservoir. This last point will be more closely
looked at when the doping mechanism is discussed. Here it shall only be noted that, in
an ionic model, the CuQOy plane has Cu?* and O?~ and therefore accepts electrons which
is true for the electron doped cuprates like for instance Ndg_,Ce,CuOy44s (NCCO)). In
the hole doped cuprates, however, the arrangement of the spacer layers closest to the
CuOg plane leads to a perovskite structure. This means that there exist apical oxygens
in an octahedral coordination as illustrated in fig. 1.3(b). In hole doped cuprates with
more than one CuOs plane per unit cell those CuOs planes are separated by an insulating
layer like e.g. Ca in the multilayer Bi cuprates. Then the CuQOg octaheder reduces to a
CuOs unit with one apical oxygen (see fig. 1.3(c)). In the ionic picture from above, both,
the CuOs; and the CuOg unit are more negative than the CuO4 and therefore holes are
accepted into the CuQOs plane. Thus the possibility of hole doping opposed to electron
doping depends strongly on the existence of apical oxygen.

1.2.1 The CuOg octaheder

The cuprates belong to the transition metal oxides. As discussed above the hole doped
cuprates have, because of their perovskite structure, an octahedral CuQOg unit where six
oxygen atoms surround one Cu atom forming an octaheder which is, however, elongated
perpendicular to the CuOs plane. For deriving the physics of the CuOs plane a first
look shall be given to the energy levels in this small unit of the cuprates. As a transition
metal, Cu has its valence electrons in the 3d-shell where the energy levels are five-fold
degenerate. This degeneracy is lifted by the ligand field of the surrounding oxygen
atoms. First, six equidistant oxygen atoms forming an octaheder with cubic symmetry
shall be considered. Looking at the region in space occupied by the radial functions
of the d-orbitals, it is evident that the d,2 and the d,2_,» point directly towards the
oxygen atoms. Therefore, the electrons in those orbitals will spend more time close to
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Figure 1.3: (a) The CuOy plane in cuprates is formed by CuQO, units which connect at the edges
as indicated by the lines. (b) CuOg octaheder. Here already with Jahn-Teller distortion. The
distance to the apical oxygenes is larger than that to the planar oxygen. (c) Cuprates with

multiple CuOy planes per unit cell contain CuOj; units instead of octaheders as in (b). The
dividing plane between the two CuOs units is symbolized.
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Figure 1.4: (a) The degeneracy of the Cu3d orbitals is lifted by the crystal field of the 6 sur-
rounding oxygen. The levels split into e, and ta4, which are additionally split by the Jahn-Teller

distortion which leads to tetragonal symmetry. (b) Because of covalency between Cu3d and
O2p, those orbitals hybridize. The antibonding dg2_,2-Opo becomes the upper half-filled level.
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the oxygen than the ones in the dgy, d;» or d. orbitals. The d.2 and the d,2_,» will
move up to higher energies resulting in a splitting into to, and ey levels as shown in fig.
1.4(a) for the octahedral case. As mentioned, in the cuprates this octaheder is elongated
in the z-direction. The apical oxygen are further away from the copper atom as the
planar ones resulting in a Jahn-Teller distortion (see also fig. 1.3(b)). This lowers the
symmetry to tetragonal and lifts the degeneracy even further as also shown in fig. 1.4(a).
It is now evident that the valence electrons of the Cu3d® configuration leave one hole in
the d,2_,2 orbital. So far, a purely ionic model has been used to determine the electronic
structure of the Cu ion in the crystal field. For deriving the same for the whole CuOg
octahedral unit the covalency between oxygen and copper has to be taken into account.
Looking at the orbitals with significant overlap - O2p and Cu3d - regarding their energy
position and symmetry the resulting orbitals can be derived within molecular orbital
theory. As illustrated in fig. 1.4(b) the highest orbitals are antibonding hybrids of O2po
and ey orbitals of the Cu3d shell.

Within the CuO2 plane consisting of many CuQOg units bands are formed. The
electronic structure of the double layer Bi cuprate Bi2212 as derived by Pickett and
Krakauer® using Local Densitiy Approximation (LDA) is given in fig. 1.5. Here, not
only the CuO; plane, but also the charge reservoir planes are included into the calcula-
tion.

The two-dimensionality of the cuprates can be
seen already in the LDA calculated bands. Dis-
persion exists only within the plane (I'-M-Z-
X-T'), but perpendicular to it (I-Z) there is
only small dispersion. Furthermore, all bands
around the Fermi energy result mostly from
Cu3d and O2p. The CuOs plane governs the
electronic structure. However at this point spe-
cial interest shall be given to the fact that the
LDA derived bands predict metallic behavior.
Figure 1.5: LDA derived band structure of There are bands crossing the Fermi energy, and
Bi2212 by Pickett and Krakauer®®. The already from the ionic model in fig. 1.4(b) a
broken line refers to the Fermi level. No- half filled band at the Fermi energy can be de-
tation of high symmetry as defined in fig. duced. This theoretical prediction is in strong
2.3(a) of chapter 2.2. The LDA calculated .o trast to the experimentally determined insu-
bands crossing the Fermi surface predict a latine behavior of the undoped cuprate parent
metal. ating be P p P
compounds which represent the here considered
half filled CuOs plane.

Energy (eV)

1.2.2 Strong correlations in the CuOs plane

The key to the physics in the cuprates are the strong correlations between the electrons.
The Coulomb repulsion behaving as ~ % is usually screened by the electrons of the
system and becomes significant only at small distances. Therefore, by trying to put

two electrons into the same orbital an energy penalty U for double occupancy has to
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e e Y

(a) (c) (d)

Figure 1.6: (a) A half-filled band yields a metal from standard band theory. The Fermi level is
indicated by the broken line in all sketches but only here denoted by Er. (b) Strong correlations
between electrons leads to a large U and thus to a gapped system. The Mott insulator with
the upper (UHB) and lower (LHB) Hubbard band develops. (c) Since the non-bonding oxygen
(NBO) lie between the two Hubbard bands, the gap A between oxygen and upper Hubbard band
is smaller than U. The system becomes a charge-transfer insulator. (d) The doped hole at the
oxygen will hybridize with a hole on a neighboring Cu forming a Zhang Rice Singlet (ZRS).

be given. In the d-electron metal copper the orbitals are spatially small and U becomes
so large that double occupancy is forbidden. The system develops a gap and changes
from a metal (fig. 1.6(a)) to a so-called Mott insulator3® (fig. 1.6(b)). Such systems
exhibiting strong correlations, i.e. Mott insulators, can be described within the Hubbard
model3”. Therefore, the two developing bands are named the upper and lower Hubbard
band.

This concept applies to the CuO4 plane of the cuprates. However, here the physics
is more complicated because of the oxygen ions. As illustrated in fig. 1.6(c) the O2p
band lies energetically between the upper and lower Hubbard band. The energy A
required for the transfer of an electron from an oxygen ion to a copper ion is 2-3 eV
in the cuprates, and therefore much smaller than U which is 6-8 eV. The case A < U
describes the so-called charge-transfer insulator as opposed to the Mott insulator with
A > U as classified in the Zaanen-Sawatzky-Allen scheme by Zaanen et al.3®. The topic
of metal-insulator transitions is reviewed in great detail in Imada et al.3?.

Now, the Hubbard-Hamiltonian for the cuprates shall be derived. In the discussion
above the important orbitals were identified as the hybridizing Cu 3d,2_,2 and O2p, .
The three-band model as derived Emery4® 42 captures most of the physics of the CuO,
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plane by incorporating only these orbitals:

H = —tpd Z Oéi,j,cr(pj—gdia —+ d;’;pjo) —lpp Z ai,j,a(pz—‘t;pjcr +p;_gpio)
<ij>o <ij>o
+ €4 Z d;;dig + (ed + A) Zp;pio
1,0 2,0
Ud d

+ 7 ni,angl,f Z Z nz Red z —O’

1,0 o=z,y %,0

pd Z Zn<m>aa 4,07

o=z,y 1,0

(1.1)

e df creates a hole on the d,2_,» orbital

-y
° p;ro creates a hole in the p, or p, orbital
e 1,4 represents hopping between d 2_,2 and p, orbitals

e ,, hopping between p orbitals

e ¢4 and €5+ A are the on-site energies of copper and oxygen respectively, with the
charge-transfer gap A

o Uy, Uy, Uy, give the Coulomb repulsion in the d-, p-, and dp-orbitals respectively

In the limit of half-filling and A > Uy holes reside only on copper and the O2p bands
can be neglected. Thus one arrives at the one-band Hubbard model which was first

discussed by Anderson?3 as capturing the essential physics of the CuO, plane.
H——tz Z Zch(,—l—c‘wcw +UZ”@T”¢¢ (1.2)
o <ig>

Note that at half-filling and for U = 0 eq. (1.2) reduces to the metallic tight-binding
result.

In the half-filled case each copper ion is occupied

by one electron. Thus each ion can be simplified

/\ (b dp to one orbital. Looking at the hopping mechanism
within the plane illustrated in fig. 1.7 it becomes

CTD CP — O @ evident that only electrons with antiparallel spin
Qp @ can hop because of the Pauli principle. This anti-

ferromagnetic insulating state is characteristic for
the Mott insulator. As discussed previously, ionic
Figure' L.7: Process of superexchange in-  honds between Cu and oxygen exhibit a significant
teraction. amount of covalency. This is displayed not only in
the electronic structure of the CuOs planes, also
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the interaction of spins is mediated by oxygen via the superexchange interaction J as dis-
cussed by Anderson?*. This process of hopping can be written in terms of spin operators.
If additionally projecting out double occupancy, one arrives at the famous t-J-model*?:

H=_—¢ Z Z(l — CIU/Ci,a’)CZaCj,U(l — c;fa/cj’gx)

<ij> o

1
+ J Z (SZS] - Zn,n])

<ij>

(1.3)

The projecting out of double occupancy leads for half-filling to an insulating state and
eq. (1.3) reduces to the Heisenberg antiferromagnet. This resembles the antiferromag-
netic insulating ground state of the cuprate parent compounds. The strong and two-
dimensional antiferromagnetic correlations in the cuprates could be shown experimen-
tally determining J = 130meV 46-°2. Furthermore, it can be shown that with J = 4% the
t-J-model is the effective one-band Hamiltonian of eq. (1.2) and thus basically a strong
coupling version of the Hubbard model.

In the following the doped CuO4 plane shall be discussed. Since A < U in the cuprates
doped holes go preferably into the O2p band. In their pioneering work Zhang and Rice®?
found that within a CuO4 plaquette a hole located on the Cu site will hybridize most
strongly with a doped hole in the surrounding oxygen forming a singlet and a triplet
state. Eskes and Sawatzky®»%° calculated the large energy difference of 3.5 ¢V and
thereby showed that the triplet state can be neglected. The low energy excitation of
the CuOg plane, the “Zhang Rice singlet” (ZRS), has the ability to hop from one CuOy4
plaquette to the other. The effective one-band Hamiltonian results again to the t-J
model of eq. (1.3). The band scheme of a charge-transfer insulator with a ZRS state is
shown in fig. (1.6(d)).

The derived electronic structure of the CuOg plane is summarized in fig. 1.8(a) which
shows again the two-dimensional CuO3 plane made up of square unit cells of Cu and four
surrounding oxygen. Included are also the Cu 3d,2_,2 and O2p, , orbitals. Furthermore
on each Cu ion the spin is depicted. The spins order antiferromagnetically. In the central
unit cell the concept of the ZRS is illustrated. For a review of the electronic structure in
the CuOs plane and experiments see for instance Orenstein and Millis %%, and Norman
and Pepin®’.

As stated, the ZRS is represented by the Hamiltonian of eq. (1.3). By comparison with
experiment it became clear that the t-J-model fails to predict the characteristic rounded
squares of the Fermi surface of the CuOs plane. This could be resolved by including
long-range hopping t' and t” which denote second and third nearest neighbor hopping
respectively and are sketched in fig. 1.8(a). The conduction band can be expressed
within a tight-binding model for one Cud,2_,2 orbital per unit cell as:

(k) = —2t(cosky + cosky) + 4t' coskycosk, — 2t" (cos2k, + cos2ky) + ... (1.4)

The resulting band that corresponds well with experiments is shown in fig. 1.8(b). The
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Figure 1.8: Summary of the CuOs plane: (a) CuOy units form the CuOy plane. The hybridizing
orbitals are the Cu3d,>_,» and O2p, ,. On each copper site sits a spin which points along the
diagonal of the Brillouin zone. The spins align antiferromagnetically. An additional hole at an
oxygen site gives another spin. The doped hole couples to the hole on the copper. The ZRS is
formed. Furthermore included are the hoppping terms t, t' and t”. (b) The band derived from
the hybridized Cu3dg2_,2 and O2p,,. On the bottom the resulting hole-like Fermi surface is
depicted within the Brillouin zone of the CuQOy plane. Included are high symmertry points and
their coordinates scaled to w. Note the flat band along I'M and the Fermi surface barrels around
the X/Y points.

tight-binding derived band has a hole like Fermi surface (fig. 1.8(b)) with barrels around
the X and Y points.

From the beginning of research on cuprates the modeling of the CuO2 plane with only
in-plane orbitals has been questioned. Lately the incorporation of out-of-plane orbitals
has become more and more important. Andersen et al.®® emphasized the importance
of axial orbitals and included Cu,2, apical O2p,, as well as Cuds which acts as bridge
for nearest neighbor and interplane hopping. Tanaka et al.?? observed the impact on
the Fermi surface of the changes in the second nearest neighbor hopping term t’ among
different cuprate families. A so-called range parameter roct’/t can be connected to the
material dependence in T7% as Pavarini et al.® showed. As is illustrated in fig. 1.9(a)
within this model the difference in T7'** for cuprates from different cuprate families,
but with the same number of CuOg planes (fig. 1.2) per unit cell is derived from the
surroundings of the CuOs plane. Another effect of the axial hybrid orbital is a k,
dispersion of the conduction band®® which results in extra nodes of the three-dimensional
Fermi surface which were experimentally observed by Hussey et al. %0 using angle resolved
magneto resistance (AMRO). The three-dimensional Fermi surface as deduced for the
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Figure 1.9: (a) Pavarini et al.® calculated the range parameter r which is related to the nearest
and second nearest neighbor hopping t and t'. Plotted over distance between Cu and apical
oxygen in single layer cuprates it scales with T¢ ;44 in those materials. Both pictures are taken
out of the respective cited work. (b) Projection of the three-dimensional Fermi surface of the
one layer cuprate T12201 onto the a,b-plane. The shape of the Fermi surface was deduced by
Hussey et al. % from AMRO measurements.

single layer cuprate T12201 is shown for reference in fig. 1.9(b). Within these studies
the three-dimensional Fermi surface was shown to be coherent, thus questioning theories
for high-T. superconductivity that rely on two-dimensional physics only. The existence
of this axial hybrid orbital has also been indirectly observed by Xiang and Wheatley %!.

1.2.3 Phase diagram of doped cuprates

Substitution of rare earth elements as well as adding or removing non-stochiometric oxy-
gen changes the hole content within the CuO, planes of cuprates. In most compounds a
combination of both is used to reach the desired doping level. The substitution of cations
takes place in layers adjacent to the CuOs plane, which are hence called charge reser-
voir layers.As mentioned earlier the undoped parent compounds are antiferromagnetic
insulators. Additional, doped holes drive the cuprates through a phase diagram which
seems to be universal in most regards for all cuprates. Therefore, it is widely viewed as
the phase diagram of the CuQOs plane. Fig. 1.10 gives a schematic illustration of this
phase diagram. At low hole concentrations there is the antiferromagnetic insulator. It
exists below the Néel temperature T . Towards higher hole concentrations the cuprates
become more and more metallic in their normal state, i.e. at high temperatures. They
evolve through a bad or “strange” metal state%?53 to a Fermi liquid like behavior at
very high hole concentrations. The most prominent characteristic of the strange metal
state is the resistivity being linear in T in contrast to the T? dependence in Fermi liquid
theory. 64
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Figure 1.10: Schematic phase diagram of the cuprates as described in the text. Tx gives the
Néel temperature. T, the superconducting transition temperature and T* the temperature below
which the pseudogap exists. The dashed lines of T* show the three proposed possibilities of the
evolution of T* with hole concentration.

At low temperatures the cuprates pass through a superconducting dome with growing
hole concentration. Within this region they show d-wave superconductivity, where the
superconducting gap changes sign upon a 90° rotation. This d-wave symmetry was de-
duced by theory%® and later proven by experiments®%7. The superconducting transition
temperature T, becomes higher and higher with rising hole concentration until it reaches
its maximum. This is called the optimal doping. Cuprates with a lower hole concen-
tration are called underdoped. Upon further hole doping T, falls again. The cuprates
are then overdoped. Finally the superconducting phase ends and the cuprates become
metallic also in this temperature region at very high doping levels. Presland et al.%®
established the concept of a ’universal’ curve for the superconducting dome expressed
by the relation:

1.

Tc,maz

=1-826-(n, —0.16)2 (1.5)

where T mqq. gives the maximum T, at optimal hole concentration nj. The idea of this
universal phase diagram is to describe the superconcucting characteristics upon hole
doping of the CuOs plane itself. Thus, the superconducting dome as given from eq.
(1.5) should apply to all cuprates, and at certain hole concentrations physical properties
should change, as e.g. the setting in of high-T. superconductivity at np = 0.05, the
occurrence of maximum T, at n; = 0.16, and the total breakdown of superconductivity
at around 0.27 holes per Cu. The only parameter changing between the compounds
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should be T¢ 4z

A phase of great interest but also a lot of controversy is the pseudogap phase in the
underdoped region. The pseudogap, which is unprecedented before the cuprates, had
been observed in angle resolved photoemission, tunneling, nuclear magnetoresistance,
resistivity, specific heat, infrared conductivity and inelastic neutron scattering®»7. Be-
low the pseudogap temperature T* a gap opens in the single particle spectral weight,
but the system is not yet superconducting. The pseudogap has been discussed to result
from various fluctuation phenomena present in the cuprates, such as antiferromagnetic
or superconducting fluctuations, as well as fluctuations in spin and charge density (stripe
phenomena). Since the pseudogap resembles the superconducting gap in magnitude and
phase it is often viewed as arising from effects related to superconductivity. But, the
pseudogap is also seen as originating from states competing with superconductivity.
Thus, the line of T* is drawn differently in the phase diagram. It either envelops the
superconducting dome, ends at the point of optimum hole doping, or cuts through the
superconducting dome. These three variants are shown in fig. 1.10 by the dashed lines.
They are extensively discussed in Hiifner et al. ! and Norman et al. 2. Here, it shall only
be mentioned that a pseudogap region that is related to superconductivity, i.e. marks
the onset of pairing without phase coherence, has to cover the whole superconducting
dome which is according to Carlson et al. ™ and Hiifner et al.”' the case when looking
at the experimental data.

1.3 Proposed mechanisms of superconductivity in cuprates

It was already stated that cuprates are unconventional superconductors. They cannot
be explained within the BCS derived phononic mechanism. BCS theory is based on
a Fermi liquid normal state which is not present at least in the underdoped cuprates.
Furthermore, the phononic BCS mechanism cannot account for such high transition
temperatures T, as found in the cuprates. In fact it was theoretically deduced that
transition temperatures higher than 30 K will not be possible, since strong coupling
leads to renormalization effects which let T, saturate. Additionally, Migdal " showed
that strong electron-phonon interaction leads to a lattice instability. More evidence of
the failure of BCS theory in cuprates in a theoretically detailed manner can be found
in Carlson et al.™ and in most text books discussing high-T, superconductivity and
superconductivity in general, as e.g."®.

Over time, a variety of models has been proposed of which only a selected few shall be
mentioned in the following. Some start from the overdoped side imposing a Fermi liquid
like normal state. They consider a BCS type model of superconductivity looking for a
bosonic pairing mode, the “glue” of the Cooper pairs. Others start from the underdoped
side emphasizing the strong correlations and the strange metal phase. The pairing occurs
here as a characteristic of the correlated electron system itself.

14
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1.3.1 Polarons and Bipolarons

Although cuprates cannot be explained within the BCS phonon mechanism, it could be
shown that increasing the electron phonon interaction a small, heavy quasiparticle, the
small polaron, can be formed. Further studies revealed that two electrons on opposite
sides of a lattice distortion can form small bipolarons reminiscent of a collapsed Cooper
pair. Bose condensation of the bipolaron gas leads to superconductivity. Within this the-
ory critical temperatures around 100 K are possible. A review of polaronic behavior and
phonons in cuprates can be found in Shen and Shen”® and Zhou et al.'°. Furthermore,
Miiller 77 discusses high-T, superconductivity within a bipolaronic picture.

1.3.2 Spin waves and spin fluctuations

The spectrum of magnetic excitations has been widely studied in cuprates via Magnetic
Resonance”™ and Neutron Scattering”™. Some theories try to microscopically explain
superconductivity in a strong-coupling version of BCS theory by using an Eliashberg or
Eliashberg-type theoretical framework. The bosonic excitation responsible for pairing
is, however, not a phonon, but has magnetic origin. Chubukov et al.®® for instance
tried to explain high-T. superconductivity with spin fluctuations. Manske et al.8! uses
an Eliashberg type model incorporating the magnetic spectrum to give a microscopic
account of superconductivity in cuprates.

1.3.3 Theory of high temperature superconductivity based on SO(5) symmetry

Zhang®? proposed a unified theory of antiferromagnetism and superconductivity by in-
troducing the superspin, a five component vector. The real and imaginery d-wave su-
perconducting order parameters compose the two superconducting components. Fur-
thermore, there are three spin components describing the antiferromagnetic order. This
leads to an SO(5) symmetry group within which the phase diagram of the cuprates
and especially the magnetic experiments can be explained. The phase transition from
antiferromagnet to superconductor takes place by a superspin flop.

1.3.4 Hubbard Model in 2D

The two-dimensional Hubbard model not only describes the strong correlations present
in the CuOg plane, it also captures the basic phenomena of the cuprate’s phase diagram.
At half filling which represents the undoped cuprate the two-dimensional Hubbard model
shows an antiferromagnetic ground state and upon doping it develops a pseudogap phase.
For the doped case d-wave pairing as well as striped states have been found at low
temperatures. The problem of studying the doped cuprate within this model lies in the
fact that only the half-filled case can be computed straightforwardly®3. For numerically
studying the doped Mott insulator variational methods have been developed. They,
however, require different boundary conditions and assumptions which lead to a variety
of results. Thus, the lightly doped case can exhibit stripes but changing the second
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Figure 1.11: Schematic phase diagramm of the Resonating Valence Bond model (a) and Quantum
Critical Point scenario (b). For details see text.

nearest neighbor hopping t’ or the strength of U favors dg2_,2 pairing over stripes. A
detailed review hereof is given by Scalapino®!.

1.3.5 Resonating Valence Bonds

The Resonting Valence Bond (RVB) model approaches the cuprates from the viewpoint
of doping a Mott insulator and uses the t-J-Hamiltonian. The essential problem of treat-
ing a hole in an antiferromagnetic background is the competition between lowering the
kinetic energy on the scale of t and maintaining the antiferromagnetic order governed by
the size of J. For reducing its kinetic energy the hole wants to hop on a neighboring site.
Then, however, the neighboring spin is in an ferromagnetic environment. The question
is now, how the superconducting state emerges as the best compromise. Anderson?3
proposed a spin liquid as ground state. Here, in a simple picture, electrons are bound
together in pairs at neighboring sites in singlet states comparable to the Heitler-London-
covalent bond. They lower their energy when allowed to resonate, which gives a linear
combination of all such configurations. Thus, one has the resonating valence bond. A
very important aspect of the RVB model is the existence of spin-charge separation. This
phenomenon was not known before to occur in a two-dimensional system. The phase
diagram of the cuprates can be captured within a mean-field approach where the d-wave
state has the lowest energy. The gap of this state applies to the spins and decreases with
increasing doping. Thus, it can be associated with the pseudogap. The phase coherence
of the holons, however, grows with rising doping. Bose condensation of holons leads to
superconductivity. As shown in fig. 1.11(a), this gives two crossover lines with doping,
where there is the spin gap phase on the left, the Fermi liquid on the right, the super-
conducting phase on the bottom and the strange metal phase on the top. A review of
current developments regarding the RVB theory is given by Lee®.
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Figure 1.12: Schematic phase diagram of “dynamic inhomogeneity-induced pairing” taken from
Kivelson and Fradkin®”. The dashed-dotted line gives the superconducting gap magnitude Aq(z),
while dashed line shows the phase ordering temperature Ty for the case of a single layer, Tgl),

) )

and a multi-layer, Tén , cuprate. The onset of superconductivity, T&l’" , is represented by the

colored lines.

1.3.6 Marginal Fermi liquid and Quantum criticality

The strange metal phase led to the proposition of the Marginal Fermi liquid®. The
Marginal Fermi liquid describes a system with correlations strong enough to let Fermi
liquid theory break down, but just barely. Thus, some properties of the Fermi liquid still
apply. The phenomenological model lets electrons scatter off a bosonic spectrum which
has no other energy scale than temperature and hence exhibits quantum critical scaling.
The Marginal Fermi liquid accounts for many properties of the strange metal phase as
for instance the linear temperature dependence of in-plane resistivity. But, there is no
explanation from where d-wave superconductivity should occur. The quantum critical
scaling has led to the proposition of explaining the phase diagram based on a quantum
critical point occuring at optimal doping at T=0K as illustrated in fig. 1.11(b). Above
it lies the quantum critical regime associated with the strange metal. This separates two
phases, the pseudogap to its left from the Fermi liquid to its right. The superconducting
dome covers this quantum critical point.

1.3.7 Electronic inhomogeneity and stripes

Within the model of “dynamic inhomogeneity-incued pairing” 387 pairing results from

the strong repulsive interactions. The main idea is that cuprates have an intrinsic elec-
tronic inhomogeneity which is strong enough for pairing, but too weak to totally destroy
phase coherence. Superconductivity is then a crossover of the homogenous regime where
pairing occurs and a granular regime with phase coherence exhibiting a pseudogap (see
also fig. 1.12). The superconducting gap magnitude Ag(x) is a falling function of the
hole concentration x. Since it resembles the scale of pairing, which in turn happens
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on short distances in cuprates, Ag(z) is assumed to be a property of the CuOs plane
only. The phase ordering temperature Ty, however, is governed by long-wave-length-
fluctuations. Hence, it is dependent on the number of CuOs layers per unit cell n, and
on the charge-reservoir layers, and thus on the cuprate family. Therefore, in fig. 1.12
the two curves for single and multi-layers behave differently over hole concentration. T,
is limited by the pairing scale and the phase coherence temperature.

This model could be realized by stripes, the unidirectional ordering of charge and spin,
which have been observed in cuprates®®. Then the cuprates could be seen as quasi-one-
dimensional systems where there is naturally non-Fermi liquid behavior and spin-charge
separation. The pseudogap is identified with a spin-gap and holes can pair by virtual
hopping through the antiferromagnetic domains. Below a critical temperature super-
conductivity emerges because of coherence between the stripes realized by Josephson
coupling.

1.4 Scope of thesis

From the models and experimental evidence presented in the introduction it can be de-
duced that while the CuO2 plane common to all cuprates is the origin of high temperature
superconductivity, the differences in superconducting characteristics, i.e. maximum T,
among the families can only be accounted for when looking at the surrounding of the
CuOs plane. Here, among others, especially the incorporation of axial orbitals has led
to a theoretical argumentation for the differences in maximum T.8. Within the model
of charge inhomogeneity (sec. 1.3.7) the idea was briefly discussed that pairing may be
confined to the CuO» plane, and thus, is independent of the spacer layers, while phase
coherence is a more long-range quality, and may also depend on the structure outside
the CuOs plane. Hence, although three-dimensionality is most likely not the key point
for pairing, it probably is critical for maximizing T.. The question remains whether
there is any influence of the axial orbitals on the orbitals within the CuOs plane, and
how this in turn impacts the description of electronic structure, that, as has been seen
in the previous section, mostly relies on the two-dimensional electronic structure of the
CuO, plane. This issue will be approached within this work by polarization dependent
x-ray absorption measurements. Contrary, to past x-ray absorption research done on
cuprates, the polarization has been varied within the plane and an unexpected polariza-
tion dependence has been revealed that indeed shows signatures of the in-plane part of
the axial hybrid orbital.

The basic question of high temperature superconductivity surely is the one regarding
the pairing mechanism. To solve this problem predictions of proposed models have to
be checked by experiments. Within this thesis the excitations close to the Fermi surface
in the antinodal region are probed by angle resolved photoemission. In the past, con-
tradicting observations have been made on the commonly investigated double layer Bi
cuprate and the less often experimentally probed single layer Bi cuprate: While in the
double layer Bi cuprate the spectral weight close to the Fermi surface has been reported
to develop the so called sharp peak at low temperatures that vanishes above T.%, a
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similar sharp emission has been reported in the single layer Bi cuprate to persist up to
higher temperatures than T, !'!. Furthermore, in the antinodal region of the double layer
Bi cuprate a so-called kink, a renormalization of the dispersion, has been observed 1999,
while in the single layer Bi cuprate such a renormalization has not been unequivocally
reported yet. These observations seemingly point towards different models. Although,
the double layer Bi cuprate is the most investigated cuprate by photoemission, its line-
shape is complex due to interlayer effects. The measurements conducted within this
thesis exploit differing matrix element dependencies on photon energy of bonding and
antibonding band combined with defined polarization settings to distinguish between
both bands, and unify the experimental observation on the single and double layer Bi
cuprate. These experiments show that additional excitations exist. If these are taken
into account the seeming contradictions can be resolved.

Before exploring the issues laid out above, the investigated samples will be discussed
in chapter 2, and then the experimental techniques of angle resolved photoemission and
x-ray absorption will be introduced in chapter 3 and chapter 4, respectively. In chapter
5 the XAS measurements will be presented and the in-plane polarization dependence
analyzed in detail. Then, implications of the XAS results for the electronic structure
will be discussed. Furthermore, the determination of hole content by XAS in single-
and polycrystalline single layer Bi cuprates is explained. This will enable to lay out a
specific phase diagram for the single and double layer Bi cuprates. Finally, the angle
resolved photoemission experiments are described, analyzed and discussed within the
proposed models for high temperature superconductivity in chapter 6. And in chapter
7 the results obtained within this thesis will be summarized.
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Details on the Bi cuprates

In this chapter the samples investigated within this thesis, the single and double layer
Bi cuprates, will be introduced. The crystal structure in real and reciprocal space, the
specific doping mechanism in Bi cuprats, crystal growth and sample characterization
will be explained. The section on crystal structure in real space will also treat known
superstructures of the Bi cuprates which will be become important to consider when
interpreting experiments. It will be seen that the adding of dopants causes inhomogeneity
on the nanoscale. Hence, also the section on doping will extend the discussion of the real
crystal structure. Since great long-term experience of Bi cuprates synthesis exists in our
group, the details of crystal growth have been described several times previously, and
will here only be briefly described. Finally, details of sample characterization as done
after growth will be given. Thus, sample quality regarding compositional, structural,
and superconducting properties is secured.

2.1 The ideal crystal and reality

The ideal structure of the single and double layer Bi cuprates is shown in fig. 2.1. The
layered structure is the same in both materials except for the number of CuO, planes
of which the one layer material possesses one, and the double layer two. The adjacent
CuO2 planes in the double layer material are separated by a Ca layer. Otherwise the
unit cell consists of two BiO planes and a perovskite block containing the CuOq layer(s)
enveloped by SrO planes. Within this perovskite block the CuOg octaheder is composed
out of a CuOy4 unit and an apical oxygen from the SrO layer. The BiO planes are only
weakly van der Waals bonded. Therefore the crystal cleaves between those two layers
giving a well defined and inactive surface.

The adjacent BiO planes exhibit a rocksalt structure and are thus shifted against
each other by half a diagonal of a BiO plaquette (see fig. 2.1(a)). This leads to the
true unit cell being face centered orthorombic which is shown in fig. 2.1(b) and fig.
2.1(c) for the single and double layer Bi cuprate respectively. But, the unit cell can be
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Figure 2.1: (a) Tetragonal unit cell of Bi2201. For better visibility the second half of the cell is
shown shifted as explained in the text. Therefore, the illustration does not show the true unit
cell. (b) Orthorombic unit cell of the single layer Bi-cuprate Bi2201. (c¢) Orthorombic unit cell
of the double layer Bi cuprate Bi2212.

simplified as illustrated in fig. 2.1(a) to body centered tetragonal which is then often
called pseudo-tetragonal.

From the considerations above and fig. 2.1 the chemical formula of the Bi-cuprates can
be deduced which is generally BisSroCa,—1Cuy,Ogq9,+5 where n denotes the number of
CuOg planes. Hence, it becomes BiaSroCuQOg, g for the single layer and BiaSraCaCusOg s
for the double layer compound. Mostly the short notation Bi2201 and Bi2212, giving
the combination of Bi-Sr-Ca-Cu in the chemical formula, is used which will be adopted
within this thesis.

However, the real crystal structure of the Bi cuprates deviates from this ideal situa-
tion. In single and double layer Bi curpates an ~ 5x1 superstructure exists along the
crystallographic b direction. This superstructure modulation has orthorombic symme-
try in the double layer Bi cuprate Bi2212 and monoclinic symmetry in the single layer
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Figure 2.2: Electron diffraction pattern of Bia_, Pb,SroCuOgs along the [100]-zone axis which is
the direction of the orthorombic superstrucure. The orthorombic and monoclinic superstructure
change with varying Pb content. (a) y=0: Monoclinic and orthorombic superstructures are
present. (b) y=0.05. (c) y=0.2: The monoclinic superstructure has disappeared. Only the
orthorombic superstructure remains. (d) y=0.3. (e) y=0.6: Also the orthorombic superstructure
has vanished.

Bi cuprate Bi2201. For the latter it has been shown that the substitution of Sr by La
in the SrO layer leads to monoclinic and orthorombic fractions in the crystal®'. The
origin of this &~ 5x1 superstructure has been, and still is, a source of debate. Two models
are considered here: the misfit between the BiO-rocksalt-structure and the perovskite
structure of the CuO-SrO block“%?3, and the incorporation of non-stochiometric oxy-
gen”. The rocksalt structure of the BiO planes and the perovskite block containing the
CuO, and SrO layer do not fit onto each other?. The crystal has to adapt to this misfit
which has been argued to lead to the observed buckling of the CuOy plane®+?¢ which
can be conceived as a tilting of the CuOg octaheder. Another possiblility to account
for the rocksalt-perovskite misfit is the periodic intercalation of non-stochiometric oxy-
gen into the BiO plane which has been suggested to cause the superstructure. It could
be shown that the substitution of Pb for Bi increases the periodicity for the discussed
superstructure®’. This is illustrated in fig. 2.2 where electron diffraction patterns of
single layer Bi cuprate Bi2201 samples with different Pb substitution levels are shown.
For Pb=0 the orthorhombic and monoclinic superstructure is present. The latter has
vanished at a substitution level of Pb=0.2, where only the orthorombic superstructure
exists. When further increasing the Pb content, the superstructure totally vanishes. This
is shown in the figure for the case of Pb=0.6. In recent scanning tunneling microscopy
studies 3989 it has been shown that in single layer Bi cuprates Bi2201 with La and Pb
substitution the &~ 5x1 superstructure is suppressed at a Pb substitution of 0.3. However,
with increasing Pb content a phase mixture of so-called a- and S-phases develops. From
a detailed analysis it resulted that in the single layer Bi cuprate Bi2201 a Pb content
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2. Details on the Bi cuprates

of 0.4 is the most favorable regarding the structural cleanness'®. Furthermore, the a-
and B-phases have also been found in the double layer Bi cuprate Bi2212 where the =
5x1 superstructure was also suppressed around a Pb substitution of 0.3'3. For brevity,
in the following the substitution of Pb will be indicated by writing (Pb,Bi)2201 and
(Pb,Bi)2212 respectively for single and double layer Bi cuprates containing Pb, while for
samples without Pb substitution the notation of Bi2201 and Bi2212 will be kept.

2.2 Reciprocal space - highly symmetric directions
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Figure 2.3: (a) Adjacent Brillouin zone of a body-centered tetragonal lattice including symmetry
points and high symmetry directions. (b) Orthorombic and pseudotetragonal Wigner-Seitz cell
of the CuOs plane. (c) Respective Brillouin zones for (b).

To derive the reciprocal unit cell of the Bi cuprates, the body-centered tetragonal
cell as discussed in the section above is used. Fig. 2.3(a) shows two adjacent three-
dimensional Brillouin zones. Included in the figure are the respective symmetry points
and the high symmetry directions. The change from orthorombic to tetragonal descrip-
tion of the unit cell is also reflected in the Brillouin zone of the two-dimensional CuOs
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2.3. Doping in the Bi cuprates

plane. This is illustrated in fig. 2.3(b) to 2.3(d) where the centered orthorombic and
the simple square lattice is shown in real and reciprocal space. Thus, the Brillouin zone
of the CuOs plane in the Bi cuprates reduces to the simple square lattice as discussed
in section 1.2. Hereby, the notation is I'=(0,0), M=(mx,0), Y=(7, 7), X=(-m, 7), and the
I'M direction again points along the CuO bonds.

2.3 Doping in the Bi cuprates

As mentioned in the introduction doping can be achieved by substitution of rare earth
atoms or by the variation of non-stochiometric oxygen which introduces additional holes
into the CuOs plane. This is also the case in Bi-cuprates. The as-grown double layer
compound is optimally doped, and the hole concentration can be changed by varying
the content of non-stochiometric oxygen by annealing. This is the technique used in the
present thesis. It is, however, possible to bring dopant atoms into the Ca layer between
the adjacent CuOs planes. Here, it is common to replace Ca by Y atoms. Another
possiblility is the substitution of Sr by La within the SrO layer, which is, however, less
common.

Also, the hole concentration in single layer Bi cuprates has to be varied by annealing
or cation substitution. The latter is achieved for the crystals measured within this work
substituting La into the SrO layer. This introduces electrons into the CuOs plane by
replacing Sr?t with La?*, and hence, lower hole concentrations can be reached.

The dopants not only change the hole concentration, but also induce inhomogeneities
into the cuprates. This was observed and investigated by various groups using different
technical methods. In Bi2212 especially interstitial (non-stochiometric) oxygen and its
impact on the magnitude of the superconducting gap has been studied by scanning
tunneling microscopy 219, The same effect has been seen in Bi2201'°!. Effects of out of
plane disorder have further been investigated by resistivity measurements'%? and angle
resolved photoemission!%? to only name a few.

Eisaki et al. 14 systematized the various dopants according to their placement within
the unit cell. They proposed that the nearer dopants are situated to the CuOs plane,
the greater will be the impact on the superconducting properties. The scheme given by
Eisaki et al. %4, and shown in fig. 2.4, makes this more plausible. In the first row of
fig. 2.4, the sites that dopants can be places at are listed. Column (a) denotes dopants
at the so-called A site, namely ones that are close to the apical oxygen. In the case
of single layer Bi-cuprates this corresponds to the La substitution into the SrO layer.
These dopants have the greatest impact on the superconducting properties since they
are closest to the CuOs plane and additionally in proximity to the apical oxygen. Thus,
a resulting lattice distortion can lead to a tilt of the CuQOg octaheder or CuOs pyramid.
In addition, the Coulomb potential caused by the dopant can directly be transmitted
to the CuOs plane through the apical oxygen which is bonded to the CuOs plane. In
double layer compounds there is also the possibility to induce dopants into the plane
between the adjacent CuOs layers as e.g. the replacement of Ca by Y in Bi2212. This
replacement given in pattern (b) is also close to the CuO3 plane, but in contrast to (a)
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2. Details on the Bi cuprates

there is no apical oxygen present. Pattern (c) finally stands for dopants further away
from the CuOs plane like e.g. non-stochiometric oxygen. In the next three rows single
to triple layer materials are listed. It can be seen that T ., not only rises with the
number of CuOy planes which is expected, but also from column (a) to (c). Hence,
compounds with dopants further away from the CuO2 plane have a higher T ;4.

Halogen Family Bi Family (
a) (b) (c)
Pb Family 1L Tl Family
La Family 2L Family
YBCO Family Hg Family
(1) % (a-1) e (c-1)
T; I
Ca, Na CuO,Cl, 26 Sr,Cuo,F,,, 46
Pb,Sr, La,Cu,0, 33 La,CuO, 45
La, M,CuO, 39 T1,Ba,Cu0y,; 93
Bi,Sr; ,Ln,CuOg,; 38 HgBa,CuO,,, 98
TiBa,, La, ,CuO, 45
() @ (a-2) @\r (b-2) @ (c-2)
i TL‘ i TC i TC
La, Sr,CaCu,O, 60 Pb,Sr,Y, Ca,Cu,O, 80 YBa,Cu,0, ; 93
(La,,Ca)(Ba, Y,.CaBa,Cu,0,; 90 | TIBa,CaCu,0,,, 110
La, .. )Cu,0 80
RO Bi,Sr,Ca,Y,Cu,0,; | 96 | TI,Ba,CaCu,0,, 110
Bi,,,Sr,,CaCu,0; ; 90 HgBa,CaCu,0;,, 120
) @ (a-3) ,‘ (b-3) 5 (c-3)
_ - s
:Q o i T, i T i T,
Bi,,,Sr,,Ca,Cu0,,; [ 110 | TiBa,Ca, Cu,O,,; 131 | TBa,Ca,Cu,0,,; 133
TIBa,,Ca,Cu,0,,; 123 T1,Ba,Ca,Cu;0,,; 125
HgBa,Ca,Cu,0,,,; 135

Figure 2.4: Systematics of cuprates according to the site of disorder and the number of CuOq
planes as taken from Eisaki et al.'%* The color marks different families. Details to the sites
denoted by (a) to (c) can be found in the text.

Besides the disorder from La substitution (Pb,Bi)2201 also suffers from disturbances
caused by Bi atoms sitting on Sr sites. According to Eisaki et al.'% who studied the
dependence of T¢ 4, on the type of dopant around the apical oxygen (A-site), the
induced disorder is severer when replacing Sr by Bi compared to the replacement by La.

26



2.4. Crystal growth

Bi is smaller and has furthermore an asymmetrical shape originating from the lone pair
in the Bi** ion. Thus the La atom is much more similiar in size as well as electronic
configuration to the Sr atom than the Bi atom is.

2.4 Crystal growth

The crystals investigated within this work were
grown within our group thanks to the long-term ex-
perience in crystal growth of Dr. Alica Krapf. The
crystal growth using the flux method was described
elsewhere 39 in great detail, and shall, therefore,
be only briefly laid out here. The basis compo-
nents BisO3, SrCO3, CaCO3 and CuO are mixed
according to the desired composition in the result-
ing crystal. The mixture is homogenized by solv-
Figure 2.5: Single crystals in the circo- ing in ethanol and grounding. Then the mixture is
nium oxide crucible after growth. calcined to dissolve the carbonates. When growing

crystals containing Pb or La, LaO and PbO are
added after calcination. Then the composition is again solved in ethanol and grounded.
Afterwards the mixture is heated beyond the liquidus temperature in a circonium cru-
cible. This temperature is held for a few hours for homogenization. Then the mixture
is cooled first to the cristallization temperature and then to the solidus temperature.
After stabilization of the system it is rapidly cooled to room temperature. The respec-
tive cooling rates are essential for the growth process and depend on the desired result.
This also applies to all other details of the growth procedure. E.g. for growth of double
layer Bi2212 crystals with a high Pb-content additional air is supplied during the growth
preess, whereas for single layer Bi2201 additional oxygen is needed. After growth various
patches of single crystals developed in the circonium pot (fig. 2.5). They can be cleaved
off and characterized as described in the following.

2.5 Sample characterization

After growth the samples are investigated regarding their chemical composition by energy
dispersive x-ray analysis (EDX). The superconducting properties are examined by ac
susceptibility. Informations about structure and orientation are obtained by low energy
electron diffraction (LEED) or Laue diffraction. In the following the employed methods
of sample characterization shall be introduced shortly.

2.5.1 Chemical composition - energy dispersive x-ray analysis (EDX)

The crystal growth can be checked by determining the actual stochiometric composition
of the sample. This can be achieved by placing the sample into an electron beam using
a scanning-electron-microscope. The resulting lines of the characteristic x-ray spectrum
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2. Details on the Bi cuprates

are measured energy dispersive with a semiconductor detector. Then the different atoms
and their concentration within the crystal can be calculated using the PUzaf'% correc-
tion by commercial software. Note that with this method oxygen content cannot be
determined straightforwardly. The crystals used within this work were investigated with
an electron beam of 20 keV and a resolution of ~135 eV 1%, In fig. 2.6 a typical EDX
spectrum of a double layer Bi cuprate Bi2212 is shown.
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Figure 2.6: The graph shows a spectrum of an EDX-analysis of a Bi 2212 single crystal. One can
observe the spectrum of bremsstrahlung and the characteristic lines. The respective elements
are indicated.

2.5.2 Superconducting properties - ac-susceptibility

Cuprates are type Il superconductors, meaning they exhibit two critical magnetic fields
H. and Hey as shown in fig. 2.7(a). Below H.y the superconductor is in the Meissner
phase, and hence, behaves like an ideal diamagnet. Between H.; and H.s the magnetic
field penetrates the superconductor in form of flux vortices. This is called the Shubnikov
phase. The phase diagram of magnetic induction versus temperature for the type II
superconductor is given in fig. 2.7(b). Field and magnetization are related by M=xH,
where x is the susceptibility. The change from paramagnetic to diamagnetic character-
istics when becoming superconducting can be deduced from the susceptibility, and thus
T. can be determined. The ac-susceptibility is measured in an alternating magnetic field
with a PPMS 6000 (Quantum Design). At high frequencies the magnetization is lagging
behind the magnetic field. A ’complex susceptibility’ can be measured where the real
part is the susceptibility x and the imaginery part is a measure of the dissipative energy
loss. The latter can be used to judge the quality of the sample. Inhomogenic samples
have more than one maximum. Furthermore high quality samples can be distinguished
by a sharp superconductig transition which is marked by a small AT in the x(T) curve.
AT is defined as the temperature difference between 10% and 90 % of x(T=T,). Fig.
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2.5. Sample characterization

2.7(c) and 2.7(d) shows typical ac-susceptibility measurements of a single and double
layer Bi cuprate respectively. In each figure real and imaginary part of x are included.

T magnetic field H

Shubnikov-
phase

magnetization M

Meissner-
phase

magnetization m

o

Hey He, temperature

(a) (b)
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Figure 2.7: (a) Magnetization M versus applied magnetic field. Upon the critical field H., the
superconductor changes from the Meissner into the Shubnikov phase where the magnetic field
penetrates the superconductor in form of flux vortices. Above H.y is the normal conductor. (b)
Phase diagram of magnetic induction versus temperature for the type II superconductor. (c) AC-
susceptibility over temperature of a La doped (Pb,Bi)2201 single crystal with a Pb substitution
of y=0.5 and a La content of x=0.35, T.=22 K and AT=2.5 K. (d) The same as (c) for a double
layer (Pb,Bi)2212 single crystal with a Pb substitution of y=0.23, T.=92 K and AT=3 K.

2.5.3 Structural properties - Laue diffraction and LEED

The structual quality of the sample can be verified by Laue diffraction and low energy
electron diffraction (LEED). Only structurally clean samples will exhibit sharp, and
for the crystal structure typical reflexes in a diffraction experiment. Additionally, the
orientation of the sample is determined which is essential in angle resolved photoemission
experiments which will be conducted within this work. For the Laue experiment the
sample is exposed to a continually x-ray spectrum. This contains besides the continuous
bremsstrahlung, the characteristic lines of the employed cathode material. In the case
shown in fig. 2.8(a) this is a Cu cathode. The wave lengths that fulfill the Bragg relation
will produce reflexes according to the three-dimensional Ewald sphere. The diffraction
reflexes are detected using x-ray sensitive negativ or polaroid film. The continuous
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2. Details on the Bi cuprates

radiation creates lines, while the characteristic radiation gives the distinct spots. The
x-ray radiation penetrates into the sample and thus the diffraction comes from the bulk.
Laue diffraction patterns can be highly complex, but, in the case of Bi cuprates the
analysis is simplified since Bi cuprates cleave between the adjacent BiO planes. Hence,
the c-axis is always normal to the sample surface. Placing the sample normal to the
x-ray beam, thus, gives the typical pattern of the ab plane of the orthorombic unit cell
shown in fig. 2.8(a).

In contrast, in the LEED experiment the sample is placed into a beam of low energy
electrons. These have a small penetration depths and, thus, the LEED experiment is
surface sensitive. The spots of the reciprocal lattice become bars in the third dimension,
and hence, the Ewald construction is two-dimensional in the LEED experiment. An-
other consequence of the surface sensitivity is the need for clean surfaces and vacuum.
Hence, the samples have to be cleaved to carry out LEED. From this point of view Laue
diffraction may be advantagious. Of course, also the interpretation of LEED patterns
is easy in Bi cuprates because of the predetermined cleaving plane. For illustration the
LEED pattern of the same sample of which the Laue pattern in fig. 2.8(a) was taken is
shown in fig. 2.8(b).

(a) (b)

Figure 2.8: (a) Laue and (b) LEED pattern of the same double layer cuprate (Pb,Bi)Bi2212.
The sharp spots of the orthorombic unit cell can be seen in each case.
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Angle resolved photoemission (ARPES)-
Principals and apparatus

In this chapter a short introduction into the technique of photoemission is given. First
the photoemission process itself and the three-step-model are discussed in more detail.
The latter is a generally used approximation for derivation of the photocurrent that
breaks the photoemission process down into three steps. Besides allowing the possibility
of calculable predictions, those three steps also give an intuitive understanding of pho-
toemission. Then the one-step-model, the quantum mechanical correct derivation of the
photocurrent, is briefly outlined. Following that, the spectral function and its line forms
are introduced which will be needed in later chapters. Finally, this introductory chapter
concludes with some remarks regarding the experimental setup. All of the above, the
three-step-model, the one-step-model, the spectral function and experimental setup of
photoemission and especially, angle resolved photoemission is extensively discussed in
the literature, as e.g. in the books of Hiifner 197 and Schattke and Van Hove % as well

as in various review articles109.

3.1 The Photoemission process and the three-step-model

A sample exposed to light will emit electrons. This phenomenon, called the photoef-
fect 110111 "is the basis of Photoemission spectroscopy. Fig. 3.1 shows a simplified sketch
not only of the photoeffect, but already of angle resolved photoemission (ARPES). In
ARPES the photoelectrons are measured regarding their kinetic energy and their emis-
sion angle. To leave the sample the outcoming electrons have to gain a sufficient amount
of energy from the incoming photons to overcome their binding energy Ep as well as the
material specific work function ®. Therefore, the kinetic energy of the photoelectrons
will be related to the energy hw of the exciting photons like

Ekm =hv—ed — EB (31)
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3. Angle resolved photoemission (ARPES)- Principals and apparatus

Figure 3.1: A sketch of the photoemission process. Photons with energy hv imping on the
sample. Electrons are detected regarding their kinetic energy and emission angle © and ®.

As stated in ARPES also the emission angle is detected. That facilitates to record the
actual band structure in the Brillouin zone of a crystal, since the electron impuls outside
the crystal and the wave vector k inside the crystal are related. Plotting the intensity
of emitted electrons over their kinetic energy gives a so-called energy distribution curve
(EDC). Fig. 3.2(a) shows EDC’s as measured at different emission angles while in fig.
3.2(b) the corresponding energy distribution map is shown, where intensity is indicated
by color and plotted over emission angle and energy.

In a simple way the photoemission process can be explained within the so-called
three-step-model. It is based on the work of Berglund and Spicer ''? and gives a phe-
nomenological description of the photoemission process which is here divided into:

1. Excitation of electrons within the solid
2. Transport to surface and scattering

3. Escape of the electron into vacuum

In the following each of the above shall be discussed in more detail.

Excitation of electrons

Assuming the one-particle approximation the photoemission excitation process can be
described quantum mechanically by Fermi’s Golden Rule which gives the probability wy;
of the excitation from an initial state ¥; into a final state W:

Wi = 2% (T s (kg) [H| Vi(K:))| 6 (Bf — Ei — hw) (3.2)
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3.1. The Photoemission process and the three-step-model
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Figure 3.2: (a) EDC at different emission angles around M along the T'M line of a Bi2212 single
crystal. The M point is indicated by the bold line. (b) Energy distribution map of (a): Intensity
of photoelectrons (color code) plotted over binding energy and emission angle.

Here the Hamilton operator H = 3¢
and the impuls of the electron p are all given in the dipole approximation. In principal
the whole photoemission process can be described by equation (3.2). However, the
matrix element cannot be exactly calculated which complicates the matter considerably.
Therefore, in the simple model discussed here, instead of dealing with the emission
process in its whole, only the excitation within the solid is considered. This means, the
final state describes an excited electron which is still in the solid, although it already has
its final energy. Thus, ¥, and ¥; are bulk Bloch waves. The internal energy distribution
of photoexcited electrons is then:

Nint(E, hw) ZIsz )I?6 (Ef — Ei — hw) 8 (E — [Ef — ¢]) (3-3)

M;s(k) is the matrix element of the transition from initial to final state. The first
o-function secures the energy conservation of the excitation process while the second
d-function provides for energy conservation once the electron is measured outside the
sample.

Transport to the surface

Still within the sample the excited electron will experience scattering on its way to the
surface. While scattering at phonons is taking place only in the low energy regime,
electron-electron scattering is the dominant scattering channel and influences the elec-
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3. Angle resolved photoemission (ARPES)- Principals and apparatus

tron mean free path A(e) considerably. The latter is dependent on the dielectric function
€(q,w) and therefore varies from material to material. Within the theory of Fermi lig-
uids, however, A is solely dependent on the plasma frequency, which in turn depends on

the mean distance r; of electrons. Crystals that can be described in this model follow a
107.

2
_ apR -3 4 )3 Ekin o
A3 s2In | — 3.4

V3 B “[(% R (34)

“universal” function

where ag = 0.529 A is the Bohr radius und R = 13.6 eV Rydberg energy. r, is given in
units of ag. Fig. 3.3 shows the theorectical curve for A as well as measured values for
some metals. As can be seen, at typical ARPES photon energies of several eV electrons
have an escape length of only a few Angstrom. This emphasizes the surface sensitivity
of photoelectron spectroscopy.
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Figure 3.3: Electron mean free path A vs. kinetic energy of electrons. The “universal” curve and
measured data for different metals are shown. 107,

Berglund and Spicer 112 found in a classical treatment that the transport can be de-
scribed by just a factor d(F, k) in the calculation of the photocurrent.

Escape of the electron into vacuum

This step is treated in a purely classical manner disregarding quantum mechanical scat-
tering processes at the surface. To leave the sample the excited electron has to have
enough impuls normal to the surface (k) to be able to overcome the potential barrier.
As illustrated in fig. 3.4, passing the surface the electron experiences diffraction where
only the parallel component of the wave vector k is conserved according to the Fresnel
equations.
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3.2. Outline of the one-step model

Therefore in angular resolved measurements
only k| can be directly detected. It results to:

1

k” = sinf (27;;Ekm> ’ (35)
Within the three-step-model the escape into
vacuum is described by a total transmission fac-
tor T(Ey, K|)? which includes all the transmis-
sion factors of the individual Bloch waves.
Figure 3.4: Emission of the photoelectron. In order to formulate the photocurrent
Only the parallel component of k is con- within the three-step model all three steps have
served when the electron passes the sur- tg be combined. The above given equation
face. (3.3) for the internal energy distribution thus
becomes:

2
N(E. By g, 1) o 3 (M by, ki) d(Ep k) |T(Ey, K))|
fi

X 8 (Ey — B — hw) 8 (E — [Ey — ¢]) (3.6)

3.2 Qutline of the one-step model

The three-step-model is a good starting point for considering the photoemission process.
It does, however, not treat the impact of scattering within the sample and surface effects
in an exact manner. In fact often these are set to unity. To derive the photocurrent in
a quantum mechanically exact way the Fermi Golden Rule (eq. (3.2)) would have to be
calculated straightforwardly. An Ansatz for this was given first by Pendry '3 which was
called the one-step model. If the initial and final state wave functions are known, all of
the physics of the photoemission process is covered by eq. (3.2). The initial state ¥; has
to be an Eigenstate of the N-electron system and the final state ¥; one of the ionised
(N-1)-electron system of the semi-infinite crystal. ¥, contains a component propagating
in the vacuum which resembles the photoelectron to be detected. Furthermore W also
has to have an amplitude within the crystal in order to compute the transition matrix
clement M;s (k) = [(Uy(kys) |H| W;(k;))|*. Adequate wave functions for the final state
to fulfill those premisses can be deduced from the time-reversed LEED-states. But
still, various approximations have to be made to make an actual calculation possible.
The reader may be refered to the book of Hiifner '°7 or Schattke and Van Hove '*® and
references therein.

3.3 Interpretation of spectra - line forms

After discussing the photoemission process, the line forms of the resulting spectra shall
be considered. Here, especially the impact of strong correlations existent in the cuprates
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3. Angle resolved photoemission (ARPES)- Principals and apparatus

is of interest. This can be treated within the Green’s function formalism Mahan for
details see e.g.''4, Noltingfor details see e.g.!1?). The Green’s function for the case of
non-interacting electrons is given as:

1
G'(k,E) = 3.7
(k, E) E — E%k) — i (3.7)
Electron-electron interaction can be included by adding the so-called self-energy
Y(k,E) = ReX +iImY to the single-particle electron energy E°. The Green’s function

then becomes:

1
G(k,FE) = 3.8
The imaginary part of the Green’s function is related to the one-particle spectral function
which covers the spectrum of possible excitations. (Noltingsee for instance!!d):
1
Alk,w) = ——Im|[G (k,w)] (3.9)
T

using eq. (3.8) the one-particle spectral function results to:

1 ImX

Alk,w) = — (E — E9(k) — Rex)2 + (ImX)2

(3.10)

It can be deduced from the above equation that the real part of the self-energy rescales
the electron dispersion while the imaginary part mainly changes the width of the spectral
function compared to the non-interacting case. Then assumptions have to be made about
the actual form of the self-energy. For instance in Fermi-liquid theory the self-energy
would be: ¥ = aF + ibE?.

This influence on the lineshape is caused by electron-phonon and electron-electron in-
teractions. Thus, there are self-energy corrections as discussed above for the inital state.
Furthermore, broadening of the final state linewidth, which is primarily due to electron
damping, and inelastic scattering occurs. Additionally, the interaction of photo-electron
and photo-hole has to be considered. Smith et al.''® showed that final state broad-
ening can be neglected in quasi-two-dimensional materials. Moreover, if the 'sudden
approximation’ is valid, also the interaction between photo-hole and photoelectron can
be neglected. Within the ’sudden approximation’ it is assumed that the electron system
reacts instantaneous to the disturbance of the excited electron and that the emitted
photoelectron does not interact with the remaining electron system of the crystal. In
the cuprates a case can be made for the validity of the ’sudden approximation’!%?. Thus,
in cuprates the photocurrent can be interpretated in terms of the initial state spectral
function:

I(k,w) x {M (k) x A(k,w)f(w,T)} ® R(k,w) + B(w) (3.11)
M (k) transition matrix element
A(k,w) one-particle spectral function
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p-Metal

Hemispheres
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Figure 3.5: Sketch of a hemispherical analyzer. The two hemispheres and the electron lens system
is indicated. One can also see the u-metal shielding which screens from magnetic fields.

flw,T) Fermi function
R(k,w) resolution of the experiment folded over the spectral function
B(w) background

Within this equation further broadening by the resolution of the measuring setup and
thermal effects are included. Both of them can be seen as Gaussians folded over the
spectrum. These issues are more extensively discussed in books and reviews 107,109,117

3.4 Remarks to experimental setup

As discussed in section 3.1 the mean free path of electrons is not very high for photon
energies of 5-50 eV which is the typical range for valence band photoemission. Therefore
samples have to have a clean surface. This in turn makes high vacuum of 10~ '%mbar
obligatory for photoemission experiments. But it is also mandatory for maintaining a
good intensity of photons considering that some gases, like oxygen or nitrogen, already
absorb photons with an energy of 6 eV.

The hemispherical analyzer

For detecting the emission angle and energy of the photoelectrons, hemispherical ana-
lyzers are the most prominent choice. In the sketch of fig. 3.5, the two hemispheres
can be seen. Between the two an electrical field is applied which lets the electrons pass
according to their kinetic energy. For better energy resolution over a wide energy region,
the electrons are all accelerated to a certain energy, the pass energy, before entering the
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hemispheres. This is done by the electronic lenses. They also sort electrons coming in at
different angles onto different spots on the multi-channel-plate which is situated behind
the exit slit. This way, a two-dimensional image like that of fig. 3.2(b) can be recorded
in one measurement.

Synchrotron radiation

Photoemission experiments require a highly monochromatized photon source with high
intensity. This can be a Helium lamp but synchrotron radiation additionally provides
the possibility of tuneable photon energies. In a synchrotron ring electrons are circling
with relativistic velocities kept on their orbit by bending magnets. While radially acce-
larated, the electrons emit the so-called synchrotron radiation. Its spectrum and angular
dependence can be calculated. Here, it shall only be pointed out that synchrotron ra-
diation is linearly polarized in the plane of the particle orbit, and that the spectrum of
synchrotron radiation behind a bending magnet is continuous in a frequency range from
the infrared to the x-ray region. Photons with a smaller energy range can be produced
within an undulator. Here an array of magnets is arranged to produce a periodically
changing field, which redirects the electrons on a sinusoidal curve. The electrons will
then emitt radiation directed along the axis of the undulator. Because of interference
almost monochromatized light is produced, which is also greatly enhanced in intensity.

An undulator, however, cannot monochromatize the radiation sufficiently to carry out
high resolution experiments. Additionally, depending on the application and desired
energy range and brilliancy, different monochromators are used like Normal-Incidence-
(NIM) or Plane-Grating-Monochromators (PGM). As the name suggests, a PGM works
with a plane grating. Optical abberrations are corrected by mirrors. The type and
positioning of mirrors depends on the specific setup of the beamline. An advantage of a
PGM is the great energy range and the high throughput. The photoemission experiments
reported in this thesis were done at the Synchrotron Radiation Center (SRC) and the
Berliner Elektronen Speicherring fiir Synschrotronstrahlung (Berlin Electron Storage
Ring for Synchrotron Radiation - BESSY) using a PGM at the undulator beamlines U3
and U-112, respectively.
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X-ray Absorption Spectroscopy

In this chapter theoretical aspects of X-ray absorption spectroscopy (XAS) will be pre-
sented. After an introduction into the basic concepts, excitonic effects and line forms at
absorption edges are discussed. Then, the here employed technique of 2p core XAS in
cuprates is described. At the end details about instrumentation and data processing are
given.

4.1 Introduction

XAS is a powerful local probe that measures the unoccupied density of states at the site
of the excited atom and provides information about bonding characterictics, oxidation
states and geometry around the absorbing atom. Especially for transition metal oxides
2p-core-XAS served as a sensitive tool experimentally resolve open questions regarding
the ground state in these materials!'8. Exploiting polarization effects gives additional
information about orbital occupation, crystal fields or spin'?.

Radiated on a sample, x-ray photons are either scattered or absorbed by the sample’s
electron system. This absorption and hence the absorption coefficient of the sample
is measured in XAS. The absorbing electron can be excited either into the continuum,
which means the creation of a photoelectron, or into an unoccupied state below the
vacuum level. In the latter case two relaxation processes may occur, both of which are
sketched in fig. 4.1:

1. The relaxation of the excited electron into its ground state under emission of a
fluorescence photon containing the energy difference between initial (ground state)
and final (excited state) state.

2. The Auger-process, where the core hole is filled by an outershell electron and
another electron with an energy equal to the difference in orbital energies can be
emitted.
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Figure 4.1: (a) After absorption of the incoming x-ray photon either a photoelectron is emitted or
the absorbing electron is excited into unoccupied states.The relaxation of the latter takes place
via emission of a fluorescence photon or Auger electron as illustrated in (b).

The most direct way of measuring the absorption coefficient is to detect the trans-
mitted photons. This is not always experimentally possible and, as will be mentioned
later, by detecting the relaxation processes rather than the absorption itself additional
information can be gained. The absorption coefficient can be derived from both, Auger
emission and fluorescence. They are, however, competing processes. Their occurance is
strongly related to the atomic number of the absorbing atom in the probed sample and
to the absorption edge. Generally, the probability of Auger emission is higher in light
elements, and that of fluorescence in heavy elements. At the atomic number Z=30 both
processes are equal in ocurrence for absorption measurements at K-edges, at the L3, Lo
or L; edge, however, the Auger process dominates up to elements with Z=90.'2° Details
of the detection of both processes are given in section 4.3. In principle the absorption
process can be described like the excitation process of ARPES with Fermi’s Golden Rule
(3.2). So the absorption coefficient results from:

WE) ~ Y (iler| f)d(By — B — hw) (4.1)
if

where the Hamilton operator of the electron-photon interaction
e N
H=—ih-AY e*in. vy, 4.2
- ; Vi (4.2)

has been reduced to a dipole operator since the wave vector k of the photons is small and
the exponential function can be set to unity. The initial and final states denoted (i | and
| f) in eq. 4.1 are single particle states assuming that the wave functions of the passive
electrons and the unoccupied states are not affected by the core hole. From eq. 4.1 the
whole process can be computed. The difference to the ARPES measurement lies in the
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Figure 4.2: (a) Absorption coefficient of copper. (b) Enlargement of the energy region of the
L-edges.

final state. While in ARPES the final state is an emitted photoelectron, in XAS the final
states are the unoccupied density of states. The measured spectra are a convolution of
initial and final states, and therefore, in XAS one is basically measuring a convolution
of both, occupied and unoccupied states. The occupied states are, however, core states
which are represented by d-peaks in the density of states. Hence, in case the one-electron
theory and above made assumptions are valid, one can probe the unoccupied density of
states in XAS. Since in the whole process strict dipole selection rules apply it is possible
to gather exact information on the ground state because possible final states depend
strongly on the initial state. The rough evolution of the absorption coefficient over
energy is shown exemplary in fig. 4.2. Absorption increases drastically at the so-called
absorption edge. There, the absorbed energy is just sufficient to excite an electron from
one specific shell into the continuum. The edges are labeled according to the shells the
electrons are escaping from.

The whole excitation process basically takes place within the range of one atom, and
thus XAS is a very local probe!'?!. Even in solid samples the XAS spectra can be
interpreted as if only one atom or molecule would be measured. In transition metal ions
also the ligand has to be included since energy levels change by ligand field splitting as
discussed in chapter 1.2.1.

On their way out of the sample, the electrons experience scattering with other elec-
trons. While electrons with high kinetic energy have a single-scattering path, electrons
with low kinetic energy are multiply scattered (see fig. 4.3). The latter results in oscilla-
tions of the absorption signal from which structural information can be gained. Different
XAS regions can be derived accordingly as depicted in fig. 4.3. In this work only the
edge region is studied, and therefore features further away from the edge, especially
above mentioned oscillations, will not be discussed in this introduction.
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Figure 4.3: Shown is an examplary XAS spectrum. In the X-ray absorption near edge spec-
troscopy (XANES) and Near edge x-ray absorption fine structure (NEXAFS) region multi-
electron scattering dominates. In the Extended x-ray absorption fine structure (EXAFS) region
there is only single scattering. Interesting for the work presented here is the edge and XANES
region. On the right multi- and single-electron scattering are sketched.

4.2 2p XAS - edges and excitons

The creation of a core hole in a 2p core shell and hence the absorption at L-edges is
refered to as 2p XAS. The 2p-core electron is close to the core and therefore shows
considerable splitting from spin-orbit-coupling. This results in different L-edges, namely
Lo and Lg, for the spin quantum numbers j:% and j:%, respectively. In the inset of fig.
4.2 the L-edge is magnified to show this structure.

While the picture given in the introduction so far is adequate for ideal cases, especially
in correlated electron systems a closer look at the edge (fig. 4.3) reveals extra spectral
feature that are unaccounted for in the model discussed so far. When the core hole is
not anymore efficiently screened by the surrounding electron system, the one-electron
approximation used in the section above becomes insufficient!?27124,  Core hole and
excited electron interact constituting an exciton which is visible below the continuum
threshold as a high intensity peak - a so-called white line. The core hole potential acts
so strongly that the excited electron is kept closely around the atom in a bound state.
Thus in the absorption measurement only some intensity results from excitation from
2p to 3d which are not bound into the exciton. This intensity is measured above the
threshold. All other intensity remains in the bound excitonic state and gets piled up at
lower binding energies forming the white line. Hence, the shape of the distribution of the
unoccupied density of states cannot be revealed anymore by the absorption experiment.
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However, the intensity is still related to the number of unoccupied states. Such excitons
arise particularly at the L-edges of transition metals and are therefore relevant in the Ls
edge of copper as studied in this thesis.

Because of the sudden creation of the core hole potential multi-electron excitations may
occur which lead to satellites in the spectrum. These can have a higher or lower binding
energy and are sometimes named shake-up and shake-off satellites accordingly. Moreover,
the Coulomb potential of the core hole lowers the energy of the states of the absorbing
atom. Thus, charge can be transfered from the ligand to the transition-metal-ion in
materials with narrow bands and strong correlations!'97:123:124 " The resulting satellites
are named charge-transfer satellites. In XAS the excited electron is still around the core
hole and adds to its screening. Thus, only small charge-transfer satellites appear in XAS
as in opposition to X-ray photoemission, where satellites are much more important 2.

4.3 Instrumentation

The most direct way of an absorption experiment is the measurement of the transmission
signal. Due to experimental limitations like sample thickness this is usually not feasible
for high-T, single crystals. Hence, processes that are proportional to the absorption of
the photons, like fluorescence and Auger emission (see section 4.1), have to be detected.
The simultaneous detection of these is favorable since the first gives information about
the bulk properties of the sample, while the second originate within 30 A of the surface.
The fluorescence signal, however, suffers from selfabsorption. Because of the great pene-
tration depth of the x-ray photons, the fluorescence photons are absorped on their travel
to leave the surface. Thus secondary fluorescence photons are produced. In opposition
to that, the electron yield correlates directly with the absorption coefficient 24125,

Measurements presented in this work were done at the ISIS, PM3 and U41-PGM
beamline of BESSY. ISIS and PM3 are dipole beamlines equipped with a Plane Grating
Monochromator (PGM), while U41-PGM is an undulator beamline with a PGM. Some
remarks on synchrotron radiation and PGM’s are given in chapter 3.4. The experiments
were carried out using the HU/BESSY XAS chamber FLUORO which is sketched in
fig. 4.4. The sample sits on a manipulator with 5 degrees of freedom. Electron and
fluorescence yield are recorded simultaneously with a Ge-detector and a channeltron,
respectively. The fluorescence-detector utilizes the semiconducting characteristics of Ge.
X-rays excite electron-hole pairs proportional to the number of impacting photons. Thus
a pulse can be measured. A channeltron is basically a vacuum-tube with a high resistance
coating on the inside. Incoming electrons colliding with the wall induce emission of
secondary electrons which are accelerated by the voltage between cathode and anode.
Electrons are multiplied from wall to wall on their way towards the anode. There a
whole cascade of electrons has developed.

In the experiments reported here only electrons above a certain energy are collected
what is called partial electron yield. The cutoff energy is set to 100 eV. Therefore all
Auger and photoelectrons with a kinetic energy of more than 100 eV are counted at every
energy step. Secondary electrons are cut off which greatly improves the signal to noise
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Flourescence
detector

Figure 4.4: Sketch of the HU/BESSY XAS chamber FLUORO. Electron (red arrow e~ ) and
fluorescence yield (curved blue arrow +y) detector are indicated as well as the position of the
beamline (yellow curved arrow hv).
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Transition

Kils

L12S

L22py /o

L32p;3 /9

M13S

Ms3p; /9

M33p3/2

8979

1096.7

952.3

932.7

122.5

77.3

75.1

Table 4.1: Electron binding energies in eV for Cu. From the X-ray Data Booklet!?

ratio. Since the contribution of the primary photoelectrons varies with photon energy
and, when studying single crystals, also with sample orientation, their direct detection is
not desireable. Considering the possible photoemission peaks (see table 4.1) it is evident
that at the edge only the Auger emission is measured while relevant photoemission lines
are the same in the scanned region below and above the edge so that they have the
same contribution to the background over the whole spectrum. Photoemission from the
valence band comes into play above the edge but not within the XAS region of interest.
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Polarization dependent XAS on (Pb,Bi)2201

The ground state of cuprates including the orbital occupation can be investigated by XAS
at the CulLz and OK edge. Furthermore, using Cul.g XAS the hole concentration can be
determined directly in the CuOs plane. Within this thesis polarization dependent XAS
studies were carried out on the single layer Bi-cuprate (Pb,Bi)2201. While previously
only out-of-plane polarization dependencies were studied, now a polarization dependence
within the CuO» plane has been detected. It modulates spectral features related to the
Zhang-Rice singlets (ZRS). Its characteristics over angle reveals signatures that move
beyond the d,2_,2 symmetry expected from one-band models based on d2_,2 symmetric
ZRS and point towards the inclusion of axial orbitals as proposed by Andersen et al. 8.

Furthermore, accounting for the found in-plane polarization dependence allows to
refine the method of hole content determination by Culs XAS making it applicable on
single crystals. A detailed study of the superconducting dome in single crystalline single
layer Bi cuprates (Pb,Bi)2201 was conducted by Ariffin et al. !27.

In the following chapter, first, the line shape at the CuLs and OK edges and the
method of measuring the hole concentration in polycrystalline cuprates using Cul.g XAS
will be explained. Then, after introducing the well known out-of-plane polarization
dependence, the newly found polarization dependence within the plane and possible
origins will be discussed. Furthermore, the results will be put in relation to the theory
of the electronic structure of the cuprates. Finally, the refinement of the method of hole
content determination for single crystals'?” is briefly explained, and the phase diagram
specific to the single and double layer Bi cuprates is given. The latter will complete the
introduction of the Bi cuprates given in chapter 2 and be a preliminary for the discussion
of the photoemission measurements of the next chapter.

5.1 Culs lineshape in cuprates

In transition metal compounds and especially in the cuprates the unoccupied states lie in
the Cu3d shell. The initial state configuration for the undoped cuprates is Cu3d?. Hence,
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5. Polarization dependent XAS on (Pb,Bi)2201

the core electron is excited into this shell. In the charge-transfer model of the cuprates
introduced in chapter 1.2.2 this corresponds to filling the Cu3d states of the upper
Hubbard-band. This excitation is dipole allowed and consequently has good intensity
creating the white line in the XAS spectra. It can be written as:

2p%3d° — 2p°3d"° (5.1)

The excitonic character of this transition can be observed in fig. 5.1 where a Culsg
spectrum of a doped Bi-2201 single crystal is shown. The assignement of the excitation
could be achieved by comparison to CuO 28,

Doping of the cuprates adds holes on the lig-
and oxygen'?® and leads to a satellite situated at

— white line higher photon energies (lower binding energies) in

—— satellite

the XAS spectra. This satellite can also be seen in
fig. 5.1. It stems from the excitation:

2p93d° L — 2p°34"° L ! (5.2)

T.E.Y. intensity (arb. units)

where L denotes the ligand, and L~! a ligand hole.
The physical explanation of this satellite however
028 :ggto; 2 '(evgu ot was at first debated. The satellite’s energy position
corresponds to formally trivalent Cu3d® as can be
Figure 5.1: XAS spectrum of the CuL, derived from a comparison with trivalent Cu com-
edge consisting of white line and satel- pounds, like e.g. NaCuO2 128,130 Thig led to the
lite which are represented by two Voigt opinion that doped cuprates are a mixture of diva-
profiles as derived by fitting. lent and trivalent Cu sites which shall be explained
now in more detail. Divalent Cu compounds have
an initial state configuration of 3d?. By charge transfer from the oxygen ligand, a second
initial state with a hole on the ligand becomes possible. Both states mix and lead to the
initial state configuration:

a|3d > +p|3d"°L7! > (5.3)

where o and 8 depend on the degree of hybridization. Since in the second initial state
the Cu3d shell is filled, there results no additional final state from eq. 5.1. This is the
situation in undoped cuprates. In trivalent Cu compounds like e.g. NaCuO, however, the
initial state is Cu3d®. Two additional initial states become possible by charge transfer.
The complete initial state configuration is then:

a|3d8 > +8|3d°L7t > ++|3d¥°L72 > (5.4)
and now there exist two final states:

2p°3d® — 2p°3d° (5.5)
2p93d° L1 — 2p°3d0L !
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5.2. OK lineshape in cuprates

But actually, in doped cuprates the 2p>3d? final state of eq. (5.5) could not be ob-
served 128130 Therefore, also the explanation of a mixture of divalent and trivalent cop-
per sites in doped cuprates became questionable. Instead the occurence of the charge-
transfer satellite could be established 28131132 Tt is one argument in favor of doped
holes in cuprates being located rather on oxygen than on copper'?*'2?. Having one hole
on the Cu and one on the ligand oxygen which results from doping, the initial state of
the satellite transition corresponds to a Zhang-Rice singlet as discussed in chapter 1.2.2.
Hence, probing this state gives information on the Zhang-Rice singlet state in the CuOq
plane.

5.2 OK lineshape in cuprates

The electronic structure of the cuprates is dominated by that of the CuOy plane as
discussed in chapter 1.2.2. Cu and oxygen are strongly hybridized. The Zhang-Rice
singlet and the Upper Hubbard band are each made up of Cu3d and O2p states. XAS
CulLs edge introduced in the previous section probes the contribution of Cu. It is, of
course, also possible to probe that of oxygen by performing XAS at the OK edge.

In opposition to the situation at the Culis edge, the core hole at the OK edge is better
screened allowing only small excitonic effects. Hence, the determination of the actual
shape of the unoccupied density of states is viable as expected from a simple one-electron
picture as discussed in the introduction of this chapter. This is supported by comparison
of OK spectra with theoretical calculations 33134,

A specialty of the charge-transfer insulators is the possibility to fill the UHB by charge
transfer of an electron from the ligand oxygen into the Cu3d level (3d'°L~'). This is
the initial state for the x-ray absorption process that creates an Ols core hole on the
ligand oxygen. The excited electron then fills the hole from the charge transfer in the
O2p orbital. Thus the initial state of the undoped compound eq. (5.3) leads to the
transition

3d°L~t — 01571341 (5.6)

where the O2p states mixed into the Upper Hubbard Band (UHB) get filled by an oxygen
core electron. Hence, probing the transitions of eq (5.1) and (5.6) the O2p and Cu3d
states of the UHB can be detected.

In the doped compound the initial state configuration changes to that of eq. (5.4).
Now at the OK edge two additional transitions are possible:

3d°L™' — O1s713d° (5.7)
3d'°L2 — 0151341011

The latter initial state has low probability and therefore mainly the first transition
occurs which is that with a strong Zhang-Rice singlet character. Here again it becomes
evident that by performing Culs and OK XAS the contribution of Cu3d and O2p to the
electronic structure can be probed. Fig. 5.2(b) shows an absorption spectrum of the OK
edge of doped Bi2201. There the first pre-peak is indicated with (A). It is assigned to
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Figure 5.2: (a) Shown in the upper graph are OK XAS spectra on Las_,Sr, CuOy at different
doping levels taken from'®. Dotted curves give the data, solid lines the background which was
substracted to extract the first pre-peak labeled (A) and the second pre-peak labeled (B). The
thus obtained pre-peaks A and B are plotted in the bottom graph. Here the solid lines represent
the fit by Gaussians. It is evident that with higher doping A grows as B vanishes. (b) OK XAS
on an Bi2201 single crystal with a hole concentration of np=0.19. The first pre-peak A can be
well extracted while the second pre-peak B is partly covered by BiO states.
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5.3. Hole content determination in polycrystals

the transition of eq. (5.7) and thus arises in doped cuprates only. The second pre-peak
(B) stems from the transition of eq (5.6) and can be related to the UHB states. In other
cuprates, as e.g. LSCO, this second pre-peak forms a real shoulder (see fig. 5.2(a)) and
the UHB can be investigated. In Bi-cuprates, however, the BiO states overlapp with the
UHB and thus this spectral feature cannot be as easily extracted. In Mott-Hubbard and
charge-transfer insulators an anomalous transfer of spectral weight occurs from high to
low energy, meaning states are transfered from the UHB to the ZRS band 3. In the
XAS spectra this is reflected by the rapid growth of the ZRS related first pre-peak and
the concurrent decrease of the UHB related second pre-peak with doping as shown in fig.
5.2. This is not expected from standard band theory. In semiconductors for example the
spectral weight is not influenced by doping. This anomalous transfer of spectral weight
results solely from the strong correlations. It shall be mentioned here that the although
weak excitonic effects occuring at the OK edge lead to the second pre-peak being an
excitonic peak.

5.3 Hole content determination in polycrystals

The cuprates show a plethora of phases when doped with holes (see chapter 1.2.3). To
study the physics of those different phases experimentally, the hole concentration of
investigated samples has to be determined. Now, the determination of the hole content
by Culig XAS, a for high T research salient application of XAS, is described disregarding
polarization effects. Hence, the method explained here is only applicable in polycrystals
where the crystallographic directions are distributed statistically.

As discussed in chapter 2.3, in Bi(Pb)-2201 doping is not only achieved through cation
substitution, also non-stoichiometric oxygen adds holes into the system. A merely chem-
ical approach is thus difficult, especially, since the measurement of oxygen content is an
experimentally formidable task. Additionally, all layers in the Bi-cuprates contain oxy-
gen, but only the non-stochiometric oxygen in the BiO-layers is supposed to contribute
to the hole doping in the CuOj plane (see sec. 2.3). Among the several methods to
determine the hole content, there are some that measure it indirectly like e.g. ther-
mopower and Hall measurements 37138, Others probe only the holes induced by non-
stoichiometric oxygen but not by the cation substitution?.

From the facts of the previous sections it is clear that the Culg satellite and the first
pre-peak in the OK spectra result from states directly related to doped holes. The white
line will appear at the Culi3 edge regardless of hole content because it is a process taking
place locally on the Cu atom. The satellite, however, is a charge-transfer satellite. With
rising hole concentration the intensity of the satellite will increase since the probability
for the initial state of the corresponding transition increases. The process of charge
transfer will thereby become more likely. Hence, the intensity of the satellite relative to
that of the white line is a measure of the doped holes. It could indeed be shown that the
satellite gains intensity with higher doping level and thus rising hole concentration 4.
The scaling factor between relative intensity and hole content was found to be one in
polycrystals. So, to obtain a numerical value for the hole content simply the relative
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5. Polarization dependent XAS on (Pb,Bi)2201

intensity of white line and satellite has to be evaluated:

Is

np = ————
h Iwr + Is

(5.8)
where nj, are holes per Cu atom and Ig and Iy are intensity of satellite and white line,
respectively. Culis XAS probes the holes directly in the CuO» plane regardless of being
induced by non-stoichiometric oxygen or cations. That makes it a very straightforward
tool for the determination of the hole content.

This method gave good results for polycrystalline materials, e.g. on Lag_,Sr,CuOy4
by Ronay et al.'?, on BiySroCaCuzOg s by Ghigna et al.'*! and Pham et al.'#?, on
Biy_,Pb,SrsCa;_,Y,CusOg.s by Merrien et al. 143 and recently by Schneider et al. 144
also on BixSry_;La,;CuOgs and Bis_,Pb,Sra_;La,CuOgys.

The work of Schneider et al. 14 also showed that a determination of hole content from
the OK edge is more complicated. The first pre-peak grows in intensity with rising hole
concentration and its area should also give a measure for doped holes. However, as
shown in fig. 5.3(a), for Bi2201 single crystals the growth of the intensity of the first
pre-peak seems to saturate in the overdoped regime. Or, at least the rate of spectral
weight transfer changes drastically. This behavior was recently also found for LSCO, TI-
2201 and YBCO by Peets et al. 4 which is given for reference in fig. 5.3(b). Therefore,
only the evaluation of the Culs white line and satellite provide a reliable tool for hole
content determination within the whole superconducting region.
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Figure 5.3: The intensity of the first pre-peak over hole concentration, here referenced with p,
saturates in the overdoped regime. (a) shows the measurement for La substituted, Pb-free Bi2201
polycrystals (open circles) and La and Pb substituted (Pb,Bi)2201 polycrystals (full circles). The
figure is taken from Schneider et al.'** (b) is taken from Peets et al. 1% and shows the same
for LSCO, YBCO and TI-2201 as denoted in the inset. Furthermore, the T.(p) curve is given
schematically.
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Figure 5.4: Polarized XAS for in-plane and out-of-plane polarization taken from Chen et al.® (a)
CuLs and CuLy edge of LSCO measured with E | ¢ and E || c as indicated. (b) Same for the
OK edge. The spectral features connected to intrinsic and doped holes have highest intensity
for polarization 1. ¢ and thus within the CuOy plane. With polarization perpendicular to it, the
intensity is almost vanished.

5.4 Polarization dependent XAS

After considering the transitions at the Culs and OK edge of the cuprates, polariza-
tion effects shall be discussed. XAS is commonly done using synchrotron light which
is either linearly or circularly polarized. Mostly, this is exploited in X-ray Magnetic
Circular Dichroism (XMCD) or X-ray Magnetic Linear Dichroism (XMLD) where the
intensity of excitations with defined polarization settings are related to orbital magnetic
momentum or the alignment of spins?4. A linear dichroism, however, can also be caused
by asymmetric orbital occupation or crystal field splitting. The dependence on orbital
occupation results from matrix element effects which are discussed in detail in Pellegrin
et al. 146, Considering as an example the excitation from s to p orbitals, it is evident
that with x-,y-, or z-polarized light only the p;, py, or p. orbital, respectively, can be
reached. Since s is always even, only polarization along the considered orbital gives a
nonzero value of the matrix element (s| X,y, z|pz,y -)-

5.4.1 Out-of-plane polarization in cuprates

Asymmetric or non-cubic orbital occupation exists in the cuprates. According to the
discussion in chapter (1.2.1) the hole of the Cu3d® configuration sits in the 3d,2_,»
orbital and thus within the CuO; plane. This has been experimentally probed by using
linearly polarized light. Fig. 5.4(a) and 5.4(b) shows CuLs and OK spectra from Chen
et al.? with the polarization vector of the incoming light parallel and perpendicular to
the crystallographic ¢ direction. At the CuLs and Culs edge white line and satellite, the
latter visible from the asymmetric lineshape, have high intensity with the vector E of the
incoming light perpendicular to the crystallographic c direction, and thus polarization
within the plane. With E parallel ¢, and thus perpendicular to the CuOs plane, the
intensity of white line and satellite vanishes almost totally. The same effect occurs at the
OK edge where first and second pre-peak have high intensity for E perpendicular ¢ and
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very low intensity for E parallel c. Hence, intrinsic and doped holes reside mainly within
the plane as expected from theory. There is, however, some residual intensity in both
spectra for polarization parallel to ¢. From this Chen et al.? calculated for intrinsic holes
~ 1% Cud,2_,2 and ~ 4 % O2p, character. For doped holes the estimation is more
complicated because of spectral weight transfer and hybridization effects. But it was
deduced that the dominant out-of-plane orbital for doped holes is O2p.. This dependence
on the polar angle 6 between the crystal c-axis and the E-vector of the incident light
was explored in great detail also for other cuprate materials, e.g for Bi2212147149 and
for YBCO 1%,

5.4.2 Exploration of in-plane polarization dependencies

The last section introduced polarization dependent XAS on the cuprates. There, the dis-
cussed effect results from asymmetrical orbital occupation of in-plane and out-of-plane
orbitals. This asymmetric occupation can be derived from the octahedral symmetry of
the CuOg unit (refer to chapter 1.2.1). Within the plane, however, the unit cell has four-
fold symmetry and no polarization dependence should occur. But, nevertheless, such an
in-plane polarization dependence has been found within this work. In the following this
polarization dependence will be treated in detail. Special attention will be paid to the
angular distribution of intensity upon changing the in-plane polarization setting. Fur-
thermore, a possible reason for the occurence of this unexpected polarization dependence
will be given and implications for the electronic structure will be discussed.

This unexpected effect was explored by studying the absorption signal at the Culs
and OK edge of (Pb,Bi)2201 single crystals. Measurements in the surface sensitive total
electron yield (TEY) mode and the bulk sensitive flourescence yield (FY) mode gave
the same result. The changes occurring in the CuLs and OK spectra under variation of
polarization geometry within the plane are illustrated in fig. 5.5(a) and 5.5(c). Especially
the Culj charge-transfer satellite and the first (low energy) OK pre-peak vary in intensity
at different angles. Both are connected to the doped holes, and hence, related to the
ZRS states. The intensity distribution over azimuthal angle of this modulated singnal
is more complex than the d,2_,2 symmetry expected from the hybridization of in-plane
Cu3dd,2_y2 and O2p,, orbitals. Thus, the observations point towards the inclusion
of out-of-plane orbitals, specifically the axial hybrid orbital as proposed by Andersen
et al.?8,

To achieve the desired polarization settings, the x-ray beam was incident normal to the
sample and therewith also normal to the CuOs plane. Hence, the electrical field vector
E of the incoming light lies within the CuOs plane. Polarization effects resulting from
E lying out of the CuO- plane as described in the previous section are thus irrelevant in
this setup. The XAS signal at the CuLiz- and OK-edge was recorded while rotating the
sample continuously about 180° around the surface normal with a minimum increment
of 2°. Thereby, the polarization geometry defined by the orientation of E with respect
to the orbitals in the CuO3 plane was altered.

The experiments were performed at the PM3- and ISIS-Beamline at BESSY using the
HU/BESSY XAS chamber FLUORO. The synchrotron radiation was monochromatized
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Figure 5.5: (a) and (c¢) Spectra of the CuL3 and OK edge for two different angles. Upon variation
of polarization the spectra visibly differ in the spectral features connected to the doped holes.
(b) Illustration of the fitting with Voigt profiles for CuLs spectra. Additionally, the residuals
of the fit are drawn over the upper axis. Shaded regions indicate maximum deviation of the fit.
There the line forms cross. (d) Example of the fitting model for OK spectra. The overlapp with
BiO states was modeled with a Voigt-profile which is regarded as background. Hence, it is drawn
with a solid brown line as the linear background.
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with a plane grating monochromator (PGM) behind a bending magnet with respective
energy resolutions at the Culig edge of <100 meV and <600 meV and at the OK edge
of <75 meV and <200 meV. Beamlines and the experimental chamber were described in
more detail in chapter 4.3. However, it shall be emphasized once again that the setup
of the chamber allows the recording of both, TEY and FY, simultaneously with the
respective detectors positioned on opposite sides each tilted 45° from the incident beam.
The single crystals were cleaved in vacuum at a base pressure of better than 1-107°
mbar. All measurements were conducted at room temperature.

Single crystals of three systems of the single layer Bi cuprate (Pb,Bi)2201 have been
studied covering almost the whole superconducting dome. In these three systems the
hole doping was achieved by either La substitution or the variation of non-stochiometric
oxygen (see also chap. 2):

1. BiQSTQ C’u06+5
In four single crystals without cation substitution the varied doping level resulted
from the different oxygen concentrations 6.

2. BipSra_gLag CuOgs
Two single crystals were doped by La substitution. The La concentration was
x=0.62 and x=0.65.

3. BiQ,beySrZ,xLazCu06+5
5 single crystals had a La concentration of x=0.27, x=0.4, x=0.42, x=0.46, x=0.65
and a Pb level ranging from y=0.4 to y=0.5.

For a detailed analysis all spectral features - Culig white line and satellite as well as
both OK pre-peaks - were fitted with Voigt-profiles. The overlapp with BiO states at the
OK edge was modeled with an additional Voigt-profile similiar to Moodenbaugh et al. 15!
Furthermore, in both spectra a linear background was included. Since especially the
evaluation of the Cul.3 satellite can be expected to be strongly dependent on background
substraction, other types of background functions as e.g. cubic polynomial were tested
giving no remarkable change in the results. Within the analysis of the Culz edge only
relative intensities will be evaluated, and hence, no special normalization is required. The
spectra at the OK edge, however, were normalized to the spectral weight comparable to
Chen et al. 13°. An example of the fitting procedure is depicted in fig. 5.5(b) and 5.5(d).

Four parameters shall be studied regarding their detailed dependence on the azimuthal
angle. These are at the Culiz edge:

e the hole concentration ny serving as a measure of satellite intensity
e the energy gap between white line and satellite.

The corresponding parameters at the OK edge are:
e the area of the first pre-peak

e the gap between first and second pre-peak.
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In section 5.3 it was explained how a value for the hole concentration can be derived in
polycrystals from the relative intensities of the CuLs white line and satellite. As will
be seen in section 5.5, in single crystals the actual hole content has to be derived by
dividing the average of n;, over the azimuthal angle ¢ by the scaling factor 1.5 (see also
Ariffin et al. 127). Already within this section, all values for n; will be divided with 1.5 to
prevent missconceptions regarding the doping level of the investigated samples. The area
of the first pre-peak in the OK spectra was calculated by substracting all other spectral
features - second pre-peak, linear background and additional Voigt-profile modelling the
BiO states - and then integrating the spectral weight of the remaining spectrum in an
energy window containing the first pre-peak.

The found in-plane polarization dependence is consistent at the CuLs and OK edge.
The defined parameters in both spectra exhibit the same characteristics under variation
of the azimuthal angle as can be seen in fig. 5.6(a). The data in this figure stem
from an overdoped La and Pb substituted Biz_,Pb,Sry_,La,;CuOgs single crystal with
y=0.48, x=0.27 and T.=19 K. n; and the area of the first pre-peak compare to each
other excellently in their variation over azimuthal angle of measurement. Also the fitted
energy gap between white line and satellite varies similiarly to that between first and
second pre-peak.

The fitting of the spectra has different weaknesses at the Culs and OK edge. At the
Culs edge the spectral features strongly overlapp as is indicated by the shaded areas in
fig. 5.5(b) where also the residuals of the fit are maximal. This potentially leads to errors
in fitting the satellite position. Thus, the extracted gap magnitude and possibly even nj,
may be slightly incorrect. But, nj is calculated from relative intensities, and hence, not
dependent on normalization. This is in contrast to the situation at the OK edge. The
calculation of the area of the first pre-peak in the OK spectra is critically dependent on
normalization. First and second pre-peak are, however, much better separated in energy.
No constraints were given during fitting. Thus, the similarity of the fitting results at the
CulLs and OK edge despite the differing source of error, is striking. Hence, the found
in-plane polarization dependence cannot be attributed to errors in the analysis.

Furthermore, it can be shown that the in-plane polarization dependence is not a
remnant of the surface sensitive TEY mode of measurement, but a bulk effect. It shall
be emphasized here that the FY measurements which were recorded simultaneously to
the TEY data show qualitativly the same results as can be seen in fig. 5.7. There,
the analysis at the Culs edge for TEY and FY data on BisSraCuOgys with no cation
substitution and T.=7 K are compared. The FY signal suffers from selfabsorption which
leads to a calculation of values for nj being 30% too high as reported in Studer et al. 152
and also observable in fig. 5.7. Therefore, the TEY data was analyzed and the results
were cross-checked on the FY data.

Now, the interplay of the variations in intensity, respectively area, and those of the
energy gaps shall be investigated in more detail. Fig. 5.6(a) and 5.7 reveal that the
latter modulate diametrically to the first. n; and the area of the first pre-peak rise when
the energy gap between the corresponding excitations diminishes. In chapter 1.2.2 the
charge-transfer energy A has been defined as the energy required to transfer an electron
from the oxygen to the Cu ion. Within the notation of the transitions given in sections
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Figure 5.6: (a) Analysis on TEY data of Biy 50Pbg 48511 73Lag.27CuOgys. T.=19 K. Upper scale:
nyp, (full rectangles) and area of 1st pre-peak (open circles). Lower scale: gap between white line
and satellite (full rectangles) and first and fitted second OK pre-peak (open rectangles). Full,
broken and dashed lines coincide with the directions as indicated in (b). (b) Schematic drawing
of the CuOsq-plane. Arrows indicate the crystallographic a and b axis. The directions of CuO-
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respectively.
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5.1 and 5.2 this can be written as: A = E(3d°L~" —3d'?). Thus, the difference in energy
of the excitations of the CuLgs white line and satellite, and the first and second OK pre-
peak, corresponds to the charge-transfer gap. The measured energy gap, however, gives
a renormalized charge-transfer gap because of excitonic effects due to the created core
hole and the influence of the hopping integral t,;. Weaker excitonic effects at the OK
edge lead to less renormalization there. This manifested in our measurements by the gap
at the OK edge being twice as large as that at the Culi3 edge. In the same sample, the
renormalization by excitonic effects should remain constant and can hardly be imagined
to be angle dependent since this are rather local effects. Thus, the variation of the
measured energy gaps over angle has to be caused by a varying hopping integral t,q or
charge-transfer gap A. This is supported in our measurements by the fact that, within
one sample, the absolute value of the variation of the energy gap is the same for Culi3
and OK spectra. Since the intensities of the studied spectral features depend on t,q and
the charge-transfer gap, changing either or both of the two should lead to variations in
intensity, respectively area, as actually observed in our experiment (fig. 5.6(a) and 5.7).

Before elaborating the angular distribution of intensity and energy gap, the question
shall be discussed, why this in-plane polarization occurs at all. It was already stated
that such an in-plane polarization dependence should not be observable since the unit
cell has fourfold symmetry. But, as explained in chapter 2.3 non-stochiometric oxy-
gen and cation dopants cause chemical and electronic inhomogeneities!?*. The impact
on electronic and superconducting characteristics depends on the site dopants are lo-
cated at. La substitution taking place in the SrO layer next to the CuOs plane is
believed to cause strong disturbances by creating lattice distortions and generating a
Coulomb potential. Even the hopping matrix element t,; can be changed locally 102,
But also oxygen dopants further away
from the CuOs plane cause distur-

L
g 50 - " bances. Furthermore, it was dis-
3 40 - cussed in chapter 2.3 that with lit-
£ 30 _— tle or no La substitution singular
‘© 20 - LI T Bi atoms tend to populate Sr sites.
X 104 ) . Since Bi is even more different in size
.E_C 0 - | | | | | and electronic configuration from Sr
5 010 0.12 014 0.16 018 than La, also the disturbances caused

are stronger. It can be summarized

ny, (holes/Cu) that all samples investigated, whether

Figure 5.8: Strength of the modulation of the value doping was achieved by La substitu-
for n;, over azimuthal angle. For each sample the tion or variation of non-stochiometric
difference between maximum and minimum value in  oxygen, show inhomogeneities due
percentage to the average value is plotted over the {4 dopants. Hence, these inhomo-
actual hole concentration ny, geneities resulting from dopants are
a likely candidate for the origin of the
here reported dependence on the azimuthal angle. At the local sites of the dopants, the
symmetry is broken due to lattice distortions and maybe also by a resulting Coulomb
potential These effects may change the transition matrix element. The XAS spectrum
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gives a sum of the sites probed by the x-ray beam. Most of these probed sites exhibit the
expected symmetric behavior. But, due to sites with dopants closely around, a part of
the signal is modulated under azimuthal angle rotation giving the maxima and minima
in the analyzed parameters. The strength of the in-plane polarization dependence indeed
correlates with the doping level, and hence, number of dopants. It rises with increasing
La concentration (decreasing doping) and thus higher number of local disturbances. This
is illustrated in fig. 5.8 for the angle variation of the calculated value for ny. There, the
difference of maximum and minimum value of nj over azimuthal angle in percentage to
the average value is plotted over the hole concentration nj of the respective sample.

Finally, the detailed shape of the studied parameters under variation of the azimuthal
angle shall be discussed. The intensity distribution gives information on the orbitals
involved in the transition which is in the present case the Cu-O hybrid orbital. Accepting
that the symmetry within the plane is broken, the variation of intensity over azimuthal
angle in CuLiz and OK spectra should exhibit maxima along the CuO bonds resembling
the expected d,2_,2 symmetry of the hybridization of the in-plane orbitals Cu3d,z_,2
and O2p, . But, the angle dependence of nj, or the area of the first pre-peak shown in fig.
5.6(a) and 5.7 indicates that the angular distribution is much more complex. Within the
graphs the crystallographic directions as determined by low energy electron diffraction
(LEED) are marked by lines on the axis of the azimuthal angle of measurement ®. The
sketch of the CuOg plane in fig. 5.6(b) references the directions in relation to the Cu
and oxygen atoms. Two apparent points shall be given a closer look:

1. maxima do not exist along all CuO bonds.
2. maxima occur also along directions of second next neighbor oxygen.

Differences in intensity along orthogonal CuO bond directions have been observed as
well by Saini et al. '3 carrying out CuLs XAS on single crystals of the double layer Bi
cuprate BigSroCaCusOgys (Bi2212). Spectra from Saini et al. 1°3 with the polarization
set along orthogonal CuO-bond directions within the plane are shown in fig. 5.9. The
calculated values for nj of the two spectra shown in the figure are 0.18 and 0.28 holes
per Cu. In the cited article no statements were made regarding the hole concentration
or T, of the sample. Assuming that the two values give maximum and minimum, the
hole concentration according to eq. 5.9 is np=0.15. The variation Ah,=43% is the
doubled value compared to the strength of the variation of nj in a single layer Bi cuprate
(Pb,Bi1)2201 with n,=0.15 (fig. 5.8). Saini et al.!®3 further collected EXAFS data
which allows to determine bond lengths and deduced that within the CuO» plane occurs
a preferential ordering of tilted CuOg units due to a one-dimensional electron-lattice
interaction. Taking just the two data points along orthogonal CuO bonds, the detailed
angle dependence shown in fig. 5.6(a) and 5.7 could not have been observed.

Above it was stated that besides the asymmetric intensity along CuO bonds also
second next neighbor oxygen exhibit local maxima. This leads to the hypothesis that
actually the in-plane part of the axial hybrid orbital as proposed by Andersen et al.’® is
observed. This axial hybrid orbital has been introduced in chapter 1.2.2. In fig. 5.10(a)
the in-plane part of this axial hybrid orbital is illustrated. The figure clearly shows
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Figure 5.9: Culs spectra of a double-layer BisSroCaCusOs. s single crystal taken along two
orthogonal CuO-bonds taken from Saini et al. 1>, The inset shows that the satellite differs along
the two directions.

the extra probability distributions in the direction of the second next neighbor oxygens
occuring in the axial hybrid orbital. Moreover, fig. 5.10(c) to fig. 5.10(d) show nj and
the energy gap between white line and satellite at the Culig edge for the two samples
analyzed in fig. 5.6(a) and fig. 5.7 plotted over the in-plane part of the axial hybrid
orbital. These figures again visualize the need of including second next oxygen into
the interpretation of the angular distribution of the modulation, and thus, support the
hypothesis of observing signatures of the in-plane part of the axial hybrid orbital within
the in-plane polarization dependence of the XAS signal. Furthermore, in fig. 5.10(c) to
fig. 5.10(d) a simulation of the modulation of the analyzed parameters is included. This
simulation will be discussed in the following.

The interpretation of the angular distributions discussed above was further tested by
a Fourier analysis. To achieve that the investigated parameters ny, area of first pre-
peak, and corresponding energy gaps as functions of the azimuthal angle ¢ were Fourier
transformed. Summing up the Fourier components of 180°, 90°, 60°, 32.7°, 30°, 27.7°
symmetry only is sufficient to capture the basic features of the variation of the studied
parameters. This is shown by plotting this sum of Fourier components over the analyzed
parameters in fig. 5.10(c) to fig. 5.10(d), and also in fig. 5.6(a) and fig. 5.7. The latter
figure additionally contains the individual Fourier components all of which differ in their
phase and, thus, are not just higher orders. This plot furthermore illustrates that the
diametric variation of ny and the energy gap between white line and satellite can also
be found in the respective Fourier components.
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Figure 5.10: (a) In-plane part of the axial orbital as calculated for the single layer La cuprate
Las CuQy. There is extra probability distribution on the second nearest oxygen atoms. Picture
taken from Andersen et al.’>. (b) and (c) nj, and energy gap between CuLs white line and
satellite, as well as corresponding sum by Fourier coefficients as discussed in the text for the
sample shown in fig. 5.6(a) plotted over the in-plane part of the axial orbital. (d) and (e) Same
as (b) and (c), but for the sample shown in fig. 5.7.
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The individual components of the Fourier analysis
can be related to crystallographic directions of the sam-
ple. The 90° cosine is maximal along CuO-bonds just
as expected from hybridized Cu3d,2_,2 and O2p,, or-
bitals. Maybe the most interesting feature is the occur-
rence of the 27.7°, 30° and 32.7° cosines. The sum of
Figure 5.11: Angles between next them produces the peaks of the variation of nj pointing
and second next neighbor oxygen along the second next neighbor oxygen which should
within the CuOy plane. Respec- not occur assuming d,2_,» symmetry. As shown in
tz've of fig.  5.6(b) the solid 11“? fig. 5.11, the angles between the next and second next
gives the a/b and CgO bond di- neighbor oxygen atoms are either slightly smaller or
rection and dashed lines the sec- o . .

. larger than 30°. Therefore more than one cosine is
ond next neighbor oxygen. . .
needed to account for those discrepancies to the per-
fect symmetry of the cosine.

Also the discussed 180° periodicity can be found in the Fourier components. The sum
of Fourier components with ~ 30° shows minimums and maximums along the CuO bond
next neighbor oxygen and the second next neighbor oxygen directions. This behavior
is further enforced by the 60° and most of all 180° cosines. The latter two cannot be
stringently assigned to a crystallographic direction like the so far discussed cosines. This
is probably due to the complex interplay of the individual Fourier components. But, in
all samples the 180° periodicity is the lowest one and thus gives orthorhombic symmetry
of the whole signal. Since a clear matching of the 180° periodicity to a crystallopgraphic
direction is not possible from our measurements, it can only be hypothesized that this
periodicity results from structural modulations. A number of superstructures along
the b direction?"9%15%  which have been discussed in chapter 2.1, have been found in
all systems of the Bi-family studied here. They are related to the cation and oxygen
dopants in the Bi-cuprates. Besides the variations in the CuO bond distance seen in
EXAFS by Saini et al. 153, there are further indications that the dopants cause a tilt in
the CuOg-octahedra?. These effects are probably interrelated.

Concluding, it can be stated, that the newly found in-plane polarization dependence
has been observed in TEY and FY mode, and is consistent in Cul3 and OK spectra.
It probably becomes observable due to local disturbances caused by nanoscale inhomo-
geneities present in Bi cuprates. Intensities of ZRS related spectral features vary with
azimuthal angle rotation diametrically to the energy gaps indicating a variation of t,g
or the charge-transfer gap A itself. Additional to a 180° periodicity, the distribution of
intensity over angle moves beyond the expected d,2_,2 symmetry and shows signatures
of the axial hybrid orbital®®8. It thus supports the inclusion of out-of-plane orbitals for
modelling the electronic structure in the CuO5 plane.

5.4.3 Implications on electronic structure

In the following, the results shall be put in relation to the theory of electronic structure
in the CuO4 plane with emphasis on the signatures of the charge-transfer insulator and
ZRS states. As introduced in section 5.2, the transfer of spectral weight from first to
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second OK pre-peak is characteristic of charge-transfer insulators in which ZRS form the
conduction band. Thus, the spectral weight transfer with doping is a strong indication
for the interpretation of the first and second pre-peak being related to ZRS and UHB
respectively. Peets et al. %5 questioned the stability of ZRS in the overdoped regime
on account of their XAS measurements at the OK edge which were already shortly
mentioned in section 5.3. They observed the first pre-peak saturating and the second
pre-peak becoming weak or absent in overdoped samples (see fig. 5.3(a)). This deviation
from the transfer of spectral weight can be interpreted as the breakdown of the stability of
ZRS in the overdoped regime. In section 1.2.2 of the introductory chapter the description
of the electronic structure of the CuOz plane within the three-band model (eq. (1.1)) has
been discussed, and the O2p on-site repulsion U, has been defined. Peets et al. 145 argue
that with rising concentration of doped holes, which reside at the oxygen, the impact
of U, on the electronic structure will increase. This in turn will lead to decreasing Cu-
O covalency and a rising charge-transfer gap. The weaker covalency may prevent the
observation of the strong-correlation-physics, specificly the spectral weight transfer, at
the OK edge. Furthermore, the single-band Hubbard and t-J-model approaches within
which the ZRS physics is described would breakdown because these models rely on the
strong covalency as has also been discussed in section 1.2.2.

Schneider et al.'** found the same saturation of the first pre-peak in overdoped
(Bi,Pb)2201, the cuprate system under study whithin the present work. Schneider
et al. ' however, could identify the second pre-peak by fitting also in the overdoped
regime 6. This is as well the case in our measurements. The second pre-peak resulted
from fitting, and in the same sample it mimicked the inverted angle dependence of the
first pre-peak just as expected in the charge-transfer picture. For the overdoped sample
which was analyzed in fig. 5.6(a), the area of the first pre-peak is compared to the inten-
sity of the second pre-peak in fig. 5.12. Even in this overdoped sample the UHB related
second pre-peak diminishes when the ZRS related first pre-peak grows. This means the
interplay of first and second pre-peak holds also for the spectra varied by the in-plane
polarization dependence.

Now, the transfer of spectral weight shall be compared between differently doped
samples. Fig. 5.13(a) gives the mean first and second pre-peak calculated by av-
erageing the parameters as acquired from the fit. These curves were normalized in
energy and intensity to the first pre-peak for better visibility. Plotted are only the
Bis_,PbySra_,La,;CuOg s samples with La and Pb substitution. The investigated sam-
ples with only La substitution as well as those with no cation substitution show their
own systemacy. The La and Pb substituted system was chosen because most samples
were measured of this series. It can be seen that with rising doping concentration the
second pre-peak diminishes compared to the first pre-peak. In fig. 5.13(b) the average
value over angle of the area of the first pre-peak was plotted over hole concentration for
each sample that was measured at the OK edge. The trend of saturation, that has been
found previously 4145 is visible, although the optimally doped sample breaks out form-
ing a small maximum. Thus, it can be stated that despite the changing rate of spectral
weight transfer in the overdoped regime, the interplay between first and second pre-peak
holds over different doping concentration as well as over varied azimuthal angles within
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Figure 5.12: Variation over azimuthal angle of measurement ¢ of area of ZRS related first pre-
peak in comparison to the intensity of the UHB related second pre-peak. The scale of the latter
is reversed. Shown are data from the overdoped sample of fig. 5.6(a).

the same sample. Hence, even if the ZRS picture actually fails in the overdoped regime,
first and second pre-peak are still correlated.

Within the measurements shown here, it was also found that the energy gap between
the CuLis white line and satellite, as well as that between the first and second OK pre-
peak, rises with higher hole concentration. This is already indicated in the plot of the
angular-averaged spectra of fig. 5.13(a). The second pre-peak moves to higher energies
with rising hole concentrations. The energy scale was calibrated to the maximum of the
first pre-peak, therefore the plot only indicates the rising energy gap but not which peak
moves in which direction. Fig. 5.14 gives the fitted energy gaps between Culg satellite
and white line and both OK pre-peaks for the samples with La and Pb substitution
to further illustrate this point. This does not clearly prove a rising charge-transfer gap
since it is not the pure charge-transfer gap that is observed in the spectra as discussed
previously. It gives, however, some support to the argumentation of Peets et al. ' that
was laid out in the beginning of this section.

Finally, it shall be noted that Peets et al. '4® suggest that the first OK pre-peak satu-
rates because of a decrease in covalency and subsequent masking of strong correlations
from the OK edge. The strong correlations are, however, still visible at the CuLg edge.
This may explain why the hole concentration can be determined at the CuLg edge also in
the overdoped regime as has been shown by Ariffin et al. 12" on single layer Bi cuprates
which will be discussed in the next section. Therefore, in a sense the ability to apply the
method of hole content determination by CuLs XAS is also supporting the argumen-
tation of Peets et al. ¥ This may also be the case for the observation of the in-plane
polarization dependence investigated in the previous section. The angular distribution
of this polarization dependence was shown to go beyond the commonly assumed d 2_,2
symmetry. The strict ZRS model, however, needs that dg2_,2 symmetry. Therefore, it
has previously been questioned by theorists'®” and other singlet states as e.g. plaque-
tte states have been proposed 1198159 To what extend the found in-plane polarization
dependence follows in this vein and questions ZRS cannot be answered within this work.

66



5.5. Phase diagram of single and double layer Bi cuprates

normalized intensity (arb. units)

%
q?"‘g ’ o o ©
¥ °
o
‘_'€ o o0
ol
e
L e e LI B B | < T T T T -
0.0 2.5 5.0 0.10 0.12 0.14 0.16 0.18
normalized energy (eV) n, (holes/Cu)

(a) (b)

Figure 5.13: (a) Illustration of spectral weight transfer for differently doped
Biy_,PbySro_,La, CuOg s samples with varied La substitution and a Pb level of about
y=0.4. The legend indicates the doping levels of the samples. The plot shows the mean first
and second pre-peak as obtained when averageing for each sample the parameters acquired
from fitting the spectra taken at different azimuthal angles. For the different samples the mean
spectra were normalized to the first pre-peak in intensity and energy. The second pre-peak
diminishes compared to the first with rising hole concentration. It further moves to higher
energies implying a rising charge-transfer gap. (b) Area of first pre-peak over hole concentration
for all samples that were measured at the OK edge. The trend of the saturating intensity in
overdoped samples is visble.

Summarizing, it can be stated that the systematics of the measured samples covering
almost the whole superconducting dome could be interpreted within the theory of the
charge-transfer model. However, some observations, like the saturation of the area of
the first pre-peak in the overdoped regime, the rising charge-transfer gap, and the de-
tailed angular distribution of the in-plane polarization dependence, also support theories
questioning the ZRS picture.

5.5 Phase diagram of single and double layer Bi cuprates

The method of hole content determination in polycrystals by CulLs XAS has been intro-
duced in section 5.3. The hole content determination in single crystals using XAS, and
most importantly, the superconducting dome in Pb substituted single layer Bi cuprates
has been studied in detail by Ariffin et al.'?”. Now, only the implications of the above
discussed polarization effects on the hole content determination in single crystals shall be
shortly described. Then, some conclusions that have been derived in close collaboration
with A. K. Ariffin regarding the superconducting dome of single layer Bi cuprates will
be outlined. The comparison of single- and polycristalline single layer Bi cuprates will
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Figure 5.14: Energy gaps between white line and satellite at the CuLs edge (full rectangles) and
between first and second pre-peak at the OK edge (open circles) plotted over hole concentration
of the respective sample. Included are all (Pb,Bi)2201 samples that were Pb and La substituted.

enable to deduce a relation also for single-crystalline double layer Bi cuprates. This will
be made plausible on the basis of previous XAS measurements on polycristalline double
layer Bi cuprates!®6.

Already in section 5.3 it has been stated that eq. (5.8) has been derived disregarding
polarization effects. Hence, it is only applicable in polycrystals. It is evident that,
when determining the hole concentration from the relative intensity of white line and
satellite in single crystals, polarization effects have to be accounted for. Out-of-plane
effects as discussed in section 5.4.1 can be incorporated by conducting measurements at a
certain angle of incidence, the “magic angle” 150, of #=35°. The existence of the in-plane
polarization, however, makes a measurement at the polar angle § = 35° insufficient to
account for all polarization effects. To correctly derive the hole content of single crystals
by XAS, first the in-plane average of the hole content, 7y, has to be calculated. This
is done by determining the hole content by eq. (5.8) for a representative number of
measurements with varied azimuthal angle, and subsequent averaging. Finally, this in-
plane average, 7y, has to be scaled to the measurement on polycrystals. The detailed
derivation of this scaling factor, which results to 1.5, can be found in Ariffin et al. 2",
Hence, the hole content, ny, in single crystals can be calculated by scaling the angular
average of n; by 1.5:

_ (%)

1.5

(5.9)

Using the method described above the superconducting dome of single crystals of
the Pb substituted single layer Bi cuprates, (Bi,Pb)2201, was examined'?”. A wide
doping range of (Bi,Pb)-2201 single crystals with a lanthanum concentration ranging
from x=0.02+0.04 to x=0.7£0.05, and with an approximately constant Pb concentration
between y=0.4 and y=0.5 were studied by CuLs XAS. From these experiments the curve
of T versus hole concentration ny could be derived for La doped single layer Bi cuprates
(Pb,Bi)2201:

Te = Temaz [l — 256(nh — nhopt)?] (5.10)

This relation is plotted in fig. 5.15 where also the curve derived by Schneider et al. 144

from XAS on polycrystals with and without lead substitution, and the corresponding
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Figure 5.15: Phase diagram of single and double layer Bi cuprates. The full blue line gives the
superconducting transition temperature T, over hole concentration for La doped (Pb,Bi)2201
single crystals with a Pb substitution level of ~0.45 as derived from XAS measurements'?”. The
broken red lines represent the same for Pb substituted and La doped single and double layer Bi
cuprate polycrystals'#:156 The blue dashed-dotted line is deduced as described in the text for Pb
substituted double layer Bi cuprate (Pb,Bi)2212 single crystals. The black dotted line illustrates
the universal relation of Presland et al.% for the single crystals of the single and double layer
Bi cuprates. The black markers give experimental data points for the pseudogap temperature
T*. Black full circles were derived by ARPES on La doped single layer Bi cuprates (Pb,Bi)2201
with a Pb substition of 0.4'3. Black full rectangles were measured also with ARPES, but on
the double layer Bi cuprate Bi22121%!. For the same material T* as derived from dc-resistivity
measurements is represented by black full triangles'6?.
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curve of Presland et al.%® is drawn for comparison. For the latter T maz Was scaled
in eq. (1.5) to the maximum T. value of 35 K in the single layer Bi cuprate single
crystals. The superconducting dome of single and polycrystals does not entirely behave
as suggested by Presland et al.%®. It shows a faster drop on the underdoped and over-
doped side while having the same value for optimal doping, and is, thus, narrower. This
result is in qualitative agreement with previous studies by Ando et al. 137 where the hole
concentration was determined by thermopower and Hall measurements and subsequent
scaling to the single layer La cuprate Las_,Sr,CuQO4. Reasons for this narrower dome
are discussed in detail in Ariffin et al. 127,

Fig. 5.15 also shows the supersonducting dome as derived from XAS measurements for
Pb substituted double layer Bi cuprate polycrystals'®® (Bia_,Pb,Sro_,La,CaCuz0g; s
). The hole content of these crystals was varied by La substitution. Here, the super-
conducting dome as given by the relation of Presland et al.%® is again included in the
figure. Also in this case the curve of Presland et al.®® has been caclulated by scaling
Temaz in eq. (1.5). By comparing the curve of single and double layer Bi cuprates, two
facts become apparent. First, also the superconducting dome of the polycrystalline La
doped double layer Bi cuprates is narrower than the universal® curve. This suggests
that the effects suppressing superconductivity in the single layer Bi cuprates are also
occuring in double layer Bi cuprates. And second, for the double layer Bi cuprate the
value of optimum doping lies at lower hole concentrations as that for the single layer
Bi cuprate. Specificly, the maximum T, occurs at ny, ,,;=0.16 in the single layer and at
ny, opt=0.13 in the double layer Bi cuprates. A lower value for optimal hole concentra-
tion of ny, 4,;=0.12 was as well found in previous XAS measurements on polycristalline
double layer Bi cuprates!4? (BigSroCaCusOg,s). These polycrystals were not Pb sub-
stituted and their hole content was varied by annealing. The same optimal value of
ny, opt=0.12 for the hole concentration was observed in polycrystalline Y doped double
layer Bi cuprates!'%® (BipSraY;_,Ca,CusOgys). Within the cited work the hole content
has been determined by XAS and coulometric redox analysis. There also a narrower
superconducting dome was found on the underdoped side. Similar to the curve given in
fig. 5.15 the supercondcting dome started at a hole concentration of ny=0.06, but the
overdoped region was not investigated.

In the next chapter angle resolved photoemission measurements on single crystals of
Pb substituted double layer Bi cuprates (Pb,Bi)2212 will be discussed. Hence, from the
facts discussed above a curve for the superconducting dome of single crystals of this
system was deduced and included in fig. 5.15. It was calculated by using the T. versus
hole content relation of the curve derived from XAS measurements on Pb substituted
La doped double layer Bi cuprate polycrystals. Only the maximum T, was adjustet.
This is justified by the observation of similar superconducting domes of polycrystals
and single crystals of the Pb substituted single layer Bi cuprate. Furthermore, the
cited work on double layer Bi cuprates with different doping methods - varying non-
stochiometric oxygen only and substituting Ca by Y - also showed the shifted optimal
hole concentration and signs of the narrower dome. As can be seen in the figure, the
maximum T, is much higher in single crystals as in polycrystals of the double layer Bi
cuprates. Also for the single layer Bi cuprates the maximum T, differs between single
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and polycrystals. However, this difference is much smaller and, therefore, barely visible
in fig. 5.15.

In section 1.2.3 a general phase diagram for the cuprates was given, and the existence
of the pseudogap and T* was discussed. In the following, the pseudogap temperature
T* will be discussed particularly for the Bi cuprates. This will not only complete the
discussion of the phase diagram specific to the Bi cuprates, the estimation of T* will
also be helpful in the discussion of the ARPES results of the next chapter. In fig. 5.15
some experimental data points for T* were added to the phase diagram of the single and
double layer Bi cuprates. For the single layer cuprate, values for T* were included that
were derived by ARPES on La doped single layer Bi cuprates (Pb,Bi)2201 with a Pb
substitution of 0.4'3. The hole content has been determined by the La content for which
a formula has been derived by comparing the detailed shape and occuring depressions in
the superconducting dome to the single layer La cuprate LSCO!3. The acquired relation
was in very good agreement to those derived by XAS measurements on single!?” and
polycrystals'#4. The data points for T* in double layer Bi cuprates have been taken from
ARPES measurements'%!. Here the hole concentration was not provided in the cited
publication. Hence, it was calculated by comparing the T, of the investigated samples
with the curve that was deduced above for Pb substituted double layer Bi cuprate single
crystals. Further data points were taken from dc-resistivity measurements where the
hole content of the studied samples has been determined from thermoelectric power
measurements 2. It can be stated that the pseudogap temperatures T* for the single
and double Bi cuprate lie very close, if they are not the same within error bars.

Finally, a note shall be made regarding the shift of the optimal hole concentration
from single to double layer Bi cuprates. Such a behavior has been discussed within the
model of electronic inhomogeneity which derives high temperature superconductivity
from stripes (sec. 1.3.7). Within this model, it was predicted that the temperature
scale of phase coherence varies for different cuprate families, but also for single and
multilayer cuprates of the same family. Since the temperature of pairing stays the same
for all cuprates, the superconducting dome, that emerges below the two scales, shifts.
This results in higher optimal hole concentration values for single layer cuprates than for
multilayer cuprates. In this context the phase diagram of the Bi cuprates of fig. 5.15 can
be compared to that of fig. 1.12 of the introductory chapter. The superconducting dome
of the Bi cuprates obviously shifts into the right direction from single to double layer
Bi cuprates. And, above it was also seen that the pseudogap temperature T*, which
is commonly associated with the pairing scale, is similar in single and double layer Bi
cuprates. Hence, the prediction of the model of electronic inhomogeneity seem to be
fulfilled in the Bi cuprates.
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The sharp peak in ARPES of (Pb,Bi)2212

In the high T, cuprates the excitations investigated by photoemission close to the Fermi
surface in the antinodal direction are known to be incoherent. Only at low temperatures
the so-called sharp peak emerges. The sharp peak was investigated mainly in double
layer Bi cuprates, and was interpreted as a coherence peak marking, e.g. a dimensional
crossover 194 the onset of quasiparticle like excitations'®®, or the signature of superfluid
density %166 But, it was also seen as a drastic change in lineshape due to coupling to
a bosonic mode!®?. Compared to single layer cuprates, in double layer Bi cuprates
the lineshape is additionally complicated by interlayer effects between the two adjacent
CuO2 planes which cause bilayer splitting. Hence, especially in the overdoped region
the sharp peak was also accounted for by the antibonding band'®7 resulting from this
bilayer splitting.

Polarization dependent ARPES experiments on the single layer Bi cuprate (Pb,Bi)2201
revealed that the excitations in the antinodal direction close to the Fermi surface are
split into a sharp and a broader emission. The sharp emission showed an unexpected po-
larization dependence. Also the observed temperature dependence of this sharp emission
deviated to that observed of the sharp peak in double layer Bi cuprates!!»12:89:168,169
These characteristics question the interpretation of the sharp peak also in double layer
cuprates.

Within this chapter the features close to the Fermi suface in the antinodal direction
shall be investigated also on the example of the double layer Bi cuprate (Bi,Pb)2212.
But, contrary to the previous investigations mentioned above, within the presented work
it will be distinguished between the two bilayer split bands, by exploiting photon energy
dependencies of the matrix element of bonding and antibonding band. Strong evidence
will be presented for the sharp peak being made up of the antibonding band and an
additional excitation which may be connected to this same band. Furthermore, it will
be shown that the additional peak found within this work in double layer cuprates
(Pb,Bi)2212 and the sharp emission observed in the single layer Bi cuprate (Pb,Bi)2201
exhibit a similar temperature dependence. It will be discussed that the emergence of
the additional excitation in double layer Bi cuprates and the sharp peak in single layer
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Bi cuprates and their characteristics can be best explained within quasi-one-dimensional
models of cuprates.

The chapter is organized as follows. First general considerations regarding polariza-
tion dependencies of the photoemission matrix element in cuprates are given. Then,
the polarization dependent experiments on the single layer Bi cuprate (Pb,Bi)2201 are
introduced. Afterwards the experiments on the double layer Bi cuprate (Pb,Bi)2212
which were conducted within this work are presented. Here, first the bilayer splitting
and the different photon energy dependence of bonding and antibonding band are intro-
duced. Then, the dispersion and temperature dependence of the additional excitation
are investigated. Finally, the results and possible interpretations will be discussed also
in the context of previous work.

6.1 Polarization in ARPES of cuprates

For interpreting and discussing polarization effects in ARPES the equation for the pho-
toemission process (eq. 3.2) has to be considered. similar to the reasoning of section
5.4, for a non-zero matrix element the combination of initial and final state, and the
dipole operator has to yield even symmetry. For illustration, polarization settings for
the Cudd,2_,2 orbital are shown in fig. 6.1. In the figure the E vector of the incident
light lies within the mirror plane, giving an even dipole operator. The initial state, the
Cu3d,2_,2 orbital, is odd with respect to the mirror plane since lobes with opposite
polarity are reflected onto each other. The final state in photoemission can be simpli-
fied as being a plane wave with even symmetry. Hence, electron emission within the
shown mirror plane is not allowed. In other words: when the light is polarized along the
crystallographic b axis, which is the I'Y direction in reciprocal space (see chapter 2.2),
electrons detected along this same direction will have low intensity. In the opposing case
of polarization within the crystallographic a, or in reciprocal space I'X direction, the
dipole operator would have odd symmetry and, thus, the whole matrix element would
change to even symmetry. With polarization along I'X, electron emission along I'Y has
high intensity.

Now, another case which is variant in the course of this chapter shall be discussed.
If the mirror plane is set along the CuO-bonds (along the lobes), which is the I'M
direction in reciprocal space, the initial state would be even. The final state is still
even. Thus, polarization within the measured I'M direction should give high intensity,
while polarization along the perpendicular I'M direction has low intensity. However,
if the polarization is turned 45° out of the mirror plane along the I'Y direction, the
dipole operator has an odd and an even part. The same case arises when turning the
polarization vector into the I'X direction. There should be no difference between both
settings from symmetry considerations.
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Figure 6.1: Polarization setting for the Cu3d,>_,» orbital with the mirror plane of incoming light
and detected electrons within the I'Y direction. The E vector of the light lies within this mirror
plane in this example. Conclusions regarding the emission can be found in the text. Figure taken
from Shen and Dessau'™.

6.2 Split excitations in single layer Bi cuprates

In the following measurements on the single layer Bi cuprate Bi2201 will be shown which
are contradictory to the above made considerations. Polarization dependent measure-
ments revealed a polarization dependence of the emission close to the Fermi surface along
the I'M direction. The emission changed upon switching the polarization vector from
the I'X to the I'Y direction. Such a polarization dependence, however, was excluded
above. These measurements are motivation for the experiments on the double layer Bi
cuprate (Pb,Bi)2212 presented within this chapter and shall, therefore, be discussed in
more detail now.

The polarization dependent experiments for the first time reported by Manzke et al. 168
were carried out at BESSY I at the U2/FSGM, crossed monochromator/undulator com-
bination, which allows the rotation of the polarization of the synchrotron light by 90° 172,
For photoelectron detection and analyzation a two-axis goniometer was used. The over-
all energy resolution was 30 meV and the angle resolution 1°. Fig. 6.2(a) shows the
polarization dependent spectra at the M point of an optimally doped Bi2201 sample.
It is evident from the figure that the emission at the M point consists of two features.
A broader one at higher binding energy and a sharp emission at low binding energy.
The latter seems to be switched on and off when changing the polarization geometry by
turning the E vector from I'Y to I'X.

Further studies!!1%16? revealed that the low binding energy emission is present at
different doping concentrations and in samples with and without lead substitution. The
sharp emission close to the Fermi energy can be switched on and off not only by distinct
polarization geometries, but also with changing temperature as illustrated in fig. 6.2(b).
The figure shows temperature dependent spectra of a weakly overdoped (Pb,Bi)2201
sample measured at the 4m-NIM at SRC with an energy resolution of 16 meV and an
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Figure 6.2: Characteristics of the sharp emission at low binding energies in the vicinity of the
Fermi energy of (Pb,Bi)sSra_,La, CuOgs. (a) Polarization: Spectra at the M point of a sample
with no lead, x=0.4, T.=29 K. The measurement was taken in the normal state at T=35 K and
hv=34 eV. Direction of the E vector for the two different polarization geometries are indicated.
The bold dotted curve shows the difference spectrum. Figure taken from Manzke et al.''. (b)
Temperature dependence: Spectra at 0.75 I'M of a sample with lead substitution, x=0.15, and
T.=25K. Measurement taken at hv=22 eV with polarization set along measured I'M direction.
The additional structure is present at 10 K and vanishes at temperatures between 60 K and 75
K. (c) Dispersion of broad and sharp emission along T M of sample from (a). Spectra taken at
T=45 K and hv=22 eV with polarization along the measured I'M direction. Data were published
in Janowitz et al. 2. Additionally included is the dispersion of the main band as expected from
a tight-binding fit'™.
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angle resolution of 0.18°. The low binding energy emission is present in the super-
conducting state, but vanishes at much higher temperatures than T.. The observed
dispersion of both emissions along I'M is shown in fig. 6.2(c). Included is the expected
dispersion of the bands as retrieved from a tight-binding fit'"!. The two emissions close
to the Fermi surface are separated approximately 16 meV at the M point. Towards the
I" point they move away from each other. The broader feature follows the tight-binding
fit. It can be ruled out that the sharp emission close to the Fermi surface is caused by
diffraction replica stemming from the ~(5x1) superstructure since the sharp emission has
also been observed with similar characteristics, especially dispersion, in lead substituted

samples without this ~(5x1) superstructure!®.

6.3 The sharp peak in double layer Bi cuprates

The existence of these two emissions along I'M
and their characteristics shall be investigated
Peak in the double layer Bi cuprate (Pb,Bi)2212

~ within this chapter. The I'M direction is es-
Dip pecially interesting since the d-wave supercon-
\ ducting gap is maximal along this direction,

and hence this region in the Brillouin zone is
Hutn believed to be connected to the superconduct-
ump L ing mechanism. Along the I'X/Y direction the

intensity (arb. units)

superconducting gap has a node. Therefore
I the I'M direction is also called the antinodal
04~ -0.2 0.0 direction in opposition to the nodal I'X/Y di-
binding energy (V) rection. The latter terms will also be used in

Figure 6.3: ARPES spectrum at the M the following for the respective directions.
point of an optimally doped Bi2212 sam- The lineshape in double layer Bi cuprates,
ple (T.=92 K) at hv=22 eV and T= 20 K. however, is more complex than in single layer
Close to the Fermi surface there is the so- cyprates. In the antinodal direction close to
called sharp peak, followed by the dip and the Fermi surface a peak-dip-hump (PDH)
hump. . . .. .
lineshape is found that is illustrated in fig.
6.3. After observing this structure, the ques-
tion was - and partly is still today - whether this PDH is the intrinsic lineshape or
the signature of two separate bilayer split excitations. The two CuOy planes within
one unit cell are only seperated by a Ca layer (see also chapter 2.1). Hence, the adja-
cent layers are not sufficiently decoupled as in the single-layer material, and interactions
between the planes are expected to lead to a splitting of the CuO-derived band into
bonding and antibonding excitations. According to LDA®® and calculations based on
the Hubbard model 17317 this splitting is maximal along the antinodal or I'M direction.
Although predicted by theory, the bilayer splitting in double layer cuprates could at
first not be experimentally resolved!"117. Later, with higher resolution and possibly
also better sample quality, the PDH lineshape was found to represent the bilayer split-
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Figure 6.4: ARPES intensity from the bonding (blue dashed lines) and antibonding (red solid
lines) band along the antinodal direction of Bi2212 in dependence on photon energy as derived
by one-step calculations. Figure taken from Bansil et al. 183

ting in overdoped cuprates 67176177 "and soon after also in optimally and underdoped

cuprates '"® 181 The PDH lineshape could be identified with the bilayer splitting be-
cause of a different polarization dependence of the two emissions!””, comparison with
the lineshape of single layer Bi cuprates where no bilayer splitting exists'76 178 and
most of all the strong photon energy dependence of the PDH lineshape '67:176:177  The
differing dependence on photon energy of bonding and antibonding band was also cal-
culated using one-step calculations based on LDA derived band structures!'8%!83. The
photon energy dependence varies for different k points in the Brillouin zone. As shown
in fig. 6.4, along the I'M direction the antibonding band is especially strong at photon
energies around 50 eV, where, additionally, the bonding band is rather weak.

To clarify the occurence of an additional excitation in the vicinity of the Fermi energy,
the strongly differing photon energy dependence of the bonding and antibonding band
were exploited in the present work. Thus, in the double layer cuprate (Pb,Bi)2212 the
bilayer split bands could be distinguished and the complexity of the lineshape be reduced.
Measurements were conducted at 50 eV photon energy, and, hence, predominantly the
antibonding band was studied regarding a split excitation similar to the findings in the
single layer cuprate (Pb,Bi)2201 as discussed in the previous section. The polarization
was chosen to be E|| I'M and, thus, intermediate between the two extremal settings of
E|| TX and E|| I'Y. This was donedue to the limitations of the experimental setup at
BESSY II and SRC where measurements were conducted. Emphasis was put on the
analysis of the dispersion and temperature dependence along the antinodal direction
and especially the M point. The same polarization settings have also been used for the
study of dispersion and temperature dependence of the two emissions in the single layer
Bi cuprate (Pb,Bi)2201 introduced in the previous section.

Experiments with varying photon energy were conducted at BESSY II at the PGM2
beamline using the MUSTANG chamber equipped with a SPECS Phoibos electron an-
alyzer. The angular resolution was 0.2°, the energy resolution at low photon energies
AE=13 meV. The entrance slit of the analyzer was parallel to the polarization of the
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6.3. The sharp peak in double layer Bi cuprates

synchrotron light and therefore also parallel to the measured I'M direction.

The high quality optimally doped and lightly overdoped Bi(Pb)2212 samples studied
were grown employing a self flux technique. The samples were characterized by EDX,
AC-susceptibility and LEED as described in chapter 2.4 and 2.5. The EDX measure-
ments showed a Pb content of y=0.2-0.3. This is in the range of the optimal suppression
of the ~(5x1) superstructure which could be confirmed in LEED measurements that
showed the sharp spots of a pseudo-tetragonal cell. The superconducting transition
temperature as derived from AC-susceptibility was T.=95 K for the optimally doped
and T.=85 K for the overdoped sample. The transition width was AT%'=5 K and
Ang:5 K for the optimally and overdoped sample, respectively.

In a first step the I'M direction was measured at different photon energies in order
to validate the expected photon energy dependence of bonding and antibonding band.
And indeed, the photon energy dependent measurements showed a strong variation of
the matrix element of bonding and antibonding band on the photoemission spectra.
This can be seen in fig. 6.5 where spectra from the M point of the optimally doped
sample are shown with the respective photon energy indicated. At 50 eV photon energy
the bonding band is most efficiently supressed, only the antibonding band is visible. For
comparison, spectra from Kordyuk et al. 157 taken at the same or similar photon energies
on a strongly overdoped (Pb,Bi)2212 sample with T.=69 K are included in this figure
on the left column. The overall development of the spectra with photon energy is the
same. This evolution of the matrix element with photon energies is reported to be very
similar in underdoped samples!'™. Also for the overdoped sample measured within this
work the same effect was visible. Thus, it seems that the photon energy dependence of
bonding and antibonding band is relatively independent of hole concentration.

For a more detailed analysis the obtained spectra were fitted using a similar approach
as He et al.1%. In the follwing the derivation of the fitting function is laid out. In
chapter 3.3 it has been discussed that ARPES spectra can be interpreted in terms of the
one-particle spectral function. Under the assumption that the photoemission process
in cuprates can be described within the framework of quasiparticles, this one-particle
spectral function was given in eq. (3.10) and resulted to:

1 S|
T w— e — X (k,w)]? 4+ X" (k,w)]?

A(k,w) = (6.1)

with the self-energy ¥ = ¥'+i%” and the bare dispersion €;. The detailed expression of
> depends on the employed theory. The scope of this work is a mainly phenomenological
discussion of the excitations close to the Fermi surface and its characteristics regarding
photon energy dependence, dispersion and temperature and not the presentation of an
explicit theory. Therefore the spectra were modeled with plain Gaussians in a first step.
For comparison with other work %6167 in a second step a phenomenological fitting func-
tion 167 was adopted that starts at eq. (6.1) and simulates X" as X" = \/(aw)? + (BT)2.
This ansatz gave overall better fitting results. Therefore, this model will be discussed in
the rest of the paper. But, it shall be emphasized here that the results obtained were
essentially the same whether the excitations were simulated with a Gaussian or with the
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Figure 6.5: The M point of (Bi,Pb)2212 at different photon energies. Left column: Figures taken
from Kordyuk et al. 7. Shown are spectra of an overdoped sample with T,=69 K measured at 27
K with two-component fit included. Middle column: Spectra of optimally doped (Bi,Pb)2212
sample with T.=95 K measured at 30 K and fitted with two excitations (antibonding and bonding
band) using the phenomenological model of Kordyuk et al. 7. Right column: Same Spectra
as on the left but modeled with three excitations (bonding and antibonding band plus additional
excitation) according to formula 6.2. Please note the shorter energy scale in the last row. The
measured spectra appear in red, antibonding band in blue, bonding band in green, the additional
excitation in orange and the resulting fit in black. The background is given in grey in the left
column. In the middle and right column it is already substracted.
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6.3. The sharp peak in double layer Bi cuprates

phenomenological 16167 model. The usage of the latter is within this work not regarded
as prove for the existence of quasiparticles. In this context the argument of Kivelson
and Fradkin®7 is pointed out. Depending on the parameter also the spectral function of
the one-dimensional Luttinger liquid may show Fermi-liquid-like peaks!84, although the
elementary excitations do not represent single electrons. Also, the spectra of the single
layer (Pb,Bi)2201 cuprate 12168169 intyroduced in the beginning of this chapter could
be modeled with a spectral function that extended the one-dimensional Luttinger liquid
into two dimensions ¥,

The ARPES spectra were first fitted with two excitations like a plain band model
with bilayer splitting would suggest. But, in order to investigate the antinodal direction
of the double layer Bi cuprates regarding the additional excitation a three-component
fit was employed afterwards. Also in other work0%167 on the antinodal excitation in
the double layer cuprate (Pb,Bi)2212 a fitting procedure containing three peaks was
much more successful. Like practiced by He et al. %6 within this work the additional
third peak needed in the fitting procedure was modeled as a Gaussian. However, no
spectral weight transfer was included in opposition to the cited work. So eventually the
photoemission signal was modeled as:

I O({|Mab . Aab| + ‘Mbb . Abb’ + |Mc . Ac|} X f(w,T) ® R, + B(W,T) (62)
| 2 (k,w) |
[w— e, — X' (k,w)]? + [2"(k,w))?

A, xexp { [“’ _rwor}

Here f(w, T) is the Fermi function, R,, the resolution function modeled as a Gaussian
which is convoluted over the signal and B(w, T) the background. The indices ab and
bb correspond to antibonding and bonding band, and the index ¢ to the additional
excitation. In fig. 6.5 a comparison between the two-component and three-component
fit are shown on the middle and right column. The improvement of the fitting results
by using the three-component fit becomes especially clear for measurements at photon
energies where the intensity for both, bonding and antibonding band, are not very
different. This is also evident within the similar two-component model from Kordyuk
et al. 157 on the left column of fig. 6.5. It shall be pointed out here that the ratio
of the matrix element of the antibonding band in the two-component case and the
combined matrix element of the antibonding band plus the additional peak in the three-
component case is approximately one at every photon energy. Thus, the antibonding
band and the additional excitation account for the spectral weight of the sharp peak
that has been modeled within the two-component fit by the antibonding excitation only.
Furthermore, in the three-component fit, the matrix element of the antibonding band and
the additional excitation change similarly with photon energy which results in their ratio
staying almost constant. This can also be deduced from the photon energy dependence
of both excitations in fig. 6.5. Except for the 35 eV spectrum which may be a remnant of

A pp X
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6. The sharp peak in ARPES of (Pb,Bi)2212

the fitting only, antibonding band and additional excitation rise and decrease in intensity
analogously. Hence, the additional excitation may be realated to the antibonding band.
However, a connection between antibonding band and additional excitation cannot be
rigorously confirmed within this work.

This may hint to the additional peak being a feature of the antibonding band. The
additional excitation close to the Fermi surface is separated approximately 15 meV from
the antibonding band. This is about the same energy separation as between the sharp
emission at low binding energy and the broader emission at higher binding energy in the
single layer material. There the broader emission also followed the expected main band
dispersion.

To study this additional excitation in more detail, and further compare it with the
one found in the single layer Bi cuprate (Pb,Bi)2201, in the following sections first the
dispersion and then the temperature dependence of the excitations close to the Fermi
surface along the antinodal direction will be examined. In the course of this investigation
the comparison to other work will always be drawn. Interpretation and discussion of the
results will follow in the last section.

6.3.1 Dispersions

As stated before, especially the ARPES spectra taken at 50 eV were studied since there
predominantly the antibonding band is measured. However, as can also be seen in fig.
6.5, the fitting procedure still retrieves the remnants of the bonding band. This holds
for the entire measured range along the I'M direction. Hence, the dispersion as derived
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Figure 6.6: Dispersion of the three excitations from 0.8 I'M to 1.3 I'M as derived from the
fit. Antibonding and bonding band: blue and green squares respectively, additional excitation:
orange squares. Included for comparison is the tight-binding fit from Norman et al. 1”" with black
solid lines.

from the fit of all three, bonding, antibonding and additional excitation, can be plotted.
This is done the entire measured region of I'M at 50 eV photon energy in fig. 6.6. The
dispersion of bonding and antibonding band are compared with a tight-binding fit, of an
optimally doped Bi2122 sample from Norman et al. 7', Basically, eq. 1.4 was employed
using the parameter of Norman et al.'"!. Additionally, the dispersion for the bonding
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6.3. The sharp peak in double layer Bi cuprates

band was modeled according to Liechtenstein et al. '™ with:

t1 (cosky — cosky)?
2

Aps = (6.3)
where Ay, gives the energy splitting between antibonding and bonding band. Thus, the
whole dispersion relation becomes:

(k) = —2t(cosky + cosky) + 4t'coskycosk, (64)
—2t"(cos2k, + cos2ky) £ t1 (cosk, — cosky)? /4

In the measurements ¢, resulted to 44 meV which is a realistic value for the band
splitting and similar to other work!”®. Hence, it can be stated that the analysis using
the three-component fit yields physically sound results that are comparable to previous
work from other groups.

Lastly, the observed dispersion shall be compared to other wor in which in
was also argued that, at low temperatures, there exist more features in the antinodal
direction close to the Fermi surface than bonding and antibonding band only. The
observations made on an overdoped double layer Bi2212 sample with T. = 65 K and
no lead substitution is displayed in fig. 6.7. The shown dispersion was obtained from
measurements with an unpolarized Hel VUV lamp. They, however, also observed these
features using polarized synchrotron light. In either case, the polarization dependent
feature found in the single layer Bi cuprate (Pb,Bi)2201 1112168169 would be expected to
be observable within the setup of Feng et al. 7% and He et al. %6, At the synchrotron the
polarization settings were similar to the experiments conducted within the present work,
and unpolarized light should, of course, also show the polarization dependent feature,
although maybe altered in intensity.

Fig. 6.7(a) shows the dispersion along I'M of the components of the aforementioned
PDH structure developing at low temperature as found by 165176 While the hump follows
the expected bonding band dispersion the peak cannot be attributed to the antibonding
band since the bilayer splitting decreases towards I', but, the observed peak moves away
from the hump. This figure is shown here to illustrate that the dispersion observed of the
peak in the cited publications is very similar to that of the additional excitation found
in the double layer Bi cuprate within the present work, and also to that of the sharp
emission found in single layer Bi cuprates 12168169 Fig  6.7(b) shows measurements
on a similar sample as shown in fig. 6.7(a). Here, however, the measurement was
conducted along the X-Y direction crossing the M point. It is to note that around the
M point three excitations were found in the superconducting state. The two excitations
close to the Fermi surface are separated by 20 meV, which is close to the separation of
15 meV of the additional excitation and the antibonding band studied in the present
work. Within the cited publications, the two excitations close to the Fermi surface were
assigned antibonding and bonding peak, while the excitation at higher binding energy
was termed bonding hump (fig. 6.7(b)). The latter was observable at the same energy
in the normal and superconducting state.

166,176
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Figure 6.7: (a) Dispersion of the peak and hump of a strongly overdoped sample T.=65 K
measured at T=29 K with 22.4 eV photon energy as observed by He et al. ' where the figure is
taken from. While the hump disperses as expected from the bonding band, the peak cannot be
attributed to the antibonding band since this would give a rising bilayer splitting contradictory
to theory. (b) Dispersion of observed excitations around the M point along X-Y on a similar
sample as in (a). Measurement was conducted using He-Io light at T=10K (superconducting
state) and T=90K (normal state). At low temperatures three features are observed.

6.3.2 Temperature dependence

Now, the temperature dependence of the spectra at the M point shall be analyzed. The
temperature dependence of the features close to the Fermi surface is very important
since it can to some degree distinguish between different models for high temperature
superconductivity as will be discussed later. As mentioned in the last section, the antin-
odal region is believed to be intimately connected to superconductivity in the cuprates.
Therefore, the temperature evolution of features in the antinodal direction are of special
interest, and has, hence, gained a lot of attention also in the past.

Because of the temperature broadening of the spectra, an analysis of the temperature
dependence of antibonding and additional excitation by fitting is, although achievable,
not as useful and convincing like the analysis by fitting shown in the last section. There-
fore, the procedure of peak extraction as used in other work®® will be employed. Within
this procedure the temperature dependence of spectra at the M point of an optimally
doped double layer cuprate (Pb,Bi)2212 taken at 50 eV at the SRC will be compared to
the temperature evolution of the single layer cuprate (Pb,Bi)2201 shown and discussed
in section 6.2.

Feng et al.® proposed to extract the peak close to the Fermi surface at the M point
in double layer Bi2212 either by a linear or Shirley background!®® type substraction or
by fitting the spectra. The latter shall be done with a phenomenological function which
is the product of a Fermi function with a parabolic function. Feng et al.®” claim the
fit to be very robust. Within this work, however, it was found that probably due to
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6.3. The sharp peak in double layer Bi cuprates

the Fermi function a variety of parameters can be used for the parabolic function since
the Fermi function reliably cuts it off. Thus, almost arbitrarily, a peak-like structure
can be created with the parabolic function. Hence, within this work the linear and
Shirley type substraction was used. It shall be noted that here just the algorithm is
used to cut off a peak, but not to model a realistic background of the spectrum. After
extracting the peak, Feng et al. 3 calculate what they termed the superconducting peak
ratio (SPR) which they defined as ratio of peak area to area of full spectrum. They used
an integration window of 500 meV to calculate the areas which will be adopted within
this work for sake of comparability.

The temperature dependent measurements were conducted at the PGM beamline at
the SRC with a Scienta SES2002 analyzer. The energy resolution was 21 meV at 50 eV
photon energy and the angular resolution was 0.18°. Temperature dependent data of an
optimally doped (Pb,Bi)2212 sample with a lead concentration of y=0.24 and T.=91 K
synthesized and characterized as described in chapter 2.4 and 2.5 is shown in fig. 6.8(a).
The photon energy was 50 eV so that, as discussed above and shown with the measure-
ments in BESSY, predominantly the antibonding band was probed. From fig. 6.8(a) it
is evident that a very sharp peak structure exists at low temperatures that broadens and
loses spectral weight with rising temperature. However, a peak like structure persists
above the superconducting transition temperature - even at temperatures rather high
above T,.. This is in opposition to the peak- and featureless spectra observed in other
work at high temperatures. Fig. 6.8(a) also shows the extraction of the peak by the
linear and Shirley background type method. The determination of the peak onset is not
without ambiguity. At low temperatures the peak is so intensive that the rest of the
spectrum has a plateau-shape. But, at high temperatures this spectral shape is lost. To
solve this problem in a consequent manner, the higher binding energy point was set in
the 20 K spectrum where the onset of the peak is clearly observable. This energy point
was used for all temperatures. To account for temperature broadening the lower binding
energy side at the Fermi energy was adjusted. But, thus, only a lower bound for the
peak area can be given.

The result of this temperature analysis is given in fig. 6.9(a) where the ratio of the
sharp peak and the widths of the extracted peak are plotted in dependence of tempera-
ture. First of all, it is to note that although the peak extracted by the Shirley method has
approximately the same width as the linearly extracted one, the peak ratio determined
by the Shirley method is higher. Therefore, error bars of & 1.5% were added. This is
the error estimated by Feng et al.®? from the different methods of peak extraction. The
points of the sample analyzed here do not all lie within each others error bars, but, the
error bars itself do overlapp in all cases. Hence, the error should be set higher to £+
2.5%. However, even when assuming a higher error, the peak ratio for this optimally
doped sample seems to be around 12% at 20 K. It decreases to approximately 8% around
the superconducting transition temperature T.. Above T, its intensity seems to enter a
plateau until at 200 K it has decreased to 4%. Since there were no temperature mea-
surements made between 150 K and 200 K it cannot be said, when and how this marked
change from the plateau above T, to the almost total disappearance of the additional
excitation at 200 K occurs. However, a look at the phase diagram of the Bi cuprates
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Figure 6.8: Temperature dependent spectra. (a) M point of optimally doped (Pb,Bi)2212
sample with T.=91 K and a lead concentration sufficient to suppress the ~(5x1) superstructure.
Measurements were conducted at 50 eV photon energy and indicated temperature. Left and
right column show the peak extraction with a Shirley and a linear background respectively.
Substracted spectra are shown in black and extracted peaks in red. (b) Same as in (a) for
slightly overdoped (Pb,Bi)2201 sample with T.=25 K from fig. 6.2(b). The spectra, however,
were not taken at the M point, but at 0.75 I'M. In both samples the peak close to the Fermi
surface persists to temperatures above T..

86



6.3. The sharp peak in double layer Bi cuprates

TTe Tite
0.5 1 1.5 2 0 1 2 3
T T LI L R B | LI T T T T T
> H > g
=0 . 112 =0
3= % : 3=|F % 12
EE| : ) 110 , £ £ ®»
=W . dg = = h-]
mO 2 mo|l é 18 2
i : 1 & é g
L ; 4a = L i 4a 7
i 15 é é
s - : Jo s - Jo
ol g o . - .
(] - I (] [ |
g #F g guEn CE g8 = u! 8% os ]
= 30f “ : ] = 30f © ©. .
E 250, ® Vo, 1o E 25 L 1 . 1 N 1 ——
H 20 40 60 80 100 120 140 160 180 200 H /] 20 40 60 80 100
- temperature (K) - temperature (K)
(a) (b)
15 I | I H

SPR (%)

& +H
0.05 0.10 0.15 0.20 0.25

hole concentration (holes/Cu)

FWHM (meV)

(d)

Figure 6.9: Results of analysis of temperature dependent data shown in fig. 6.8. (a) Peak ratio
and widths of extracted peak versus temperature for the optimally doped (Pb,Bi)2212. The
results of the Shirley background method are shown with blue open circles, that of the linear
extraction method with red full squares. For comparability with the figure from Feng et al.®?,
here and in the other figures the peak ratio is denoted SPR on the scale, and on the top scale the
temperature is given in T/T.. Furthermore, T, is marked with a broken line. (b) Same as in
(a) for slightly overdoped (Pb,Bi)2201. (c) Peak ratio and width as observed for an overdoped
Bi2212 sample with T.=84 K by Feng et al.%. (d) Peak ratio versus hole concentration of
doping series of Bi2212 also from Feng et al.%’.

shows that the pseudogap temperature T* lies around 150 K in optimally doped double
layer Bi cuprates. Hence, it can be stated that the additional excitation survives at least
up to the pseudogap temperature T*. Depending on the form of the decrease between
150 K and 200 K, this would mean that the additional excitation starts to vanish or has
vanished at temperatures above T*. At low temperatures the widths of the extracted
peak is slightly higher than the energy resolution of 21 meV. Then it increases slightly

due to temperature broadening.

This behavior shall now be compared to that found by Feng et al.3? on a doping

series of Bi2212. The results of the cited work are shown in fig. 6.9(c) and 6.9(d).
The Bi2212 samples investigated by Feng et al. 3 were not substituted with lead. Their
doping level was changed by varying the oxygen content. The very underdoped samples
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were additionally doped by substituting Dy into the Ca layer that separates the adjacent
CuOy planes in the double layer Bi cuprates. In fig. 6.9(c), the temperature evolution
of the peak ratio and the widths of the extracted peak of an overdoped Bi2212 sample
with T.=84 K are plotted versus temperature. In comparison to the optimally doped
(Pb,Bi)2212 sample probed within this work and shown in fig. 6.9(a), it is evident that
the extracted peaks have a similar width, but the temperature evolution of the peak
ratio is essentially different. The data of Feng et al.®” suggest a decrease of the peak
ratio with temperature, where already at T. the peak ratio is reduced to about a third
of its maximum value. And about 20 K above T, it has totally vanished. Feng et al.®"
claim that this behavior has been observed for all samples. Hence, the differing behavior
cannot be explained by the difference in hole concentration. Otherwise the compared
samples vary only in that the sample studied here was substituted with lead in order
to remove the ~(5x1) superstructure which causes diffraction replica in the ARPES
spectra. As dicussed in chapter 2, the lead substitution is known to make the system
structurally cleaner and slightly raise the superconducting transition temperature T..
It has, however, not yet been observed that the lead substitution changes the electronic
structure or the high T. superconductivity in the material in a dramatic way. Also,
photoemission spectra have not been reported to differ substantially.

But, apart from differences regarding the sample, varying experimental conditions
may explain the deviating observations. One essential modification done within this
work is the photon energy at which the measurements were conducted. Although not
given within the cited publication®’, it is stated that the experiments were done using a
photon energy of 22.4 eV 187, At such photon energy, however, the bonding band is rather
strong. In opposition to that the sample studied here was measured at 50 eV photon
energy where predominantly the antibonding band is probed. This can be seen when
going back to the experimental spectra in fig. 6.5 and to the theoretical calculation of
fig. 6.4. Especially, when comparing the experimental spectra around 21-22 eV and that
of 50 eV the difference becomes apparent. Thus, it is hypothesized here that the bonding
band present in the spectra at 22.4 eV covers part of the peak evolving with decreasing
temperatures. Hence, at very low temperatures where the sharp peak contains the most
spectral weight, the peak ratio has the same value regardless of photon energy. At higher
temperatures, however, the sharp peak loses spectral weight and the features generally
become broader. Thus, at photon energies with a strong bonding band, part of its
spectral weight becomes covered because the onset of the sharp peak then automatically
becomes defined by the dip between bonding and antibonding band. This hypothesis is
further supported by the fact that the dip has been observed to vary in energy position
at different photon energies. At high temperatures, finally, the bonding band which is
anyway always rather broad and the antibonding band seem to merge and the featureless
spectrum observed at photon energies with a strong bonding band emerges. To check
that suggestion, fig. 6.10(a) shows temperature dependent ARPES spectra of the M
point of an optimally doped Bi2212 sample with T,=92 K. This sample was measured
within the present work at a photon energy of 22 eV. The temperature dependent spectra
clearly show the above described behavior. While at low temperatures the sharp peak
and the dip between peak and hump can be observed, at higher temperatures the sharp
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peak containing the antibonding band and the additional excitation are covered by the
broad hump. Hence, the peak ratio over temperature (fig. 6.10(b)) shows a similar
behavior as found by Feng et al. (fig. 6.9(c)).

Another reason for the different conclusions regarding the temperature dependence
may be that Feng et al.® integrated over a wider k-space region around the M point
that they did not clearly specify, while within this work only the one spectrum at the
M point was used. The averaging over a part of the dispersion possibly additionally
enhances the effect of covering the sharp peak since the bilayer splitting changes within
the Brillouin zone. At the M point both bands are seperated with the largest bilayer
splitting.

Fig. 6.9(d) shows for the doping series studied by Feng et al.® the peak ratio as
measured at T=20-30 K, but in any case below T, versus the hole content as determined
by the relation of Presland et al.%® (see also chapter 1.2.3 and eq. 1.5). The optimally
doped (Pb,Bi)2212 sample with lead substitution measured within the present work lies
within the curve of fig. 6.9(d) with its 12% SPR at optimal doping which is expectable
from the argumentation from above. Since the sharp peak has the highest spectral weight
at very low temperatures, the peak ratio is about the same regardless of experimental
settings, at least for optimally and overdoped samples, where generally a strong sharp
peak is observed.

Summarizing, it can be stated that while measuring the peak ratio at differently doped
samples with consequently the same procedure and the same experimental conditions
the relation over hole concentration given in fig. 6.9(d) may hold. But, the evolution of
the sharp peak with temperature can only be clearly observed in double layer cuprates
when suppressing the bonding band.

Finally, the results regarding temperature dependence of the optimally doped double
layer Bi cuprate (Pb,Bi)2212 shall be compared to measurements on the slightly over-
doped single layer Bi cuprate (Pb,Bi)2201 shown in fig. 6.2(b). In the figure, it can
be seen that like in the optimally doped double layer (Pb,Bi)2212 the peak close to the
Fermi surface persists to higher temperatures than T.. This was quantified similary
to the optimally doped double layer (Pb,Bi)2212 sample using the linear and Shirley
background peak extraction method which can be seen in fig. 6.8(b). The temperatue
dependent spectra of the single layer Bi cuprate (Pb,Bi)2201 were collected not at the M
point, but at 0.75 I'M. Therefore, the excitation that can be connected to the main band
is still further away from the Fermi energy than at the M point as can also be deduced
from the tight-binding plot of the band structure in fig. 6.2(c). The plot of peak ratio
and width of extracted peak versus temperature are shown in fig. 6.9(b). Although
slightly higher at 10 K, the peak ratio at 20 K is around the same value as that in the
double layer (Pb,Bi)2212 sample of fig. 6.9(a). Since there exist no doping dependent
data of the peak ratio for single layer Bi cuprates, it cannot be said, if the relation of
fig. 6.9(c) is violated by the slightly overdoped single layer (Pb,Bi)2201 sample having
a similar maximum value like the optimally doped (Pb,Bi)2212 sample. In any case the
peak ratio decreases with rising temperature. The plateau-like behavior above T, found
in the double layer Bi cuprate cannot be observed, the decrease in intensity rather seems
to be linear over the whole measured temperature region. This may result in the first
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Figure 6.10: (a) Temperature dependent spectra of the M point of an optimally doped Bi2212
sample with T.=93 K and no lead substitution. Measurements were conducted at 22 eV photon
energy and indicated temperature. Upper and lower column show the peak extraction with
a Shirley and a linear background respectively. Substracted spectra are shown in black and
extracted peaks in red. (b) Results of analysis of temperature dependent data of (a). The
results of the Shirley background method are shown with blue open circles, that of the linear
extraction method with red full squares. For comparability with the figure from Feng et al. %,
the peak ratio is denoted SPR on the scale, and on the top scale the temperature is given in
T/T.. Furthermore, T, is marked with a broken line.
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place from the few available data points. The missing data points above T, may hide
the plateau-like bahvior. An other reason may be that the analyzed spectra stem from
different k-points along the I'M direction. The spectra of the single layer Bi cuprate
(Pb,Bi)2201 originated at 0.75 I'M, while the spectra of the double layer Bi cuprate
(Pb,Bi)2212 were collected exactly at the M point. Furthermore, the two samples varied
in their doping level. The studied sample of the double layer Bi cuprate (Pb,Bi)2212
was optimally doped. The single layer Bi cuprate (Pb,Bi)2201 was slightly overdoped.
However, also in the single layer sample the pseudgap temperature T* seems to play
a role. For the slightly overdoped samples T* lies around 70-80 K, and around 80 K
the peak ratio in the single layer Bi cuprate has almost vanished reaching a value of
4% which is comparable to the peak ratio of the optimally doped double layer sample
at 200 K. The widths of the extracted peak is slightly higher than in the double layer
sample, although the energy resolution of the measurement on the single layer material
is given as 16 meV and, thus, better than for the data of the double layer sample. It
may be possible that because of the position along I'M and the connected dispersion
the extracted peak seems to be broader since the extraction is referenced at the higher
binding energy excitation.

6.3.3 Summary of results

Before moving on to discussing and interpreting the results presented in this chapter they
shall be shortly summarized. It could be shown that there exists an excitation additional
to antibonding and bonding band close to the Fermi surface in the antinodal direction
of the double layer Bi cuprate (Pb,Bi)2212. At the M point this additional excitation
is separated from the antibonding excitation by approximately 15 meV. It was further
demonstrated in the previous section that the determination of the temperature depen-
dence of the spectral weight close to the Fermi surface as done by other groups®16° is
ambiguous. The measurements conducted within this work revealed that the tempera-
ture dependence of the spectral weight at the Fermi surface clearly differs when varying
the photon energy, and thus, the matrix elements of antibonding and bonding band.
Within the present work the binding energy region of the sharp peak emerging at low
temperatures was defined at such a low temperature where the sharp peak is strongest.
The spectral weight of this region was then investigated in its temperature dependence.
Since the existence of an additional emission close to the Fermi surface has been shown,
it can be assumed that the studied binding energy region contains mainly this additional
emission and hence, primarily the temperature dependence of this additional excitation
is studied. In optimally doped double layer (Pb,Bi)2212 the spectral weight close to
the Fermi surface has been found to decrease with increasing temperatures up to T..
Above T, it enters a plateau which ends presumably at a temperature higher than the
pseudogap temperature T*. Then this spectral weight totally vanishes.

In the beginning of this chapter the occurence of a sharp emission additional to the
expected main band in the single layer cuprate (Pb,Bi)2201 was introduced. This sharp
emission occurs close to the Fermi surface in the antinodal direction. It is separated from
the main band at the M point by approximately 16 meV. This separation becomes larger
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6. The sharp peak in ARPES of (Pb,Bi)2212

towards the I" point. Furthermore, the sharp emission decreases in intensity coming from
low temperatures and going towards T, but clearly persists up to temperatures above
T,. It vanishes at temperatures around the pseudogap temperature T*.

6.4 Discussion and interpretation of results

In the following the physical origin of the additional excitation in double layer Bi
cuprates, but also of the sharp emission found in single layer Bi cuprates, shall be
explored. In section 1.2.3 the very complex phase diagram of the cuprates was laid out.
Proposed models for superconductivity, some of which were introduced in section 1.3,
have to account for this phase diagram and can only be experimentally probed by verify-
ing predictions of changes of experimental parameters when crossing temperatures that
separate different phases. In this regard, the ARPES results presented in the last sections
shall be discussed especially in the context of the theory of charge inhomogeneity which
derives high temperature superconductivity from a model of fluctuating stripe order.
First, this model shall be briefly revisited focusing on predictions the model makes for
observations in ARPES. Furthermore, some existing experimental evidence for stripes
in cuprates is stated to put the application of this theory on more practical grounds.
Then the ARPES results obtained within the present work will be interpreted in terms
of the stripe model. In the end of this section, the arguments of BCS-like models that
see evidence for a bosonic coupling mode in the peak-dip-hump structure will be briefly
commented on, especially, from the view of the existence of the additional excitation in
double layer Bi cuprates and the sharp emisison in single layer Bi cuprates.

Fig. 6.11(a) shows the phase diagram for the stripe model™. similar to the expla-
nations given in section 1.3 superconductivity occurs below a pairing scale, here iden-
tified with the pseudogap temperature T/ ., and a scale of phase coherence, which is
given as T3, in the figure. Furthermore, there exists the temperature T, . below
which stripe order forms. Recently, experimental evidence of static and dynamic stripe
ordering in cuprates has been found using different methods. For instance by trans-
port measurements in underdoped Lag_,Sr,CuO4'88, by elastic neutron scattering in
Lai g2—eNdg.4Sr, CuOy4 89190 and elastic neutron scattering in YBCO !, as well as sev-
eral others®®. It also seems the case that the whole magnetic spectrum in cuprates can
best be explained when assuming stripe ordering. For a review concerning this last point
see Tranquada™. Last not least, recent ARPES measurements on the single layer Bi
cuprate (Pb,Bi)2201 conducted by our group!?? are supportive of static stripe ordering
at a hole doping level of 1/10. Since the above mentioned reviews discuss the matter in
great detail, it shall only be added here that static stripe order seems to destroy supercon-
ductivity, while dynamic stripe order, or fluctuations, are needed for high temperature
superconductivity. But, dynamic stripe order is harder to detect, and so far has mostly
been infered to exist by measurements of the magnetic excitation spectrum”®8. Upon
entering the stripe phase, the system becomes quasi-one-dimensional and spin-charge
separation is expected to occur. Because of this effect, there are no Fermi liquid-like
quasiparticle excitations. The spectra close to the Fermi energy are broad and incoher-
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Figure 6.11: (a) Phase diagram T(x), with x being the hole concentration, for the stripe model
of high temperature superconductivity. Stripes appear below T, . ., pairing starts below T}, ;.
T3p marks the crossover from two- to threedimensionality. Below T} ;. and T3 the supercon-
ducting state emerges. Figure taken from Carlson et al. . (b) Spectral function A below (full
line) and above T, (dashed line) as given in Carlson et al. . The energy scale is given in units of
the spin gap A5 which opens below T} ;.. While above T. the excitations are incoherent, below
T. a sharp quasiparticle peak emerges (shown by the arrow). The incoherent part gets pushed

to lower energies and a peak-dip-hump structure develops.

ent. Furthermore, away from the Fermi surface two emissions become observable, one
dispersing with the velocity of the holon and one with that of the spinon. When enter-
ing the superconducting state the system becomes three-dimensional because of phase
coherence. Thus, below T, quasiparticles reminiscent of normal electrons appear ">193.
Hence, there will be a rapid increase of the spectral weight, when crossing T.. However,
since the gap already opens below T} ;.. the energy position of the excitation will not
change considerably when crossing T.. The same holds for the peak width. The changes
in the spectral function at the Fermi energy when entering the superconducting state as
theoretically treated by Carlson et al. !9 are illustrated in fig. 6.11(b). Above T,, there
is the incoherent spectrum which dramatically changes below T. to a peak-dip-hump-
like structure. The peak, symbolized by the arrow in the figure, contains the coherent
spectral weight, while the incoherent part is pushed to higher energies into the hump
structure. Between the two a dip develops. All these predictions are in strong contrast
to the situation within the BCS meachanism. There above the superconducting state
the system is a Fermi liquid. Hence, there are well defined quasiparticles above and
below T,, and the spectral weight does not change rapidly when crossing T.. But, the
superconducting gap opens below T.. Therefore, the energy and the scattering rate of
the quasiparticle is expected to change abruptly.

Now, it shall be explored to what extend the ARPES measurements conducted within
the present work fulfill those predictions. First, the existence of the different temper-
ature scales will be explored. These are T., T*, and T% if T* . is identified with

stripe’ pair
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the pseudogap temperature T*. Furthermore, for the optimally doped double layer Bi
cuprate and the slightly overdoped single layer cuprate of which the temperature depen-
dence of the spectral weight at the Fermi surface has been studied, T%, can be set to T..
Only in highly overdoped samples the crossover to three-dimensionality may occur above
T, as can be seen in fig. 6.11(a). In addition, it shall be noted here that with rising
doping the distance between T* and T* becomes smaller. It is, thus, expectable that

stripe

T* and T§,,,,. lie very close together for the slightly overdoped sample.

As discussed above, the spectral weight in the double layer Bi cuprate (Pb,Bi)2212 was
found to steadily decrease with rising temperatures until T, is reached, above which it
enters a plateau. This is conform with the predictions of a marked change of the spectral
weight when crossing T.. Although the single layer Bi cuprate has a much lower T, than
the double layer such a decrease in spectral weight is also indicated. Furthermore, there
is a second temperature scale visible at much higher temperatures than T, in the double
layer Bi cuprate. Namely,the point where the plateau ends, and the spectral weight
again decreases. This temperature cannot be exactly quantified, but, was found to be
around or above the pseudogap temperature T*. Thus, it may correlate with changes
occuring upon crossing Tf;,;,. of the phase diagram in fig. 6.11(a). Because of the few
data points the behavior of the spectral weight in the single layer Bi cuprate (Pb,Bi)2201
is not as clear. In any case, the spectral weight is decreasing with rising temperature.
How rapid the change above T, is, cannot be judged, but, the sharp peak persists to
temperatures far above T,., presumably up to T*. As was mentioned above, for this
slightly overdoped sample T* and Tg,, ;.. lie very close together, and can probably both
be identified.

Within this interpretation, the sharp emission found in the single Bi cuprate (Pb,Bi)-
2201 and the additional excitation observed in the double layer Bi cuprate (Pb,Bi)2212
have a different origin below and above T.. Below T, they represent the coherent part
of the spectral weight of the quasiparticle emerging upon reaching phase coherence and
concomitant entrance into the superconducting state. Assuming, the temperature where
the spectral weight totally vanishes above T* is the temperature of stripe formation

stripe» the occurence of two excitations instead of the one expected from band calcu-
lations may be the signature of spin-charge separation. For the single layer Bi cuprate
(Pb,Bi)2201 this interpretation was already also explored by Janowitz et al. 2. The two
dispersions measured above T scale with a factor of 2.7 which may be a realistic scaling
factor for the spinon and holon dispersion %4, However, the sharp emission has been
shown to exhibit an unusual polarization dependence (sec. 6.2), which would in this
context imply differing polarization dependencies of the spinon and holon excitation.
According to the derivations of section 6.1, this would mean their wave functions have
to be of differing symmetry. If this is possible, remains to be answered by theory. So far
no theoretical treatments of this problem have come to my attention. But, within the
above given interpretation a differing polarization dependence should be forbidden below
T. since sharp and broad feature are here accounted for by the PDH structure of one and
the same quasiparticle excitation. Out of the same reason, there may also be a change
in the dispersion of the two features below T.. Hence, polarization dependent measure-
ments below and above T, are needed. Within the double layer Bi cuprate (Pb,Bi)2212
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the temperature region above T, is harder to explore because of the high T. and the
resulting temperature broadening. Here, the single layer Bi cuprate with its low T, is
a much better candidate for studying dispersions and polarization dependencies. The
double layer Bi cuprate, however, is the drosophila of ARPES in high T, cuprates. This
is on the one hand because of the easy cleaving between the adjacent BiO layers which
are only van der Waals bonded, and on the other hand because it could be synthesized
with sufficient sample quality earlier than the single layer Bi cuprate. Hence, in order to
reach a clear and uniform picture, it will always be necessary to validate findings made
in the single layer Bi cuprate also on the double layer Bi cuprate and vice versa, as has
been done within this work.

At this point it shall be commented that within the stripe model of high temperature
superconductivity the coherent spectral weight is expected to scale with the superfluid
density ™. Thus, it should not only rapidly increase below T, but also scale with hole
concentration as the superfluid density. Such a scaling supportive of the stripe model
of superconductivity has been found by Feng et al.?? and Ding et al.'®> as mentioned
in the previous section. There it has also been discussed that this scaling should hold
when it is done for all samples at the same experimental conditions, even though the
extraction of spectral weight as done by Feng et al.® has been shown to be ambiguous.

It shall also be added here that after the proposal of the RVB state for the cuprates®?
it was suggested that the RVB state may lead to spin-charge separation'?>. But, groups
studying the RVB theory seem not to follow this idea!6:197. However, also within
the RVB theory there exists a coherence temperature that rises with increasing hole
concentration similar to T3, in the stripe model (see also sec. 1.3). Hence, while the
observation of signatures of spin-charge separation may be ambivalently discussed within
the RVB theory, the emergence of quasiparticles below T, marked by a rapid increase
in spectral weight is also supportive of this theory %6197 as well as the scaling of the
spectral weight with hole concentration8%-165

Finally, the observations shall also be discussed within BCS-like models that look for
a bosonic pairing mode. As discussed in section 1.3, this does not have to be a phonon
as in BCS theory, but could also be a magnetic mode. According to quasiparticle theory,
interactions of the quasiparticle with collective modes can be accounted for by the self-
energy similarly to eq. (3.10). The specifics are illustrated in fig. 6.12. At the mode
energy the imaginary part of the self energy will become a step-like function, and the
real part will exhibit a cusp. According to section 3.3 and eq. (3.10), this results in
the spectral function acquiring a peak-dip-hump lineshape (PDH), with the dip at the
mode energy. Furthermore, the real part of the self-energy rescales the non-interacting
dispersion, which leads to a kink in the dispersion at the mode energy in the vicinity of
the Fermi energy.

Very recently, the emergence of a sharp emission similar to that reported in section 6.2
has been observed by Wei et al. 1% in the antinodal region in single layer Bi2201. Hence,
close to the Fermi surface the lineshape consists of a sharp emission at lower binding
energy and a broader one at higher binding energy. Although this was not clearly stated
by Wei et al.'%?, it can be deduced from the data presented in the cited publication
that the broad emission shows the dispersion of the main band. Close to the M point,
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Figure 6.12: Coupling of electrons to a collective mode. Figure taken from Johnson and Valla1%%.

(a) Collective mode given by an Eliashberg function o®F which is represented in this simple
picture by a Gaussian at the mode energy wy. (b) The imaginary part of the self-energy ¥ will
become a step function at the mode energy, and (c) the real part of the self energy ¥ will exhibit
a cusp at the mode energy. (d) The resulting spectral function will show a peak above, and a
hump below the mode energy. At the mode energy will be a dip. (e) In the vicinity of the Fermi
energy there will be a kink-like feature in the dispersion of the quasiparticle.

the two features are almost inseparable. Fig. 6.13 shows two spectra close to the M
point of optimally doped single layer Bi2201 from Wei et al.'%. Cut number 8 (on the
right og fig. 6.13) shows the dispersion of the band when crossing the Fermi surface
in the antinodal region at the Brillouin zone boundary. An almost dispersionless sharp
peak is observed which is deduced to consist of peak and hump since at this point peak
and hump are almost inseparable. No kink is present. In cut number 5 (on the left of
fig. 6.13) the band is still further away from the Fermi energy. Hence, the hump can be
observed to disperse towards the Fermi energy. It is notable that the sharp emission close
to the Fermi energy in cut number 8 shows again almost no dispersion. If disregarding
the existence of the sharp emission, one could actually jump from the dispersion of the
broad emission into the position of the sharp emission, and thus, easily create a kink.
The two separate features, however, do not exhibit kinks. Hence, the broad and sharp
emission found in single layer Bi cuprates forms a PDH lineshape, but, no kink could be
observed. This, however, implies that the PDH lineshape, and hence, also the splitting
into sharp and broad emission as discussed above, cannot be accounted for by the model
of coupling to a collective mode or the dressing of charge carriers.

The peak-dip-hump (PDH) lineshape in the antinodal region of the double layer Bi
cuprates has often been interpreted in terms of coupling to a bosonic mode, and also the
observation of an antinodal kink has been claimed in this material?’®293, The different
groups argue about the mode being phononic or bosonic. For the respective arguments
the reader can refer to reviews!'%9. Because of the complexity of the lineshape due to
bilayer splitting effects in double layer cuprates, the extraction of intrinsic effects is very
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Figure 6.13: Energy distribution maps of ARPES measurement at T=20 K of an optimally doped
single layer Bi cuprate Bi2201, T.=34 K. The measured region is indicated in the sketch of the
Brillouin zone on the left.

complicated, as has been discussed in depth in previous sections. In most investigations
of possible kinks in the dispersion the lineshapes of bonding and antibonding band have
only been distinguished by deduction. These publications report ARPES measurements
at 20-22 eV where both bands are rather strong. Hence, an experimental separation or
at least a cross check was not conducted. Only Kim et al. 2% claim to have observed a
PDH lineshape and kink of the bonding band in the antinodal direction by exploiting the
dependence of the matrix elements of bonding and antibonding band. They conducted
ARPES measurements at photon energies of hv=38 eV where at the M point the bonding
band is strong, but the antibonding band still present, and hvy=>50 eV, where at the M
point mainly the antibonding band is present. Subsequently, the bonding band was
extracted by substracting the 50 eV spectrum from the one taken at 38 eV photon
energy. Besides problems on normalization when substracting spectra, the exploitation
of matrix element effects away from the I'M direction is questionable. Detailed lineshape
analysis of changes in the matrix element with photon energy has so far only been
conducted exactly at the M point %7 which was also verified within the present work.
Also, calculations!3® of the photon energy dependence of bonding and antibonding band
showed the dependence on the location in the Brillouin zone. The method of substraction
has to be further questioned in light of the observation of an additional excitation close
to the Fermi energy in the antinodal direction in the double layer Bi cuprate (Pb,Bi)2212
discussed in the previous section. If the additional excitation reported in the previous
sections, actually is connected to the antibonding band, the bonding band will with
high probability exhibit a similar behavior. This excitation additional to the bonding
band may not be observable along I'M where the bonding band is further away from the
Fermi energy and rather broad. But, Kim et al.?%3 investigated the bonding band off
the I'M direction close to its Fermi surface crossing. If on the other hand, the additional
excitation is independent of bonding or antibonding band, it may even have a different
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dependence on photon energy than bonding and antibonding band at different k points.
And lastly, the argument of creating a kink when actually observing two emissions that
was given in connection to the spectra of the single layer Bi cuprate from Wei et al. %9
holds also here. Regarding the interpretation of the lineshape in Bi cuprates in terms
of coupling to a collective mode in the antinodal direction, it can be summarized that
the observations of a PDH and a kink in the dispersion of double layer Bi cuprates is
equivocal, because of the complex lineshape due to bilayer splitting and the observation
of the additional excitation close to the Fermi surface.

Summarizing, it can be stated that the ARPES results obtained within this work can
be explained within the stripe model regarding the observed temperature dependence
in the single and double layer Bi cuprates and the dispersion of the sharp emission in
the single layer Bi cuprate above T.. The PDH lineshape resulting from the splitting in
sharp and broad emission in single layer Bi cuprates cannot be explained within a mode
coupling scenario. In double layer cuprates the interpretation of spectra with a bosonic
coupling mode seems at least equivocal.
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Within this PhD work the specific variation of matrix elements has been used to obtain
spectroscopic evidence that looks beyond aspects of the electronic structure of high-T.
cuprates that are commonly regarded as established. Particularly, defined polarization
settings within the CuQOs plane revealed an unexpected polarization dependence in x-
ray absorption that challenges the sufficiency of commonly used single-band models for
describing the electronic structure of cuprates. Furthermore, the defined variation of
the photon energy in angle resolved photoemission enabled to distinguish between the
bilayer split bands. This in interplay with selective polarization settings paved the way
to observe an emission additional to the ones derived by conventional quasiparticle-like
theories in double layer Bi cuprates. Thus, differing previous observations on the single
and double layer Bi cuprate could be reconciled.

Varying the polarization vector of the incoming light within the CuO4 plane revealed
an unexpected in-plane polarization dependence in x-ray absorption that shows signa-
tures of the axial hybrid orbital®®. Axial refering here to the derivation of the electronic
structure by incorporating orbitals perpendicular to the CuOs plane and, thus, going
beyond the normally infered two-dimensionality of the cuprates. Furthermore, samples
with doping levels covering almost the whole superconducting dome have been investi-
gated. Thus, it could be confirmed that the model of spectral weight transfer between
Zhang-Rice-singlet and upper Hubbard band captures the basic features, however, also
supporting evidence for a possible breakdown of the Zhang-Rice-singlet picture in the
overdoped regime could be found. Hence, the observation of signatures of the axial hy-
brid orbital also within the plane, emphasize the need to keep the surrounding of the
CuOg2 plane in mind, when discussing the cuprates. Moreover, the systematics over the
superconducting dome shows that simplified single-band models of the strongly corre-
lated charge-transfer insulator may not fully describe the electronic structure.

By exploiting the differing photon energy dependence of the matrix elements of bond-
ing and antibonding band in angle resolved photoemission, both bands could be exper-
imentally distinguished. Thus, the characteristics of the antibonding band only could
be investigated and compared to the measurements on the single layer Bi cuprate. The
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emergence of an excitation additional to the antibonding band which seems to be con-
nected to the antibonding band could be shown in the double layer Bi cuprate. This
additional excitation relates to the previous report of a sharp peak in the single layer
Bi cuprates!1:12168,169 The observation of this additional excitation and its character-
istics enabled to derive a unified picture of the temperature dependence of the spectral
weight close to the Fermi surface in the antinodal direction in single and double layer
Bi cuprates. But, also differing observations of renormalizations in the dispersion close
to the Fermi surface in the antinodal region could be reconciled. The spectral weight
close to the Fermi surface, and thus the additional excitation in double layer Bi cuprates
and the correspoding sharp peak in single layer Bi cuprates could be shown to persist at
least up to the pseudogap temperature T*, presumably even higher. These observations
could be most consistently explained within the model of electronic inhomogeneity in
cuprates where high temperature superconductivity is derived from stripes.

It is undisputed that strong correlations play the essential role in the physics of the
cuprates. But, simplified views of the charge-transfer insulator focussing on the two-
dimensional CuOs plane alone probably fail to provide details that may be essential
for understanding the cuprates. The results obtained within this thesis can be in their
entirety best explained within the model of “dynamic inhomogeneity induced pairing”
that derives superconductivity from stripe ordering.
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