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Summary

After the discovery of high temperature superconductivity in the La-(Ba,Sr)-Cu-
O compound by Bednorz and Miiller in 1986 a variety of other superconducting
materials have been found with even higher 7.’ s. Most of them contain copper-
oxygen planes which are responsible for the superconducting properties. During
the years the critical temperature steadily climbed up, where the highest T,
reached so far is more than 160K. It scales with the number of CuO, planes
n with its maximum for n=3 and can be tuned by doping and applying pressure.

Despite the fact that the critical temperature could be tremendously increased
since the beginning of the high 7, research, the pairing mechanism is still not
understood. The puzzling physical problems in these kind of materials are not
fully solved, a fact also hindering industrial applications, which are still far away
from the expectations of the late eighties.

In conventional superconductors, the pairing of electrons to Cooper pairs is
mediated by the exchange of phonons, which can be quantitatively described
within the BCS theory introduced by Bardeen, Cooper, and Schrieffer. In high 7,
materials, however, superconductivity cannot be traced back to electron-phonon
coupling, even when the BCS theory is extended to anisotropic systems. Nev-
ertheless, the role of the phonons turned out to be important, therefore lattice
effects have to be investigated in detail in order to get more insight into the
nature of superconductivity.

This work focuses on the investigation of the interplay between the electronic
properties and lattice effects in high 7, compounds. A major part of the thesis
is dedicated to Raman scattering which contains important information, about
the electronic subsystems, the lattice properties, and their interplay. In terms of
materials, YBay;Cu3O7 and the Hg-based superconductors (termed the Hg-family)
are studied. The former one has been the first superconductor which could be
cooled by liquid nitrogen (7, =93K) and is one of the most investigated materials.
For this compound the effect of site-selective isotope substitution is investigated
in detail. It turned out that not only the phonon frequencies are modulated
by the replacement of an atom with its isotope, but also the Raman intensities
are strongly influenced. Moreover, phonon frequencies and eigenvectors of zone-
boundary phonons have been determined providing a basis for the assignment
of experimental data and a starting point for the calculation of electron-phonon

v
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coupling.

The Hg-family is one of the most fascinating systems, one reason being the
fact that the three-layer representative holds the world record in T.. At the
same time HgBaCuO, exhibits the highest critical temperature among the single-
layer cuprates. But maybe most important, all three different effects influencing
the superconducting properties, namely doping, pressure, and the number of
copper-oxygen layers can be studies within one family of compounds. For these
reasons a systematic study of the electronic properties and Raman spectra has
been performed for four members of HgBayCa,, 1Cu,0Oy, 2, namely Hg-1201,
Hg-1212, Hg-1223, and Hg-1234, which stand for the one- two, three, and four-
layer compounds, respectively. Hereby band structure, total and site-projected
densities of states, and Raman spectra as a function of pressure are discussed and
the changes in theses properties are explained when adding additional structural
elements (copper-oxygen and Ca layers). For the simplest representative, Hg-
1201, the role of oxygen doping has been studied in detail revealing a clear picture
of how doping and the charge carriers (holes) in the CuO, planes are related to
each others. This is an important fact since so far most of the models dealing
with the superconducting mechanism take the hole concentration rather than the
doping level as a starting point.
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Chapter 1

Introduction

After the discovery of high temperature superconductivity by Bednorz and Miiller
in 1986 in the La-(Ba,Sr)-Cu-O compound a variety of other superconducting
materials have been found with even higher 7,.” s. Most of them contain copper-
oxygen planes which are responsible for the superconducting current. During the
years the critical temperature steadily climbed up, where the highest 7, reached
so far is more than 160K. It scales with the number of CuQOs planes n with its
maximum for n=3 and can be tuned by doping and applying pressure.

Despite the fact that the critical temperature could be tremendously increased
since the beginning of the high T, research, the pairing mechanism is still not
understood. The puzzling physical problems in these kind of materials are not
fully solved, a fact also hindering industrial applications, which are still far behind
the expectations of the late eighties.

In conventional superconductors, the pairing of electrons to Cooper pairs is
mediated the by exchange of phonons, which can be quantitatively described
within the BCS theory introduced by Bardeen, Schriefer, and Cooper. In high 7T,
materials, however, superconductivity cannot be traced back to electron-phonon
coupling, even if the BCS theory is extended to anisotropic systems. Nevertheless,
the role of the phonons turned out to be important, therefore lattice effects
have to be investigated in detail in order to get more insight into the nature
of superconductivity.

For more than a decade after the discovery of high-temperature superconduc-
tivity by Bednorz and Miiller [1], its mechanism is still not understood despite of
the success in finding materials with very high transition temperatures up to 160
K. The first high-T, compound La-(Ba,Sr)-Cu-O contained CuOq-layers, which
should remain a characteristic for most high-7,.” s. It was also found out that
the transition temperature can be varied via doping and applying pressure. Over
the years many theories have been developed. Some theories favor spin fluctu-
ations for the pairing mechanism. Another approach, as already mentioned, is
that the theory of conventional superconductivity could be extended in order to
explain the high-temperature superconductivity. In the following a short history
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of supercondivity is given, followed by the motivation for this work.

1.1 The History of Superconductivity

The year of birth of superconductivity was in 1911, when H.K. Onnes [2] inves-
tigated the temperature dependence of the electrical resistivity (R) of mercury.
Despite his expectation of a continuous decrease of R he found that at a certain
so called critical temperature (779 = 4.2K) the electrical resistivity of mercury
vanished completely. He concluded that he had found a new state, which he
called superconducting state [3]. The disappearance of the electrical resistivity
should not be the only characteristic of this new state.

In 1933 Meissner and Ochsenfeld [4] showed, that up to a critical external
magnetic field H, a superconductor behaves like a perfect diamagnetic material,
which means that it repels a magnetic field from its interior. This discovery also
served as a starting point for a thermodynamical macroscopic description of the
superconducting state.

After this it took nearly twenty years until a commonly accepted microscopic
theory for the superconducting phenomenon was established. In 1957, Bardeen,
Cooper and Schrieffer (BCS) were able to describe all experimental facts by
introducing an interaction between metal electrons via the exchange of virtual
particles (phonons). This attractive interaction makes two electrons with oppo-
site momenta and spins form a new bosonic particle named a Cooper pair, and
this change in the particle’s character is the explanation for superconductivity.
Within this approach it was now possible to explain the superconducting state
as a macroscopic quantum phenomenon, where the Cooper pairs are the charge
carriers, all in the same coherent state. Furthermore it is presumed that the
electrons can only interact with the crystal lattice if the Cooper pair is broken,
and that is what happens at or above 7.

A fundamental experiment which directly shows that the interaction leading
to superconductivity has its origin in lattice vibrations, as claimed in the BCS
theory, is the very well known isotope effect. With this experiment it was shown,
that the superconducting effect not only depends on the electronic properties but
also on the nuclear masses of the atoms building up the crystal. According to
the BCS theory 7, should be proportional to M~'/2 (M being the atomic mass),
an expectation which was proven very impressively by Maxwell [5] and Lock,
Pippard and Shoenberg [6] for tin.

Although superconductivity was then understood in principle, it stayed a low
temperature phenomenon until 1986 [1]. Before that time only materials with
T, up to 30 K had been known. Shortly after, however, several complex com-
pounds, most of them containing CuO, planes (cuprates), have been found with
transition temperatures ranging from 30 K (La;g;Bag.15CuQOy) [1] up to 160 K
(HgBayCayCuzOgy4) [7,8]. By entering the temperature region of liquid nitrogen
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(Ts = 77 K), first realized by YBayCuzOy, the cooling was much cheaper and
easier to handle compared to liquid helium. All the cuprates are pronounced type
II superconductors, what means that in contrast to superconductors of type I, the
upper critical magnetic field, which completely destroyes the superconductivity
is very high. This is a feature which makes them qualified to serve as materials
for generating high magnetic fields. Thus the door for new technical applications
of the superconducting phenomenon was opened. Now we can e.g. look at su-
perconducting magnetic coils producing very strong magnetic fields or SQUIDS
based on the new type of superconductors.

But everything in life has its prize: Within the BCS-theory such high transi-
tion temperatures cannot be explained with a phononic interaction as the pair-
ing mechanism for the Cooper pairs. So in the case of these so called high-
temperature superconductors the microscopic theory has to be extended, modi-
fied or changed for gaining insight into the superconducting mechanism in these
materials. Only a deep understanding will help to design new materials with even
higher T,’s.
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1.2 Motivation and Purpose of this Work

The principle problem someone faces when starting to investigate the physical
properties of high-temperature superconductors is that most of them have a very
complicated crystal structure with many (up to 20) crystallographically different
atoms in their unit cells. As a consequence, the theories, which have excellently
worked in the description of the physical and superconducting properties of simple
metals and compounds seem not to record sufficiently what is going on in high-7,
materials. Nevertheless, the existence of Cooper pairs as the carriers of the super-
current in high-T, materials like in YBayCu3O7 [9] is well established. The first
attempts in explaining the high-temperature superconducting phenomena was to
modify the pictures which have been applied to describe the superconducting
effect in low-temperature superconductors by taking into account the anisotropy
and the complex crystal structure of those materials. It has been a challenge
to clarify, whether extensions of the BCS-theory, which take into account the
complicated band structures and the great anisotropy of those materials, were
able to lead back the effective electron-electron interaction to an interaction via
phonons. This is, however, a complicated task since analytic expressions for the
superconducting critical temperature, the superconducting gap, etc. can only be
derived in case of a simple Fermi surface with nearly constant density of states
around the Fermi level. These are requirements which are by far not fulfilled in
high-T, compounds. Such theoretical studies have shown that in case of compli-
cated band structures also high transition temperatures (7, ~ 100 K) mediated
by electron-phonon interaction could be expected [10-12].

Nevertheless the major part of the scientific community favors a different pair-
ing mechanism, where magnetic fluctuations seem to be the most likely scenario,
but the phonons still could play an important role. Recent publications propose
a model where the interplay between electron-electron interaction and lattice
effects plays a leading role in the explanation of high-temperature superconduc-
tivity [13], and it is claimed that the part of the phonons is even undeniable [14].
Thus electron-phonon coupling and the role of the lattice have been always sub-
ject of investigations since the discovery of high-T, superconductivity. Results of
these studies indicated the importance of the coupling of electrons to the lattice
in the normal state as well as a significant relation between phonons and the
superconducting transition.

In the following some experiments (see Reference [15]), which emphasize the
existence of strong electron-phonon coupling in high-7, materials are given. How-
ever, it should be noticed here again that these experiments are not a proof for
electron-phonon interaction being the pairing mechanism.

1. Inelastic neutron scattering experiments have shown a great change in the
phonon density of states between the insulating YBasCu3Og and the super-
conducting YBayCuzO7 [16].
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2. Investigations of the Raman effect in YBayCu3O7 have revealed, that strong
electron-phonon interaction leads to changes in the phonon frequencies at
the transition to the superconducting phase [17,18].

3. The measurement of the thermal conductivity of YBayCuzO7 has yield a
remarkable electron-phonon interaction [19].

A deep understanding of physical phenomena always requires an interplay
between theory and experiments. For this reason detailed theoretical studies
have to be carried out in order to analyze existing experimental data and to gain
information to guide further measurements. It turned out that first-principle cal-
culations describe the properties of high-T, cuprates very accurately close to op-
timal doping, were those materials demonstrate good metallic behavior. Further
experience showed that the best agreement with experimental data is achieved
when the crystal structure is optimized theoretically, i.e. when unit cell volume,
axes ratios and atomic positions are obtained by searching for the lowest total
energy [20]. Thus most of the calculations in this work were performed within
the optimized crystal structures (see Chapter 8).

1.3 YBayCu30; and the Mercury Family

This work focuses on the investigation of phonons and lattice effects in high-
temperature superconductors, in particular YBay;CuzO7 (YBCO7) and the HgBas,
Cay,—1Cu, 094945 compounds, which in the following will be called the Hg-famuly.
The first part will deal with phonons and Raman spectra in YBay;Cu3zO7. Special
attention will be paid to the effects of site-selective isotope substitution on the
vibrational frequencies and Raman intensities. In the second part the electronic
structure and lattice vibrations of the Hg-family will be discussed in detail. These
properties are investigated as a function of composition (number of CuO,-layers),
pressure, and oxygen doping.

All the high-T, materials have a close relationship with the Perovskite struc-
ture. The most important structural elements of the cuprate superconductors are
CuO, layers, the number of which varies between one and five in different unit
cells and governs the critical temperature. In YBay,CusO; there are two CuO,
layers in the unit cell with a 7T}, of 93 K. In the mercury family, crystals up to five
CuO, layers can be synthesized [21] where the maximum 7, of 136 K is reached
for n = 3. The heavy elements, like Ba, La, Y, Hg, etc., which are present in
all these materials are assumed to serve as charge reservoirs and to stabilize the
crystal.

A further characteristic of high-temperature superconductors is the fact, that
in most of these materials the normal-state carriers are holes. The holes are
mainly located at the CuQO; layers, which are made responsible for the supercon-
ducting state. In the normal state the conductivity parallel to the CuO,-planes
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is substantially greater than the conductivity normal to the planes [22], what
is also a sign of the already mentioned anisotropy of these materials. In both
compounds under investigation, the concentration of holes in the CuQO, planes
can be enhanced via oxygen doping and in this way 7, can be controlled.

1.4 Phonons and the Raman Scattering Process

As already indicated, the electronic and the superconducting properties of YBCO
and other high-7, materials are governed in principle by their crystal structure,
which implies the lattice constants as well as the particular atomic positions in the
unit cell. If the ions are displaced from their equilibrium positions the increase of
the total energy is associated to lattice forces acting on the nuclei and forcing them
to move back. The displacements result then in lattice vibrations, which lead to
changes in the electronic structure due to the strong electron-phonon coupling
in these compounds. When an electromagnetic wave propagates through the
crystal, its frequency is changed due to the modulation of the dielectric tensor
caused by the time-dependent ionic displacements. This frequency modulation by
lattice vibrations results then in inelastic light scattering, usually called Raman
scattering.

Since Raman scattering is determined by the influence of the ionic motions
on the electronic states in a wide energy range, Raman spectroscopy provides
valuable informations on both, the lattice properties as well as the electronic
subsystem. The total energy and the dielectric tensor as a function of the atomic
coordinates required for the theoretical description of the Raman spectra can
be obtained by first-principle band structure methods within the frozen-phonon
approach based on the Born-Oppenheimer approximation.



Chapter 2

The Dynamics of the Crystal
Lattice

The present chapter is dedicated to quantized lattice vibrations, which are im-
portant in describing the Raman scattering process. After a short discussion of
the Born-Oppenheimer approximation, an introduction to phonons, symmetry
considerations and normal modes will be given. At the end of this chapter some
fundamental group theoretical formulas are presented in order to provide a tool
for carrying out a factor group analysis.

2.1 The Born-Oppenheimer Approximation
The exact Hamilton operator of a crystal can be written in the form
H = Hy(7) + Hia(R) + Heyyur (7, R), (2.1)

where 7 and R denote all the coordinates of the electrons and nuclei, respectively.
The operators ﬁel and ﬁlat contain the corresponding kinetic and potential en-
ergies, whereas ﬁel,m describes the interaction between the electrons and the
nuclei. The solution of this many-body problem is only possible with the help of
some approximations. As a first step one may consider the different masses of
electrons and nuclei. Since electrons have a much higher velocity than the heavy
nuclei they are able to follow adiabatically the changes in the atoms positions. As
a consequence, it is possible to calculate the electron distribution and the total
energy of the crystal, for a fixed configuration of the atomic coordinates R

A

Hel(F) + I:Iel,lat(f"; ﬁ) wel(ﬁ ﬁ) = Eel(ﬁ)¢el(F: R) (22)
This so-called adiabatic approximation was first suggested by Born and Op-

penheimer [23,24]. Equation (2.2) can be solved for different sets of atomic
coordinates and thus the total energy as a function of the atomic positions is

7
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known. This energy surface Eel(ﬁ) serves as a contribution to the potential for
the Schrodinger equation of the lattice vibrations

[Hit(R) + Ea(R)|Y1at(R) = Erarthiar(R). (2.3)

The advantage of this approach for the investigation of lattice dynamics lies in
the fact, that the movement of the electrons can be ignored and only the motions
of the ions have to be taken into account. In the following we assume that the
requirements of the Born-Oppenheimer approximation are fulfilled.

2.2 The Harmonic Approximation

In a part of a crystal consisting of N elementary cells, each containing r atoms,
the nuclei in their equilibrium positions are specified by vectors written as

—

R,m = Rn+ﬁm m=1,...,r

Rn = nlc'il + 7126_1:2 + ngag, n,n; = 1, ceey N (24)
Rm = mlc_il + mgc_ig + mgc_ig, 0<m; <1.

Here R, points from an arbitrary origin to the center of the n-th elementary cell
and R,, points from that center to the m-th ion within this cell. The kinetic
energy of this system is given by

T = Z (88””“)2, (2.5)

nmai

where s,,,; describes the displacement of the m-th ion in the n-th unit cell along
the component i, and M,, specifies the mass of the m-th ion. If the potential
energy of this system is now expanded with respect to powers of s,,,; one obtains
the expression

ow (z
W(t) = nm + Z ( ) Snmi +
F={Rnm}

0s
nmi nmi

)
5 nmion'm'i’ ot 2.6
Z (asnmzasn Il _ SnmiS * (26)
Z={Rnm}

n' m’ il

In this expression & describes the actual positions of all the ions at time ¢. The
first part of equation (2.6) is the potential energy of the crystal in its equilibrium
(with respect to the displacements of the ions). The expansion coefficients ap-
pearing in the second term describe the force in direction 7 acting on atom m.
For the equilibrium position it follows that
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The third term may be written in the form

1 i ;!
Py Z ) SnmiSn'm/i = 3§ Z (I)ZT;T; ! Snmisnlmlil.(2.7)
aSnmzasn 'm/! ¢ j‘:{fé } 2

nmi

n’m’z’ n!m!i’

(2.8)

Since the harmonic approximation is used in the further considerations terms of
higher orders are neglected. If it is assumed now that a crystal is a conservative
system the symmetry relation [25]

! 157

T = Py, (2.9)

nmai n'm!v

can be derived and Newton’s equation of motion for the nm-th ion in direction %
can be obtained

Mmsnmz = Z (I)z’r:gl’sn m'i (210)

n'm/'+

The matrix element ®"™7% (force constant) describes the fact that a force in
direction 7 on the ion (nm) is caused by the ion (n'm') displaced along the i’ axis.

Taking into account the effect of an infinitesimal translation and rotation
of the crystal, more symmetry relations of ®”™% can be derived. Regarding,
additionally, the symmetry of a special lattice the differential equations (2.10)
may partly decouple.

A time periodic solution of equation (2.10) can be found via the ansatz

1

—iwt
Unmi€ 2.11
Vi, —

Snmi (t) -

leading to the eigenvalue equation

w2unmi = Z Dgnzr; ¢ Un'm!i (2.12)
n'm'¢’
with
Pon! 5! @n’mlll
prmi — __nmi___ 2.13
nmi MmMm' ( )

The quantity w can only be purely imaginary (what can be excluded for physical
reasons) or purely real. For each eigenvalue w; (j = 1,...,3N) there exists a
corresponding eigenvector @) with 3rN components, which describes the j-th
normal vibration of the system.

Until now no thought has been given to the translational symmetry of the
lattice, which can be introduced by the ansatz

—

Unmi = Cmieiq’Rn- (214)
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Inserting equation (2.14) into equation (2.12) yields

m'i'n’

wle,: = [ZZ ~ Pmin zq‘(ﬁn,—én)]cm,i,_ (2.15)

m'i’ n'

If it is now taken into account that the summation over n’ is done at a fixed n the
right hand side of equation (2.15) can be rewritten as a summation over n' —n
and with the help of the definition

m'i'n’

DT?Z i’ Z min (Rn/—Rn) (216)

one ends up with the eigenvalue equation

L()QCmi = Z Dz;z' (CT)leil. (217)

m/e!

Thereby the system of 37N equations (2.12) could be reduced to a system of
3r equations. This system is now characterized by 3r eigenvalues w; with their
corresponding eigenvectors ¢V), all being functions of ¢*

wj = w;(q), ¢ =z0(q). (2.18)

The eigenvectors form an orthonormal system.

Summarizing the previous mathematical definitions and transformations it is
now possible to write the displacement of the nm-th ion in direction ¢ within the
jq-th vibrational eigenstate as

j — 1 5\ —jw
s9 (g,1) = %) 5D (2.19)

nme / 'rm

The vector ¢ already introduced above is a reciprocal lattice vector?, which can
be reduced to the first Brillouin zone, and w;(¢) is a lattice periodical function
of ¢. j is limited to 3r branches.

2.3 The Second Quantization: Phonons

According to the previous section the Hamiltonian in equation (2.3) can be writ-
ten as

I:Ilat = Z MT (asnmz) Z (I)n 'm ZISTLTTLZSTL m'is (220)

nmsi nmi
n/m!i!

'Tt is common to name the function w;({) the dispersion-relation of the j-th normal lattice
vibration.
2The definition of the reciprocal lattice vectors will be introduced later on in Section 2.3.
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and one can write a general displacement s,,,,,;(¢) of an ion as a linear combination
of special solutions (see (2.19)) in the form

() \/—Zﬁm ) (g)eTre @1, (2.21)

Introducing time-dependent coefficients (),(¢,t) by combining the expansion co-
efficients 3; 7 and the harmonic time-dependent exponential functions

1
VN

one obtains an expression for the ionic displacements

—sz tﬁ],q

—=Q5(7: 1), (2.22)

7)ethn, (2.23)

Spmi (%)

Inserting equation (2.23) into equation (2.20) using equations (2.11)-(2.13) then
yields the Hamiltonian

fiu= 33 PLENGD  ppgianian] o

As a result of these transformations the Hamiltonian has split into 37N indepen-
dent terms. In other words: The coupled single vibrations have been fragmented
into uncoupled collective vibrations.

Furthermore, if we introduce now the creation and annihilation operators
given by

~ 1 e
e = i @@ - Q@)
- 1 ~ =t
T = [waQs(@) +i0,(@). (2.25)

2hw;g

7

where Qj is the canonically conjugate momentum to the coordinate @j, we can
write the total energy of all lattice vibrations in form of the second quantization

as’

. |
Ho =) hwﬁ(b;fibjﬁ 5) (2.26)
i

by having inserted equation (2.25) into equation (2.24). The product of the two
operators 7 = bfb is the number operator.

3Mathematical details are given in [25].
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Thus the Schrodinger equation of the lattice vibrations can also be written in
the following form

. 1
i) = 3 hwoja(fsq+ 5 ) ) = EJ). (2.27)
Jq

The total energy and the wave functions are specified there by

3r N
E=3"3" twjg(nj+ %) (2.28)
;7

and
W}) = |nj1,é'1’ EERRL PN EEEERRE s g,y njas,ITN> (2'29)
with
1 N n
niq) = (815) 10). (2.30)
/g
34
where n;7 = 0,1,2,... is the number of phonons with wavevector ¢, branch j

and energy hw;(¢). The total energy is simply the sum over the energies of all
eigenvibrations.

At last, the displacements of the ions can be rewritten in terms of creation
and annihilation operators

: R L [ 0) (i gidfn o 20 (it o—idh
Snmi = — C '(Q)b“'ezq "+ cC (q)b_a-e K n] (231)

INM __‘|: me q7 ma qj
g Vil

It can be seen that the displacements of the lattice ions can be described by a
collective creation and annihilation of phonons. Due to (2.28) it is easy to see
that the number of phonons depends on the energy of the lattice. For T'=0 K
the number of phonons goes to zero and the energy of the lattice is the zero-point
energy. So we see that in contrast to the number of electrons the number of
phonons is not a constant and depends on the temperature. It shall be recalled
here, that the temperature dependence of the phonon occupation number is given
by the Bose distribution

Njg = hw—m_ (2.32)
exp | =7 | — 1
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2.4 Group Theory of Lattice Dynamics

The first goal in a quantum mechanical problem is usually to diagonalize the
Hamiltonian H. In the presence of degeneracy, the states may be classified by
means of quantum numbers in addition to the energy. These are characterized by
eigenvalues of operators which commute with H. The existence of such operators
reflects symmetry properties of a physical system and gives rise to the observed
degeneracy.

These symmetries have their origin in the symmetry properties of a given
crystal lattice, which can be displayed by consecutively applied rotations and
translations, which leave the crystal invariant.* The symmetry properties of
crystalline solids and their effects on physics can be handled very effectively by
group theory, what can be a great help in simplifying a given physical problem.

So as a first step, it will be shown that the symmetry properties of a crystal
can be expressed by operators which commute with H. As a second step, these
operators will be analyzed and a recipe will be extracted, of how the problem of
determining the eigenvectors of the normal vibrations of equation (2.15) can be
simplified.

A symmetry operation in solid state physics may be specified by operators as
S {7y In the Hilbertspace which are defined in the following way

Sy /(7)) = FUTIT}F). (2.33)

Here 7 is a unitary rotation matrix, which describe the transformation 7' = 77,
and t is a vector which moves 7/ to a vector 7 = 7' +¢. Since these operators
act on an orthonormal system of functions, as follows,

S{T|5}|F> = |{T\£}F>;
—;\AT — g —
<T |S{T‘{} - <{T|t }T|>
(7180 Sy = {rF YA EY) = 86 — ),
S e Swn = 1 (2.34)

they are unitary. For the operator of a lattice periodical potential V(7) the
following relation holds:

S‘{T‘;}V(F)S’Lm =V(F) (2.35)

or

“In this context, invariant means that after applying a symmetry operation to a crystal it
is not possible to distinguish between the crystal and the transformed crystal.
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Since the Laplace operator is always invariant with respect to translations and
rotations, it follows for a particle in a lattice periodical potential with the Hamil-
tonian

- h?v?

H(F) = o +V(7), me=free electron mass (2.37)

that its H operator is always invariant with respect to transformations of the
crystal’s space group, what can mathematically be expressed by:

[S‘W},FI(F)] —0. (2.38)

of a group, the corresponding Schrodinger equation has to be invariant respective
to the symmetry operations of that group. Wigner [26] theorem, eigenvalue of
the Hamiltonian belongs to a irreducible representation of symmetry group, and
that the corresponding eigenfunctions transform commensurate to the symmetry
operations

2.4.1 The Space Group

As indicated above the total number of symmetry operations S {7y Which leave
a crystal invariant are forming a group, where the multiplication is defined as a
successive execution of group elements. The operator 7 represents a transforma-
tion, where at least one point of the crystal is left unchanged and the vector ¢
consists of linear combinations of primitive (&,) and (or) non primitive transla-
tions (@). The point group P = {7]0} only consists of the rotational parts of the
group elements 7, which may be proper as well as unproper® rotations.

The periodicity of a crystal (see Sec. 2.2) is mathematically taken into account
by the corresponding translation group 7 = {1|R,}. The order of the in principle
infinite translation group may be restricted by cyclic boundary conditions to N =
N;N5Nj5. The space group itself is constructed then by all possible combinations
of elements of P with vectors ¢:

Spiiy={rep, T=F.+i} (2.39)

If the set of vectors ¢ does not include non-primitive translation vectors @ the
space-group is termed symmorphic otherwise nonsymmorphic. A nonsymmorphic
space group contains additional symmetry elements like screw axis and glide
planes, which are formed by elements of P and non primitive translation vectors
.

5 An unproper rotation is a proper rotation followed by an inversion.
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The Representation of the Point Group

The representation of a group is understood as a homomorphic mapping of a
group to a group of matrices. In order to get a representation of the point group
P, each of its symmetry operations is then identified by an appropriated matrix
D(7). The set of matrices D(7) also forms a group, its elements fulfill the same
relations like the elements of the point group P. If the matrix representations
D(7) build an Abelian® group, it is possible to find a transformation matrix U
such that

D'(r)=UD(T)U ' = : '-:_' : : (2.40)

U diagonalizes the matrix representations simultaneously. D(7) is termed the
reducible and D'(7) the irreducible representation. In the case of a non-Abelian

group it is only possible to find a unitary matrix which transforms all regular
matrices to the generalized form:

*

This expression is a reduced representation decomposed into irreducible subma-
trices of dimension 1, 2, and 3, which are placed along the main diagonal”. Now
some group theoretical definitions and theorems will be presented which will be
proven to be useful during the next sections:

1. The dimension of a representation matrix is the dimension of the represen-
tation.

2. For each group there exists an infinite number of representations, which can
be described like the transformation of coordinates:

5 = ZDz‘k(T)xk (2.41)
k=1

Thereby it is supposed that the matrices D;;(7) form a group and that
the n coordinates are orthogonal and linear independent. These conditions
are fulfilled if during a transformation according to (2.41) for each 7 of

6A group is called Abelian if its elements satisfy the commutative law with respect to the
multiplication operation.
"For crystals the maximum dimension of a submatrix of an irreducible representation is 3.
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P the n coordinates zj are totality mapped to the coordinates zj,. The
primed coordinates are thus linear combinations of the primary ones. The
coordinates x are also called a basis of the n-dimensional representation

Dik(T).

3. The traces of the representation matrices are invariant with respect to or-
thogonal transformations. Therefore they characterize each particular sym-
metry element. Accordingly they are called the characters of a representa-
tion.

4. Each group G can be divided into classes which are defined as follows: An
element b € G is said to be conjugate to a € G if there exists another
group element p € G such that b = pap~'. Elements of a group which are
conjugate to each other are said to form a class. The characters of elements
which belong to the same class are equal.

5. There exists a well defined number of representations with the smallest pos-
sible dimension. These are the irreducible ones. The number of irreducible
representations D) is equal to the number of classes. Each reducible rep-
resentation may be composed of the irreducible representations according
to:

= Z n: DD (7) (2.42)

6. The irreducible representations are labeled by the Mullikan symbols A, B,
E, and F with the indices 1, 2, g, and u, and the superscripts * and ”.
These symbols have the following meaning: A and B are one-dimensional
representations, either symmetric or unsymmetric with respect to the main
rotation axis. F and F' are two- or three-dimensional representations, g and
u stand for even (gerade) and odd (ungerade) with respect to the center of
inversion. 1 and 2 denote symmetry or antisymmetry with regard to a side
rotoreflection axis or a mirror plane. Finally > and ” refer to an additional
symmetry or antisymmetry with respect to a further mirror plane. The
irreducible representations of the 32 point groups and the corresponding
characters can be found e.g. in the book of Kuzmany [27].

The Representation of the Translation-Group

For the representation of the translation group T the Taylor expansion of a general
function f(7) = f(z,y, z) around z =

f(z,y,2) = Z 1 [ ;xuy, )L:wo (x — x,)” (2.43)
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serves as a starting point. If now z it is set to x = x5 + a one yields

1 [3”f(x, Y, 2)

f($0+a7y7z)zz ax,j

L:w a. (2.44)

This expression is valid for any arbitrary x, and also for x = zy and this may be
written in the form

17 97
= —la—— . 2.45
fx+a,y,2) ;V! [aax] fz,y,2) (2.45)
Taking into account the momentum operator p = —iV (i = 1) leads to
fa+ay,2) =Y~ ian] f(z9.2). (2.46)

Il
)

Moreover, if a, b, ¢ are understood as components of a vector R, one obtains
fx+a,y+bz+c) = elPetbbuter) gy g 2
P+ Fa) = MR = ¢TI = DI, (247

where ¢ are the eigenvalues of of the operator p. Equation (2.47) shows that a
representation of the translation symmetries is realized by the operator D (Bloch
factor) which may be expressed by®

DP = DT = ¢idFn (2.48)
where
- My mg » msp
= 4+ 2+ 3 0<m; <N;—1), 2.49
q N11+N22+N33 (0<m; < ) ( )
and
b= or— 4 X% (i, 4,k =1,2,3) (2.50)

|@; - (@5 % dr)|’
are the reciprocal lattice vectors. Another fact which can be easily seen in equa-
tion (2.47) is that the group of the representations of 7' is Abelian and that
therefore the dimensions of the irreducible representations of 7" have to be one.
This fact allows us to formulate the irreducible representation of the space group
P)T in such a way that the translational part can be factorized, what leads to

DIU ) = (if-Fn DI E)) = padelaE))) (2.51)

85 can be replaced by ¢ as a quantum number, which labels the different states if f(z,y, 2)
in equation (2.47) is replaced by a wave function (7).
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where D7 is the representation of the group of the vector ¢, and 7' stands for all
rotations, which leave the vector ¢ invariant. This gives rise to a justification of
the procedure described in section 2.2 (equations (2.14)-(2.17)). Equation (2.51)
describes the fact that the representation of a space group for ¢ = 0 is identical
to the representation of the crystal point group®.

In section 2.3 normal coordinates (); have been introduced, which transformed
the total energy to (see 2.24):

P=g Y G+ Y W Y Qs (2:52)

where n; is the total number of modes and ny is the order of degeneracy of the
mode j. Since the application of space group operations to a crystal should not
change the total energy, all (; have to be mapped to themselves or to —@);. In
case of degenerate modes all @), s have to be mapped among each other allowing
for a change of sign. Therewith the normal coordinates are building a basis for a
representation of the point group P according to equation (2.41). Corresponding
to the number of normal coordinates the representation is 3/N-dimensional and
therefore reducible, and it can be fragmented into the irreducible representations
of the point group P, what will be shown in the next section. All vibrations
including translations and rotations can be classified by the irreducible
representations of the point group P. Therefore a certain vibration can be
assigned to a specific symmetry type or species. The vibrations are also labeled
with Mullikan symbols according to the irreducible representations.

2.4.2 Group Analysis of Normal Modes Regarding ¢ = 0

The kinematics of the Raman scattering may be characterized in the follow-
ing way: An incident photon is destroyed; simultaneously another photon with
slightly higher or lower energy is created and emitted. Thereby the wavevectors
of the photons k;, ~ ko ~ 10° cm™! are much smaller than the Brillouin zone
size (2%)~ 10® cm ™! of the solid. This is the reason why considering Raman scat-
tering ‘and infrared absorption of first order, momentum conservation can only
be fulfilled if ¢ ~ 0. This fact simplifies the analysis of the Raman active nor-
mal modes, which can be restricted to the center of the Brillouin zone (I'-point).
These kinds of vibrations are equal in any unit cell of the crystal and therefore it
is possible to get the number of vibrations and their spectroscopic selection rules
from the so called factor-group analysis.

Counting of the I'-Point Normal Modes

Tt is possible to show that D7({7'|@(r")}) = e~ @) D7(7') holds for non-symmorphic
groups.
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In order to classify the vibrations it is not necessary to know one of the infinitely
many 3N-dimensional representations and to evaluate equation (2.41) explicitly.
It is enough to calculate the traces x(7) of the representation matrices. Fur-
thermore, a simple consideration reveals, that only those coordinates, which are
transformed via the main diagonal elements are not changed by symmetry oper-
ations of the point group P.

The simplest transformation matrix is given by

cos¢y —sing 0
T = sing cos¢p O , (2.53)
0 0 +1

which describes a rotation with respect to the z-axis with the rotation angle
¢=2m/n(n=1,2,3,4,6). The + sign in 733 stands for proper rotations (E, C,)
and the — sign for the improper rotations (o, ). Note that this matrix only has
this simple form if the coordinate system and the rotation axis are chosen in a
special way, otherwise (2.53) has to be transformed according to an orthogonal
transformation. In this case, as before, only the trace is left invariant.

The traces may now be used to calculate the characters: The character x"¢(7)
of the 7-th symmetry operation of the 3r dimensional representation is given by

Y1) = ro(7)(£1 + 2 cos @), (2.54)

where r.(7) is the number of atoms which are left invariant. If all characters
X"4(7) are obtained in this manner one can get a classification of all possible
vibrations according to the symmetry with the help of

1 ;
e =2 D XN, (2.55)
allOZIearsses
Here g is the order of the point group and n, is the number of elements in the class
for which the operation 7 is a representative. termed as the total representation
Since the normal coordinates of pure translations and pure rotations correspond
to transformations of coordinates and axial vectors, they can be easily factorized
from the total number of normal vibrations. They are often denoted as z,vy, z

(translations) and X, Y, Z (rotations) in the character tables.

Quantum Mechanical Selection Rules

Via the classification of lattice vibrations and the help of group theory it is also
possible to determine the selection rules for the optical transitions [28,29], and
thus get an assistance in the assignment of the experimentally observed phonon
modes. These selection rules also predict, which of the modes are infrared active
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or Raman active, and in which kind of experimental geometry (polarization)
they can be observed. For an optical transition, the transition probability per
unit time W is given by Fermi’s golden rule

2
W = %\MﬁPa(Ef —E), (2.56)
where

My; = / s H'pidF (2.57)

is the matrix element of the perturbation H , which induces a transition between
the states 7 and f. The integral is simply reduced to the form

[ idoundr (2.59)

in case of absorption or emission, and to

/ Ve pidi’ (2.59)

for Raman scattering, where d, are the components of the dipole moment of
the vibration and «,, are the components of the polarizibility tensor. A selection
rule can be derived from equations (2.58) or (2.59) taking into account that those
integrals vanish in case of a centrosymmetrical system if the integrands are odd
functions. In a general group theoretical treatment the integrals are written as
direct products of the form

V@M ® ;. (2.60)

The product generally transforms according to some reducible representation. It
will have a non-zero value only if it contains the totally symmetric irreducible
representation of the considered point group. Applied to the point group of a
given crystal this means

”j X)) - XM()x(r) #0, (2.61)

T

where xM (1) = x%(7) and x™(7) = x%(7) in the case of Infrared and Raman
spectroscopy, respectively. Due to the fact that d and « transform like Cartesian
coordinates and products of those coordinates, respectively, one yields

x4 (1) = £1+2cos ¢ (2.62a)
and

X*(7) = 2cos p(£1 + 2 cos ¢). (2.62b)
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In these expression the — sign refers to the proper and the + sign to the un-
proper rotations of the point group. It is assumed that either the initial state or
the final state of the transition is the total symmetric ground state, a fact which
simplifies equation (2.61). For a one-phonon process regarding inversion symme-
try one gets those vibrations which are odd with respect to the center of inversion
as Raman-forbidden but infrared-allowed and vice versa. Equations (2.62a) and
(2.62b) present the conditions for infrared and Raman activity without answering
the question, which components of d, or a,, are different from zero. By replacing
xM(7) by its irreducible components one can easily find those components which
are non-zero and investigate their relation to each other.

Determination of the Symmetry and the Normal Coordinates

Until now a tool to classify the eigenvibrations of a crystal according to its ir-
reducible representations has been presented. However, one can also determine
those vectors which describe the possible displacements of the atoms for each
irreducible representation. In order to do so, one has to find the irreducible rep-
resentations of the total displacement U of the atoms in the unit cell which form
the basis for the reducible representation D({|#(R)}). This factorization may
be done with the help of so called projection operators P.

Assuming the vectors of the coordinate system (the Cartesian displacements
coordinates) are represented by f(7) [30], then a projection operator P, which
projects out the part of f(7) which belongs to the irreducible representation I'y
can be defined as:

P f(r) = QZX(Ti)Tif(F) (2.63)

If the Cartesian displacement coordinates of all the atoms U are taken now as f (7)
the eigenvector can be obtained if only one set of eigenvibrations transforms like
a certain irreducible representation. However, if several modes transform like a
certain irreducible representation, one can only obtain the symmetry coordinates
which are linear combinations of the eigenvectors. In this case the eigenvectors
cannot be directly determined via the projection technique. In order to obtain
them one has to diagonalize the dynamical matrix (see equation (2.17)'.

0The factor-group analysis can also be performed with the help of the so called tabular
method, which is described in Reference [31]. If one wants to make use of this method one has
to know the number of atoms in the unit cell and their crystallographic positions as well as the
space group of the crystal.
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Chapter 3

Theory of Raman Scattering

This chapter starts with a short introduction to the general features of light scat-
tering experiments. The main part, however, will focus on a detailed theoretical
description of the Raman scattering process regarding a macroscopic as well as
a microscopic point of view. Finally, at the end of this chapter formulas will be
derived, which allow to calculate Raman spectra of crystalline materials starting
from the total energy surface and the derivatives of the dielectric tensor.

3.1 Light Scattering

As known from many textbooks [32] a perfect optical homogeneous medium does
not scatter light. Only inhomogeneities in the order of the wavelength of light
passing through the crystal give raise to scattering of the radiation into different
space directions. If these inhomogeneities only have local character, the scattering
is elastic, what means that there is no change in the wavelength between inci-
dent and scattered light. According to size and kind of the inhomogeneities the
scattering process is termed as Tyndall-, Mie-, or Rayleigh scattering. However,
if the inhomogeneities show time-dependent fluctuations, then the scattering is
inelastic. Raman and Brillouin scattering belong to this category, where a change
in the frequency between incident and scattered light appears. In this case, the
spectroscopy of the scattered light gives information about the electronic and
the vibrational states of the observed medium. This is the reason why the main
interest concerning Raman spectroscopy lies in the spectral distribution of the
scattered light relative to the incident one.

Dealing with Raman or Brillouin scattering the frequency of the scattered
light is pretty close to the one of the incident light, and the intensity of the
scattered light is very small compared to the initial light beam. These facts
makes the experimentalist use a laser to generate the incident light. In order
to detect the scattered light in case of Raman or Brillouin scattering a photon
counting system is often used, because of the very low intensities of 10 to 100

23
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Figure 3.1: Model of a two-atomic molecule

photons per second.

3.1.1 A General View on Raman Spectroscopy

Raman scattering is based on a change in the polarizability and in the suscepti-
bility of a crystal caused by quasi-particles. In case of phonon Raman scattering,
the modulation of the dielectric function € by phonons gives rise to the observed
Raman effect.

A very good example to demonstrate and to understand the Raman effect in
principle is a diatomic molecule: The polarizability «q of the orbitals (shown in
Figure 3.1) results in the polarization p(w) = agF(w), if an electric field E(w) is
applied to the molecule. As long as aq is constant in time, an incident electro-
magnetic wave will propagate linearly according to Huygen’s principle. However,
if oy is modulated by a vibrational induced change of the positions of the nuclei,
one yields

P = [ag + oy cos(wyt)]| Eo(wt) (3.1)

with the assumption of a cos(w,t) vibration. The application of trigonometric
formulas to equation(3.1) then leads for Ey(wt) = Eycos(wt) to:

a1 Ey

p = opEp(wt) + {cos[(w + wy)t] + cos[(w — wy)t]} (3.2)

As can be seen, the light now consists of three different parts: one part which
keeps the frequency of the incident light, which is always the strongest in inten-
sity, and two additional parts with their frequencies shifted by +w,, relative to
the incident frequency. Concerning a crystalline lattice, there is an additional
complication due to the fact that the contributions of different elementary cells
to the resulting scattering intensity may interfere. It can be shown, that in this
case constructive interference only occurs, if the condition

2Asin D =2 (3.3)

n
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Figure 3.2: Conservation of the momentum in a scattering process.

is satisfied. Thereby A stands for the wavelength of the phonon, while )\ is the
wavelength of the incoming photon. Furthermore, n specifies the refraction index,
and O describes the angle between the incident and the scattered light. This
formulation corresponds to the conservation laws of the total momentum and
the total energy in the quantum-mechanical description of a scattering problem.
Here, the Raman as well as the Brillouin scattering may be described by an
absorption and an emission process of a phonon or another quasi-particle where
the conservation laws read

hws = hw; % Fwgn, (3.4a)

hk, = hk; + hq. (3.4b)

The indeces 7 and s refer to the incident and the scattered light, respectively. In
solids, where vibrations are phonons, wy, is written instead of w,. It should be
recalled again that in the case of Raman scattering only scattering processes with
very small ¢ are taken into account. The maximal ¢ one can obtain is given by
180° backward scattering, where @z = ki ks ~ 2k; (see Figure 3.2). Regarding
the fact, that in terms of Raman scattering lcZ lies in the visible spectral region
being of the order of 105 cm™!, this leads to |§] ~ 0, i.e. phonons of the Brillouin
zone center, as it can be seen in Section 2.4.2. Depending on whether a quasi-
particle is absorbed or emitted the scattered light has a higher or lower frequency
than the incident light. The former case is called an anti-Stokes process whereas
the latter one is termed Stokes scattering.

Another criterion, which may be very useful in the assignment of the Raman
spectra to phonon modes is the fact, that if a phonon participates in the Raman
process the polarizability of the considered crystal or molecule has to be changed.
It is not self-evident that this happens in each vibration. Generally it can be
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Figure 3.3: Typical geometrical arrangement for a Raman scattering experiment.

said that vibrations which induce a dipole moment are infrared active and those
which change the polarizability are Raman active. All other vibrations are called
silent modes. The classification of the phonons in Raman-active and infrared-
active vibrations matches exactly the group theoretical selection rules derived in
Section 2.4.2.

The intensity of the light in the side bands of the spectrum is proportional
to the intensity of the incident light, thus the ratio of those intensities may be
written in the form of a scattering cross section:

do _ 1dh (differential scattering cross section)
ds} 1; dQ
S = 1do (Raman scattering cross section). (3.5)
Vs dS2

Here dP; describes the emitted light power (in Watt) into a solid-angle element
dQ), I; = P;/F the incident light power per unit area (in Watt/m?) and V the
scattering volume.

3.1.2 Symmetry and Nomenclature

In order to explicitly calculate the scattering intensity it is the best way to start
from a well defined scattering geometry as shown in Figure 3.3. The light comes
in from z-direction and is observed in z-direction, therefore the scattering plane
is the xz-plane. For this given scattering geometry the incident light can only
be z- or y-polarized, whereas for the observation of the scattered light one can
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only expect z- or y-polarization. In the description of the scattering process it
is common to refer to the scattering plane and to label the orientations of the
scattered light with || and L relative to this plane. A more detailed description
of the scattering geometry, shown in Figure 3.3, can be achieved by labeling the
directions and polarizations of incident and observed light by coordinates of the
form

a(be)d. (3.6)

In this notation, the letters refer to the axis of an orthogonal coordinate system. a
and d specify the directions of incident and scattered light, respectively, whereas
b and c label the corresponding polarizations. In Figure 3.3 the notation has the
form Z(Zz)z. The contribution of the Raman tensor x" (¢) of the {-th mode to
the scattering intensity may be written in the following form:

D el (C)el
n,0

2

1) =C" (3.7)

This relation shows immediately that a specific component of the Raman tensor is
determined by choosing the appropriate polarizations for incident and scattered
light.

3.2 Macroscopic Theory of Light Scattering

The description below follows References [33] and [34] with the aim to calculate
Raman spectra from observables which can be directly obtained from frozen-
phonon ab initio band structure calculations. In the following it is assumed that
the incident light is laser light and therefore the index i (for incident light) is
always replaced by the index L (for incident laser light).

The simplest way to establish the relation between the scattered radiation
and the dielectric function is to study the scattered radiation field at a long dis-
tance R with the polarization vector €; according to an oscillating dipole moment
represented by its second derivative pi(t):

R 1 -
E(t+2)= —— &p.(t .
( + c> 47reOCQRep *) (3.8)

€p and ¢ are the vacuum permittivity and the velocity of light, respectively.
Within one unit cell with volume Vg the 1 component of the dipole moment
p,s induced by the & component of the applied laser field F;, with the polarization
vector €7, is

Pi(t) = Vieo (€™ () — ") By ()¢}, (3.9)

where €7 (t) is the complex dielectric tensor.
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As mentioned in the previous section inelastic scattering is caused by time
fluctuations of the dielectric function. Thus the non-fluctuating part 6" does
not contribute. Taking the w, Fourier component indicated by the brackets [ |,
the second derivative of the oscillating dipole moment at frequency w, for one
elementary cell reads:

P1(t) = Vieeow? [€(t) Ep(t)e} ], (3.10)

The time-fluctuations of the dielectric function at the incident laser frequency wr,
can be expanded into a Fourier series. Considering the spatial-dependence of Ey,
€”, and E, the scattered radiation field E, for one elementary cell at position R,
is obtained

Ry » 5 =1 Vew?
E, {ws (t + ;) k(R - Rn)] =

Z el Esz (wt, Eﬁ) eEEL (th, ELﬁn)
w,E Ws
(3.11)
Fluctuations of the dielectric function in time and space are considered by the
Fourier components w and k which are related by the dispersion relation w(/;) of
the quasi-particle causing the fluctuations. In the same way the frequencies wy,
and w, and the wavevectors EL and ES of incident and scattered radiation, are
related. The long-time average of equation (3.11) directly results in the energy
conservation wy = wy, £ w. Since, in the solid the phonon has a coherence volume
consisting of N, elementary cells (with volume Vg), the scattered radiation field
FE; has to be summed over these N, cells because they all contribute in a certain
phase relation.! For finite N, (3.11) becomes:

R N, Vpw?
b)) -t
S;ks w t+ C 47T62R

Ze?efﬁ (wyt egE (th)] (3.12)

Using the time average indicated by the brackets () and the relation
dP, = ceo(Es, E¥)R*dQ (3.13)

the scattered power dP; per solid angle df2 is obtained for the scattering volume
Vs:

dP5 VN VEG()L(J % *
Q- <Ze”e”§ (w,;t)eLEL wrt), Ze”e% (w,zt)e%EL(th)> :

w(k)

(3.14)
It is assumed that there are several coherence volumina N_.Vg in the scattering
volume V; incoherently contributing to the total scattered radiation. Therefore,

1This is performed by integrating R, over the coherence volume N V. In the limit N, — oo
the momentum conversation (ks = kr, & k) is obtained.
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the total scattered power is increased by the factor V;/N.Vg. The Raman effi-
ciency S is defined with the help of the differential cross section do/dS2

1 do
- 1
S Va0 (3.15)

Introducing the quantity 4 (w,t) which is the normalized electric field containing
the polarization and variations in time

eiEL(th) = ‘EL|€%(th), (316)

and using the relation between differential cross section, power and laser intensity
Iy,

dP,  do ws
o - d_Qw_LIL (3.17)
I = ceo|EL|< € (wit), e (th)> (3.18)

the Raman cross section finally reads

N Viwpw? (Sutey 1€l (wit)ef (wit), X ) 1€l (wit)ef (wit), )
(4m)>ct (€} (wrt), €5 (wrt))

Ws

S(ws) =
(3.19)
or in other notation [32]

gnE _ N, VEwlw

I = S (e 0, (3.20)

Ws

If the time fluctuations of the dielectric tensor are caused by phonons they can
be described classically by the derivative of the dielectric tensor with respect
to the phononic normal coordinate e / aQwEL and the phonon amplitude QOE.
The time average of the w; Fourier component of the scattered light intensity
normalized to the time averaged laser intensity is given in the classical limit by

né i 2
<36n£’56n£*>w = [%WQS’E ] ] (3.21)
s W, L

ws=wrtw

This expression fails, however, to reproduce the correct intensity ratio between
Stokes (ws = wy — w) and anti-Stokes scattering (ws = wr + w), since in the
classical limit both processes have the same intensities (see equation 3.2).
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3.3 Microscopic Theory of Light Scattering

In order to go beyond the classical treatment one has to consider that equa-
tion (3.20) only expresses some general relation between the fluctuations in the
dielectric function and the Raman efficiency. It can also be evaluated quantum-
mechanically by calculating the expectation value of the fluctuations in the di-
electric function caused by transitions between the eigenstates |i) and |f):

2

(067,06 ) = [[€l oz (3.22)

For that purpose, first the dielectric function eZ’fL has to be expanded with respect

0 Qu,

o2 €n€
szmm%%+

0 k) w' (k")

o (Qw“) - 6‘7‘7’3 0

(3.23)

Using equation (3.23) and assuming that the system can be split into states |u)
and |v) depending on the parameter () and a state |¢g) with matrix elements
independent of () one obtains:

e

(] = (e

Ws

Z’>
Ws=Wp —Wif

1 3"67"5 R
= =y .. v Qu; Q ) |9
; n! ; % g aka . aQ (n) Yim) a B
k Weln) “in) Ws=W[L—Wyv
1 6”6”5 . R
~ — P 14 [ n
Z ol Z Z <g Qo - - 0Q >< Quy Qw}%(i) '“>
n wg wg(tzl) k(n) Ws =W, —Wyy
1 8”6"3 N R
~ - P d 14 [ n 324
XR: n! ; %): 5Qw’; .. .8Qw(n) < ka @ ((v)L) ,u> ( )
k wE(n) i(n) Ws=WL —Wur

Note that the transition of the many-body eigenstates |i) to |f) only occurs in
the phononic subsystem: |i) — |f) = |gu) — |gv). Therefore the matrix element
can be split into two parts, an electronic one (|g)) and a phononic one (|u), |v)),
which can be calculated separately.

Taking into account only one phononic branch w(k) equation (3.24) can fur-
ther be split into one-, two-, three-, four-phononic contributions, etc., all with
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total momentum transfer Ak = 0 as needed for light scattering in solids:

Dl
[, = GTQOM

V>—|—

Rlo) + 5 e Qo)+

1 o'l
k| >+248Q2;Q2 < Q2k‘y>+ }
(3.25)

2 (9
0%ent

)@ _ 1 wr
[6 }ws EZ#O { 9 an,aQ_E<

As each of these processes contributes to the Raman intensity with different phase
the complete Raman efficiency can be written as a thermal average of intensity
contributions of all possible transitions:

2
N Vgwrws Y-, e ](n)

(dm)2ct Y, e—Eu/kT

o |65

Si; =

(3.26)

This expression describes the integrated line intensity of the observed Raman
spectrum. A direct simulation of the experiment can be achieved by introducing
a Lorentzian term L(™ which accounts for life-time broadening. This procedure
leads to an expression for the spectral density:

u—vly
(471')204 Zu e_EM/kT ’
(3.27)

2
DS NeVs(wr =) S0 BT, 5, | [6,]00 | L, 0r7)

Ws=wr—w (

Oow

3.4 Calculation of Raman Spectra from Ab Ini-
tio Frozen-Phonon Calculations

In order to be able to use equation (3.27) to calculate the Raman spectra from
ab initio results one has to consider that in equation (3.25) @) refers to a specific

eigenvector QC = (€1¢y- -1 €me,-- -, ene) of a phonon mode ¢ with the frequency
we, which in general consists of 3/V components, where N is the number of atoms
per unit cell. Index m = 1,..., N numerates the nuclei, and e, is the displace-

ment of the m-th ion.

For computing the Raman intensities the following procedure is useful: As
a first step one has to determine the eigenfrequencies and the eigenvectors of
all phonon modes by diagonalizing the dynamical matrix D given in equation
2.13. As a next step, the nuclei are displaced according to a specific eigenvector
ng, where the total energy and the dielectric function are calculated for various
displacements. At this point the one-dimensional quantity u is introduced, which
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is defined as the absolute value of the displacement vectors of the atoms in one
elementary cell. It is linked to the phononic normal coordinate by

ue = /Z|u4|2— fQC, (3.28)

Vfe=> () . (3.29)

where the factor f¢ is

The total energy per unit cell and the components of the complex dielectric
tensor can now be expanded into uc. A fit of the ab initio results determines the
coefficients a,, and b,, of the following expressions:

Velu
C](V 3 = ap + aruc + ang + agug + a4u2L 4+ (3.30)

€l = by + byuc + bouf + byud + byuf + - -- (3.31)
Using relation (3.28) the phononic potential is obtained:

Ve(Q¢) _
N T (Nf

)1/2 et QC 3/2 QC Q4 - (3.32)

Nf (Nf) (Nf)

It is important to notice that for large N (solid state limit) only the second order
term contributes (independently from N) and all higher order terms vanish (aq
can be set to zero and a; vanishes if the potential is expanded around its mini-
mum). Therefore, in the solid state limit the phonon feels a harmonic potential.
Anharmonic effects only occur due to phonon-phonon interaction.

In the same way the derivatives of the dielectric function of equation (3.25)
can be expressed by the ab initio results (3.31). For the one-phonon contribution

one obtains:
2
(1)?
[Ens]ws { 7 } (3.33)
wo

For very large N only the first term in the brackets which describes the one-
phonon process contributes to the scattering efficiency in equation (3.26).

bo A
N e




Chapter 4

Density Functional Theory and
the LAPW Formalism

This chapter contains a brief description of the basic ideas and formulas of density
functional theory and describes the concepts of the LAPW formalism.

4.1 Density Functional Theory

The fundament of density functional theory (DFT) is the Hohenberg-Kohn theo-
rem [35]. It states that the ground state energy E of a non-spin-polarized system
of interacting electrons in an external potential is given exactly as a functional
of the electronic ground state density p

E = E[p]. (4.1)

It was also shown that the true ground state density is the density which mini-
mizes E[p], and that all ground state properties are also functionals of the ground
state density. However, the Hohenberg-Kohn theorem does not give a recipe how
to form E[p| and therefore some approximations have to be made. For this pur-
pose the unknown functional of E[p] is split into several parts:

Ep] = Ts[p] + Eeilp] + Eulp] + Enulp] + Exc[pl, (4.2)

where Ts[p] describes the kinetic energy of the non-interacting system, E;[p]
gives the Coulomb interaction energy between the electrons and the nuclei, Ey;
comes from the interaction of the nuclei with each other, and Ey[p] is the Hartree
component of the electron-electron energy given as:

EH[p] ;/d3 d3—»/p( ):0( ) (43)

T

E,.|p] is an unknown functional, called the exchange-correlation (xc) functional,
and it is assumed to be smaller than the other parts of E|p].

33
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In the so called local density approximation LDA, E,.[p] has the following
form:

Buli) = [ 7p(F)ear(p() (4.4)

€zc 1S approximated here by a local function of the density, which is the known
energy of the uniform electron gas.

LDA is one way to treat the problem with the exchange-correlation part in
the energy functional E[p]. Many efforts have been made to improve the LDA
functional like the generalized gradient approximation (GGA) [36-38] and the
weighted density approximation (WDA) [39-41]. In GGA e,.(p) is replaced by a
functional which is also local, but not only a function of the density but also of its
gradient €,.(p, |Vp|). In the WDA method true non-local information is brought
in via Coulomb integrals of the density with model exchange-correlation holes.
Generally it can be said that it depends on the structure and on the elements of
a considered crystal which approximation is the best compared to experimental
results. In this work all calculations have been carried out within LDA.

Using a variational scheme, Kohn and Sham [42] showed that the correct den-
sity is given by the self-consistent solution of a set of single particle Schrodinger-
like equations, known as the Kohn-Sham (KS) equations, with a density depen-
dent potential

[T+ VeilT) + Vi (7) 4 Vae(7)] @i (F) = €i04(7). (4.5)

The total density is given then by a sum over the single particle densities of the
occupied orbitals:

(i) = Y i (Pei(7) (46)

Here ¢, are the single particle orbitals (KS orbitals), ¢; are the corresponding
eigenvalues, 7' is the kinetic energy operator, V,; is the Coulomb potential due
to the nuclei, Vy is the Hartree potential and V. is the exchange-correlation
potential. Vg and V. are p dependent:

VH(F) — e2/d37—,»/ _,(F,_).,| (47)

|7 — 7
and

_ 0B, [p]

So the problem of solving a many-body Schrodinger equation has been trans-
formed to a self-consistent solution of equations (4.5) and (4.6) in such a way,

(4.8)
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Figure 4.1: Fragmentation of the unit cell in the LAPW formalism

that a density must be found which yields an effective potential that, when in-
serted into the Schrodinger-like equations, yields orbitals which reproduce this
density.

The DFT based electronic structure methods are classified according to the
representations chosen for the KS orbitals, the density, and the potential. Among
the most often used methods is the LAPW-method, which was used in all cal-
culations done for this work. The basis set expansion of the KS orbitals has the
form

QDZ(T'_) = Zciagba("?)a (49)

where ¢, (7) are the basis functions, and ¢;, are the expansion coefficients, which
are the only variables in the system. So the problem is to determine the ¢;, for
the occupied orbitals in such a way that they minimize the total energy.

In order to make the total energy functional more handy it is common to
eliminate the unknown functional T[p] of equation (4.2) by the single particle
eigenvalues

Elp) = Eulp] + 3 € + Eelo] - / & p(7) (Voo () + %VH(F')), (4.10)

occ

where the sum is taken over all occupied orbitals and p, Vy and V,. are given by
(4.6), (4.7), and (4.8).

4.2 The LAPW-Method

The LAPW method makes use of a basis set which is especially adapted to the
problem of solving the Kohn-Sham equations in the case of a crystal. For that
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purpose the unit cell is divided into non-overlapping atomic spheres S, which are
centered at the atomic sites and an interstitial region I, like it is shown in Figure
4.1. In these two types of regions different basis sets are used.

1. In the interstitial region a plane wave basis is used for the KS orbitals

1 (T n s
%,+i(") = Fia e, (4.11)

where k is a wave vector inside the first Brillouin zone and k, a reciprocal
lattice vector.

2. Inside the spheres the basis functions are linear combinations of radial func-
tions u(r, E;), u(r, E;) times spherical harmonics Yy, (7):

¢En+E(F) = Z[Almul(r, El) + Blmdl(T, El)]Yim(’f‘A) (4.12)

The functions u; are defined as regular solutions of the radial Schrodinger
equation

{_ d_2 N I(1+1)
dr? r2

for an energy E; chosen usually at the center of the corresponding band
with [-like character. «(r, E;) is the energy derivative of u; taken at the
same energy E;. A linear combination of these two functions constitute
the linearization of the radial functions. The coefficients A;,, and By, are
functions of k,,, determined by requiring that this basis function matches a
plane wave with wavevector k, at the sphere boundary in value and slope.

+V(r)— El}rul(r) =0 (4.13)

The solutions to the Kohn-Sham equations are expanded into this combined
basis set of LAPW’s

0p(™) = caty, (4.14)

n

and the coefficients ¢, are determined by the Rayleigh-Ritz variational principle.
Note that each plane wave is augmented by an atomic-like function in every
atomic sphere, therefore the number of plane waves determines the size of the
linear eigenvalue problem.

In order to improve upon the linearization and to make a consistent treatment
of semicore and valence states in one energy window (to ensure orthogonality)
possible, additional (E independent) basis functions can be added. They are called
"local orbitals” [43] and consist of a linear combination of two radial functions at
two different energies and one energy derivative taken at one of these energies:

1O = [Apwi(r, E1g) + Buntu(r, Bry) + Crui(r, Eay)|Yim (7) (4.15)
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The coefficients A;,,, By, and C, are determined by the requirements that ¢*©
should be normalized and should have zero value and slope at the sphere bound-

aries.
Within the LAPW method the potential (and the electron density) is ex-
panded in the following form:

> Vim(r)Yin(7) inside sphere
Ilm

V(r) = - (4.16)
o VigesT outside sphere
K

Since no shape approximation for the potential is made, the procedure is called
the ”full-potential LAPW method” (FLAPW). The WIEN97 program package
[44] was used in all calculations done for this thesis.
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Chapter 5

The Dielectric Function

5.1 Macroscopic Description

Generally the interaction between a medium and an electromagnetic wave can be
characterized via the Maxwell equations. In Maxwell’s material equations, the
electric displacement D and the induced current density j are connected to the
electric field E and the magnetic induction B is linked to the magnetic field H.
In the case of a non-magnetic medium the magnetic permeablhty wis equal to
1 and so B =H. In order to describe the relation between D and E the electric
displacement is considered as a response to the applied electric field E. Hence
for D the following ansatz can be made:

D= €"E‘+ > EE +... (5.1)
¢ &y

This equation represents a Taylor expansion of the electric displacement D with
respect to the electric field E. A truncation after the first term leads to linear
optical properties, with the linear term € being the dielectric tensor.

An induced current density j in a medium may be displayed by a linear ansatz
again:

JT=Y o"™ES .., (5.2)
13

where 0" is the optical conductivity. Both quantities can be summarized in the
complex dielectric tensor e:

() = () i e () (5.3)

The real and imaginary part in this equation are interrelated via the Kramers-
Kronig relations.
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5.2 Calculation of the Dielectric Function from
First Principles.

In case of a metal, there are two contributions to the dielectric function. There is
the interband contribution, which takes into account the transitions from valence
bands to conduction bands, and the intraband contribution, which accounts for
free electron transitions in a partly filled conduction band. The intraband con-
tribution to the dielectric function was not taken into account in all calculations
done for this work, because of the fact, that it only occurs in an energy range
with is not considered in Raman scattering.’

The dielectric function itself is calculated in the random-phase approximation
described in Reference [45]. It should also be noticed here that it is calculated
within the independent-particle picture where the Coulomb interactions between
initial and final state are not considered. If local field effects are neglected and
only linear terms are considered, the microscopic dielectric tensor can be calcu-
lated from solutions of the unperturbed system. Finally the interband contri-
butions to the imaginary part of the macroscopic dielectric tensor in the dipole
approximation is given by the following expression:

47262

Ime"(w) = 2V > (ak|p"|jk) (ik[p|ik)
€ irjk
X (B — Ejp—Tw) x fz(1—f;7) (5-4)

Here |ik) and [jk) are the one-electron Kohn-Sham orbitals with wavevector
k. E; and E; are the corresponding band energies which are involved in a
transition, and p" (p°) is the n (£)-th component of the momentum operator. e
denotes the electron charge. More details about the calculation of Ime™(w) in
the WIENO7 program package can be found in Reference [46].

! The photon energy is typically between 1.5 and 3 eV.



Chapter 6

Crystal Structure and Symmetry

With the help of group theory, as shown in the previous sections, one obtains
the number of eigenvibrations and the symmetry coordinates classified according
to their irreducible representations. In the framework of this thesis, the force
constants are calculated in the following way: Atoms which take part in an
eigenvibration are displaced seperately from their equilibrium positions. For each
of these configurations the forces acting on the atoms are calculated within the
LAPW method. From these data the force constants are obtained with the help of
a fitting procedure and the dynamical matrix is determined. The diagonalization
of the dynamical matrix yields then the eigenfrequencies and eigenvectors.

6.1 YBa,Cu30O;

6.1.1 Structural Data

In Figure 6.1 the unit cell of YBayCu3Oy7 is shown. YBay,CuszO; crystallizes in the
orthorhombic space group Pmmm with D3, symmetry (Schonflies notation), and
the corresponding point group is Dy,. There are 13 atoms in the unit cell, where
8 of them are non-equivalent. These are Y, Ba, two copper atoms Cul and Cu2,
and 4 different types of oxygen. The lattice parameters and atomic positions
given in Table 6.1 are obtained by fully optimizing the crystal structure, i.e.
searching for the total energy minimum with respect to lattice parameters and
ion displacements [20]. The motions of Ba, Cu2, 02, O3, and O4 in z direction do
not offend the crystal’s symmetry and thus give rise to the five total symmetric
A, modes which will be seen below. fully-optimized unit cell of

6.1.2 Factor Group Analysis

In this section it is shown for the ¢ = 0 modes of YBayCuzO7, how the num-
ber of eigenvibrations for each irreducible representation and the corresponding
symmetry coordinates can be obtain with the help of the previously discussed
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Cul
GsS——gpd

Figure 6.1: Unit cell of YBayCu3O7

factor group analysis (see Section 2.4.2). The 13 atoms of the unit cell lead to
a 39 dimensional reducible matrix representation for each symmetry operation.
Each matrix represenation transforms the z;-coordinate of atom j into the z}-
coordinate of atom j', where the atoms j and ;' have to be the same or equivalent,
respectively. It should be noticed that in these representations diagonal elements
occur only if the symmetry operation leaves the position of an atom unchanged or
one of the coordinates changes sign. Since the character of the representation is
given by the trace of the representation matrix only those atomic coordinates x;
contribute which transform to +x; when applying a symmetry operation. There-
fore the characters of a reducible representation can be easily determined by
considering these coordinates only (see Table 6.2).

The next step is now to determine how many of the various irreducible represen-
tations are contained in the reducible representations. This can be done with the
help of equation (2.55) and will explicitly be shown for the case of the irreducible
represenation Bq,:

np, = %{[1]*(39)+[1]*(—13)+[—1]*(—3)+[—1]*(—3)
+ [Fx (=9 +[Fx )+ A+ (13) + 1]+ (13)} =8 (6.1)
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Y Ba Cul | Cu2 |O1 02 03 04
x[a] || £ : 0 0 0 : 0 0
y OS] 2 o[ o [f[ 0 [ £ [ 0
z [(] % 0.1814 | 0 [0.6493 | 0 | 0.3774 | 0.3765 | 0.1620
a = 7.104 a.u.
= 7.214 a.u.
= 21.476 a.u.

Table 6.1: Internal coordinates in units of ¢ and the lattice parameters of the
fully-optimized unit cell of YBayCusz05.

E | C3 cg Cy| I |o%|o% | g%
invariant atoms || 13 | 13 3 3 3 3 13 | 13
X’"ed(R) 39 1-13| -3 -3 1-9| 3 13 | 13

Table 6.2: Characters "¢ of the reducible representation of YBayCuz0-.

Here the numbers in the [| brackets are the characters of the irreducible rep-
resentations taken from Table 6.3' and the other factors are the characters of
the reducible representation taken from Table 6.2. The results of all irreducible
representations are given in Table 6.4.

By investigating the transformation properties of the components of the dipole
moment vector and the polarizability tensor it is also possible to determine their
reducible characters. This can be done in the same way as it has been done in
the case of the atomic coordinates. The results are given in Table 6.5 and with
the help of equations (2.62) also the Raman and infrared selection rules can be
derived, which are listed in Table 6.6.

Symmetry Coordinates:

The symmetry coordinates (), should give evidence for the symmetry properties
of a crystal and its possible vibrational species. These symmetry coordinates can
be written as linear combinations of the Cartesian coordinates

T

Qn = Z[an(s)x(s) + b, (8)y(s) + en(s)z(s)], n=1,...,3r (6.2)

s=1

where the coefficients can be determined by the condition that the symmetry
operations of the point group have to transform the coordinates according to the
characters of a concerned symmetry type.

1The character tables of the irreducible representations of all point groups, called character
tables, can be found in [29].
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Doy [E[CZ[CYCE] T [o™ [0 | 0%
Ay [T 1 1] 11| 1| 1] 1
A | 1] 1| 1| 1|-1| 1] 1| 1
By || 1| 1] 1] 1| 1| 1| 1] 1
By | 1] 1| 1| 1|-1| 1| 1| 1
By || 1| -1 1] 1| 1| 1| 1] 1
By | 1| 1| 1| -1|-1| 1] 1| 1
By, || 1] 1| -1 1| 1] -1] 1| 1
By | 1| 1| 1| 1|-1| 1] 1| -1

Table 6.3: Characters x""*? of the point group Day,.

Alg Alu Blg Blu B2g BQu B3g B3u
Nirred ) 0 0 8 ) 8 ) 8

Table 6.4: Modes per irreducible representation in case of YBayCuzO7.

Elcz|CY|Cs| T]o™]|o%|o¥
x? 3] -1 1] -1][-3] 1 1| 1
X% 1] -1 1] 11| 1] 1] -1
W 1] -1 1] 11| 1] -1] 1
x% 1] 1] 1] -1)-1] -1] 1] 1
X* 6 2 2] 6] 2| 2] 2
X (p=x,y,2) || 1| 1] 1] 1] 1 1 1 1
X%y 1] 1] 1] 1) 1] 1] -1] -1
X% 1] -1 1] 1)1 1] 1] -1
v 1] -1 1] 1} 1] 1] -1] 1

Table 6.5: Characters of the dipole moment y¢ and the polarizability x® as well
as their components.

Alg Alu Blg Blu BQg B2u B3g B3u
Raman active X X X X
Infrared active X X X
Polarization Oy Olyy, Olyy Oy | dy | Qg | dy | 0y | dy

Table 6.6: The Raman and infrared selection rules of the point group Dy,
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In the case of YBayCu3Oy (r =13) s =Y, Ba, Ba, Cul, Cu2, Cu2, O1, 02,
02, 03, 03, 04, O4, where the atoms written in bold letters refer to equivalent
sites of one atomic species. The coefficients a,(s), b,(s) and ¢,(s) are obtained
now in the following way:

o Type A1y Niprea =5 (n=1,...,5)
Applying a symmetry operation (e.g C%) to the symmetry coordinate

CiQn =Y [~ an(s)x(s) — bu(5)y(5) + cn(5)2(5)] = X9 (C*)Qn = Qn

leads to

Furthermore, from
Can = Cn(

cn(Cul)z(Cul) — ¢ (Cu2)z(Cu2) — ¢y (Cu2)z(Cu2)

cn(01)2(01) — ¢,(02)2(02) — ¢,(02)2(02)

cn(03)2(03) — ¢,(03)2(03)

en(04)2(04) = ¢,(04)2(04) = X (C*)Qn = Qs

Y)2(Y) — ¢,(Ba)z(Ba) — c,(Ba)z(Ba)

follows
(YY) = ¢,(Cul) =¢,(01)=0
¢n(Ba) = —c,(Ba)
cn(Cu2) —cp(Cu?2)
n(02) = —¢,(02)
n(03) = —cn(03)
cn(04) —c,(04).

The equations for the transformations according to C3, I, o™, 0% and
0% may be neglected because of the fact that they do not give any new
conditions for the coefficients. Thus

@1 = z(Ba) - z(Ba)
Qs = z(Cu2) — 2(Cu2)
Qs = 2(02) - 2(02)
Qs = 2(03) - 2(03)
Qs = z(04) — 2(04).
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w
N
~

® Type B3ul Nired = 8 (77, = 32, P

Qw = a(Y)

Q33 = .T(CUl)

Qs = z(01)

Qss = z(Ba) + z(Ba)
Qs = z(Cu2) + z(Cu2)
Q3 = z(04) + z(04).

All the @),, are orthogonal to each other. They are, however, not necessarily nor-
mal coordinates, since more than one eigenvibrations belong to each symmetry
type. Therefore the eigenvectors, which are linear combinations of the symmetry
coordinates of the same symmetry, can only be determined by a lattice dynam-
ical calculation. The three acoustic phonon modes, which are pure translational
oscillations, can be assigned as By, By, and Bjg, vibrations. Thus one ends up
with 36 optical modes:

F - 5Alg + 5B29 + 5B3§ + 7B1u + 7Bgu + 7B3u (63)

6.1.3 Comparison between YBa;Cu3O; and YBay;Cu3Og

In the YBay,CusO7_4 system, T, may be varied via oxygen doping. The critical
temperature which is 93 K at optimal doping (6 &~ 0.05) is systematically re-
duced when oxygen is lost from the CuO chains. For § ~ 0.5 superconductivity
disappears and the system undergoes a transformation to an antiferromagnetic
insulator. YBayCu3Og has a tetragonal structure with point group Dy, with Doy,
the point group of YBay;CusO7, being a subgroup of Dgj. In this work, only the
phonon modes of YBayCuszO7 will be presented. However, since YBayCuzOy is
close to the tetragonal structure of YBayCu3zOg in many papers the analysis of the
YBayCuzO7 modes is carried out in terms of the tetragonal symmetry. Therefore
a comparison of the two point groups is given here.

Table 6.7 gives an overview over the eigenvibrations in YBayCu3zOg and their
optical activity, while Figure 6.2 shows the evolution of the vibrational species
if the symmetry is reduced from Dy, to Ds,. Because of the fact that the or-
thorhombic deformation in YBayCuzO; is not that large, the eigenvectors of
the compatible vibrations of both structures should be similar. There has been
substantial interest in the vibrations of the O2 and O3 atoms in z direction.
In the case of Dy, symmetry, there are two vibrations dominated by these two
atoms, both having A;, symmetry. Since O2 and O3 are not equivalent their
displacements are different but similar in magnitude. One of the modes exhibits
in-phase vibrations of O2 and O3, where in the other mode they are oscillating
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Dyp | Nirred involved atoms selection rules
Ay 4 Ba, Cu2, 02, 03, 04 Olyay Olyy, Olyy
Ba, Cu2, 02, 03, 04
By, 1 02, 03 Olgg = —Qlyy
02, 03
Ao, 6 Y, Ba, Cul, Cu2, O1, 02, O3, O4 d,
Y, Ba, Cul, Cu2, O1, 02, 03, O4
By, 1 02, 03 forbidden
02,03
E, 5 Ba, Cu2, 02, 03, 04 gy = Quy,
Ba, Cu2, 02, 03, 04
E, 7 Y, Ba, Cul, Cu2, O1, 02, 03, O4 dy =dy
Y, Ba, Cul, Cu2, O1, 02, 03, O4

Table 6.7: The number of the eigenvibrations with all atoms involved as well as
the optical selection rules for all vibrational species of YBayCuzOg.

out-of-phase. In case of Dy, symmetry, O2 and O3 are equivalent and thus their
amplitudes are the same in case of the total symmetric in-phase vibration. The
out-of-phase motion reduces the symmetry to Do, therefore this mode is a By,
vibration in YBayCu3zOg. Analogously, the By, modes are split into Ag, and By,
vibrations when going from YBay;Cu3O7 to YBayCu3Og. In case of an interme-
diate oxygen content YBay,CusO;_ 4 the defect structure is either orthorhombic
(0 < 0.5) or tetragonal (§ > 0.5), thus certain selection rules may be lost and
forbidden vibrations may become active.

6.2 HgBaQCan_lCunOgn+2 (n :1,2,3,4)

6.2.1 Structural Data

The record critical temperature of HgBayCaysCuzOgys [7,8], 136 K at ambient
pressure, which can be further increased to over 160 K by applying high pressure
[8,47,48], has led to an increase of interest in the physical properties of the
homologous Hg based series HgBa,Ca,, 1Cu,,O9,,9,5. All members of the Hg-
family crystallize in a tetragonal lattice with space group P4/mmm, where the
¢ axis is perpendicular to the CuO, planes. A short notation for the different
representatives is given according to the number of CuO, layers as Hg-12(n-
1)n. Hereby 1 stands for the one Hg atom, and 2 for the two Ba atoms in
each cell, while the n-1 Ca atoms, and the n CuO, planes further determine this
nomenclature. Pictures of the unit cells of Hg-1201, Hg-1212, Hg-1223, and Hg-
1234 are shown in Figure 6.3 and the corresponding structural data are given in
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4Alg 5Alg
1319/ 5B,
5E 4 5B,
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1BZU/ 6BZL
6E 6BSL

u

Figure 6.2: Comparison between the eigenvibrations of the space-groups Dy, and
D2h-

Table 6.9.

It is a common feature of the HgBayCa,_1Cu, sy 015 superconductors that
their 7, can be varied via doping. In that case additional charge is introduced
into the crystal by an excess oxygen OI located at (1/2,1/2,0) in the Hg plane
as shown in Figure 6.3. In the Hg-1201 crystal the doping parameter ¢ varies
between 6=0.04 and §=0.23 [49]. Furthermore it is claimed that there is a second
doping site at (0, 1/2, z), but this is not taken into account in our calculations,
because it can only be occupied if two Hg atoms are replaced by two Cu atoms in
the nearest neighbourhood [50]. The doping parameter § is one if all OI positions
are occupied and zero if all OI positions are empty.

6.2.2 Factor Group Analysis

In case of the Hg-family, the factor-group analysis has to be carried out anal-
ogously to the sections 6.1.2 and 6.1.3, but will not be shown in detail here.
Only the most important results will be presented. These are the number of
Raman active eigenvibrations and the atoms participating in these irreducible
representations. These data are shown in Table 6.8 for n=1, 2, 3, 4.

In all Hg-based structures the A;, vibrations involving Ba and O2 are very
similar. These two atoms are displaced from their equillibrium positions in z-
direction and perform coupled vibrations with their equivalent partners. Com-
pared to the single layer Hg-1201, in case of n = 2, the CuO, plane is doubled
with a layer of Ca atoms in between. As a consequence, the oxygen and copper
atoms of the planes are no longer sitting on positions with the highest possible
symmetry, and therefore can participate in the A, vibrations. In the n = 3 struc-
ture, there are two Ca layers and three CuQOy planes, such that the Ca atoms are
also involved in the A;; modes, whereas the CuO; plane situated in the middle
of the unit cell does not participate due to symmetry. And last but not least, if
n = 4, again a CuO; layer and a Ca layer are added, resulting in even more A,
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Figure 6.3: Crystal structures of the HgBayCa,, ;Cu,, 04,5 family.
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Atom | Hg-1201 He-1212 He-1223 He-1234
Hg
Ba Alg +Eg Alg +Eg Alg +Eg Alg +Eg
CU]. Alg + Eg Alg =+ Eg Alg “+ Eg
Cu2 Alg “+ Eg
01 Alg + Blg + 2Eg A19 + Blg + 2Eg Alg + Blg + 2Eg
02 Alg + Eg Alg + Eg A19 + Eg Alg + Eg
03 Ag + By, + 2E,
Cal Alg + Eg Alg =+ Eg
Ca2
total 2A1g + 2Eg 4Alg + lBlg + 5Eg 5A]_g + 1B]_g + 6Eg 7A1g + 2Blg + gEg

Table 6.8: The irreducible representations of all Raman active modes of
HgBayCa,,_1Cu,Og,40 with the participating atoms.

atomic structure data [c]
Hg-1201 | Hg-1212 Hg-1223 | Hg-1234

x Yy =z ‘ r Yy =z x Yy =z ‘ r Yy =z
Hg [0 0 0 0 0 0 0 0 O 0 0 0
Ba % % :tzBa % % :|:ZBa % % iZBa % % :|:ZBa
Cul |0 0 1% 0 0 +2cu1 |0 0 +zcw1 |0 0 Fzcwm
Cu2 0 0 1 0 0 =zow
013 0 % 3 0 +z01 |3 0 Fz01 |3 0 =zo1
or (o 3 3 0 3 +z01 |0 3 *z01 |0 3 =+zo1
02 0 0 :|:2502 0 0 :I:ZOQ 0 0 :tZOQ 0 0 :|:Z()2
03 0 3 2 0 *zo3
03’ 0 i 3 0 1 =203
Cal : + 3 T L tzea | 3 % +2ca1
Ca2 : 3 3

Table 6.9: Internal coordinates for the Hg-compounds.

vibrations of the CuO; planes. The irreducible representation of E, symmetry is
two-dimensional and the E, modes are related to the atomic motions in the (a, b)
plane. Since the structure is tetragonal the a - and b - axes are equivalent and
therefore in case of Hg-1201, Hg-1212, Hg-1223, and Hg-1234 only 2, 5, 6, and 9
E, frequencies, respectively, will be detected.
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Chapter 7
Results for YBayCu3O-

In this section all Raman-active phonon modes of YBa,CusO; are investigated
by first-principles LAPW calculations. As already shown in section 6.1.2 these
phonon modes can be devided into three different symmetry classes, namely A,
Byy, and Bs,. Thereby each of these classes consists of five eigenmodes which are
coupled vibrations of Ba, the plane copper atom Cu2, the plane oxygens O2 and
O3 and the apical oxygen O4. The A;; modes are characterized there by c-axis
vibrations of these five atoms, while within the By, and B3, modes these atoms
move in ¢ and b-direction, respectively.

After a short description of the computational details a summary about the
calculated phonon frequencies and corresponding eigenvectors of the Raman-
active phonon vibrations will be given. Technologically, it is possible to produce
the YBayCuzO; crystals with a site-selective oxygen isotope substitution, i.e.
where only the plane or the apical oxygen sites are occupied by another isotope
[51-55]. Thereby the influence on T, strongly depends on the type of the substi-
tution. A recipe, how the frequencies and eigenvectors in case of a site-selective
isotope substitution can be obtained from the results of an unsubstituted crystal ,
will be presented. With the help of this procedure, the changes in the frequencies
and eigenvectors in the case of site-selective isotope substitutions will be studied
and compared to experimental results. Then the computed Raman scattering
intensities of the A;;-modes will be presented and cross checked with measured
spectra. Finally, also the influence of site-selective isotope substitutions on the
scattering intensities will be shown and discussed in detail. The last section will
deal with Y point phonons in this material.

7.1 Computational Details
All calculations have been carried out within the full-potential linearized aug-
mented plane-wave (LAPW) method [56] using the program package WIEN97

[44]. Exchange and correlation effects have been treated in the local-density ap-

93
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proximation (LDA). As indicated before the totally relaxed crystal structure has
been the starting point in order to account for overbinding effects by LDA.

The basis set, which was used, included approximately 2000 basis functions
supplemented by local orbitals for the treatment of the semicore states Y-4s, Y-4p,
Ba-5s, Ba-5p, Ba-4d, Cu-3s, Cu-3p, and O-2s. For the A;; modes the Brillouin
zone integrations were carried out on a k-point mesh consisting of 243 points
in the irreducible wedge (IBZ) using a Gaussian smearing of 0.002 mRyd. For
the By, and Bs, vibrations 144 k-points in the IBZ turned out to give sufficient
accuracy. In all cases, the E—point mesh was further increased for computation of

the dielectric tensor. The details of the optimization procedure can be found in
Reference [20].

The force constants were established by least-square fits of atomic-force values
calculated for 8 to 13 different distortion patterns for each class of modes (the
actual number depending on the symmetry). After diagonalization the dynamical
matrix the atoms were again displaced along the eigenvector. Thereby the accu-
racy of the fitting procedure was cross-checked,and more important, an accurate
description of the dielectric tensor as a function of displacement according to the
normal coordinate was guaranteed.

7.2 Results and Discussion

7.2.1 Phonon Frequencies and Eigenvectors

Table 7.1 shows the phonon frequencies and the corresponding eigenvectors of all
the Raman-active modes obtained by solving equation (2.12). The A,, data and
the frequencies of the By, and B3, modes have been published elsewhere [63, 64].
They are repeated for completeness and further comparison to the results of site-
selective isotope substitutions. All phonon frequencies excellently reproduce their
experimental counterparts, with a significant improvement achieved compared to
the calculations carried out for the experimental structural parameters [65-67].
For the eigenvectors it can be generally said that the atomic displacements are
less coupled. This was pointed out already in Reference [63] for the A;, modes. In
particular, it should be mentioned that the O4 contribution to the O2-0O3 mode
is much smaller in comparison to the results obtained with experimental lattice
parameters, since this admixture is responsible for dramatic effects on the Raman
scattering intensity as will be shown below. It should also be noted that the
eigenvectors are in good agreement to those estimated from experimental Raman
data [68]. For the By, and Bs, vibrations, the modes are clearly dominated by one
atomic species. Note that O2 (O3) in the By, (B3,) mode has a large vibrational
frequency due to the stretching of a rigid Cu-O2 (Cu2-03) bond in x (y) direction.
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mode Wezp wy, Ba  Cu2 02 03 04

Ba 116-123 123 0.91 0.41 0.05 0.05 0.04

Cu2 145-152 147 0.42 -0.90 -0.08 -0.06 0.00

Ay (Jle) 02-03 335-338 338 0.00 0.03 -0.77 0.63 -0.01
02+03 435-442 422 0.03 0.11 -0.60 -0.73 -0.31

04 493-500 487 0.02 -0.02 0.19 0.24 -0.95

Ba 69-79 65 0.90 0.29 0.14 0.08 0.29

Cu2 140-142 142 -0.35 0.82 0.38 0.24 0.00

By, (|| @) 04 209-210 222 -0.27 -0.09 -0.03 -0.04 0.96
03 370 380 0.00 -0.30 0.06 0.95 0.02

02 579-585 593 0.00 0.37 -0.91 0.18 0.02

Ba 78-83 79 091 032 0.10 0.15 0.18

Cu2 140-141 141 -0.36 0.81 0.25 0.37 -0.03

Bs, (|| ) 04 303-307 293 -0.17 -0.04 -0.03 0.01 0.98
02 378 372 0.00 0.34 -0.93 -0.11 -0.01

03 526 546 0.00 -0.34 -0.23 0.90 -0.03

Table 7.1: Phonon frequencies (in cm™) and eigenvectors for the A;,, By,, and
Bj, modes at ¢ = 0 in comparison to experimental data (References [33,57-62]).

7.2.2 Raman Intensities

The calculated spectral densities are shown in Figure 7.1 for diagonal scattering
geometries at room temperature. For the Lorentzian lineshapes an overall line
broadening of I' = 35 K has been chosen. Theory quantitatively reproduces the
experimentally measured intensities presented in Figure 7.2. For comparison, in
Figure 7.1 the calculated intensities of the Ba and Cu modes are displayed (grey
lines) when a smaller broadening of I' = 18 is used for the two low-energy modes.
With this choice, for the (zz)-polarization not only the integrated intensities but
also the spectral densities excellently agree with their experimental counterparts.
The intensities of the in-plane polarizations are more than one order of magnitude
smaller than those in (zz)-geometry as already found by Heyen et al. [69] in
resonant Raman scattering.

The resonant behavior of the total efficiency S,,(w) (this is the integrated
spectral density) is presented in Figure 7.3. Since Raman scattering experiments
exhibit the phonon frequencies but at the same time probe the components of
the normal vectors, the calculated Raman intensities contain much information
about the precision of the calculated eigenvectors. The displacement of the apical
oxygen has the strongest effect on the electronic structure and thus gives rise to
the biggest scattering intensity [69, 70] among the A;, modes in (zz)-polarization.
Since 0€**(w)/0upa, i-e. the change of the dielectric function with O4 displace-
ment, is large, the contribution of the apical oxygen plays an important role for
the Raman intensity of both, the O4 and the O2+03 mode. The dependence
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Figure 7.1: Calculated Raman intensities (black lines) of the A;, modes for a laser
wavelength of 514 nm in (zz)-, (yy)-, and (2z)-polarization at room temperature.
An overall lifetime broadening of '=35 K was used. For comparison, the grey
curves show the corresponding spectra for the Ba and Cu mode, when I'=18 K.

of €**(w) upon displacement of the atoms with respect to the eigenvectors of
these two modes, is seen in Figs. 7.4 and 7.5. The strong change with the O4
coordinate (eigenvector) arises due to the large z—coordinate matrix element be-
tween the O4(p,) and the Cul(d,2_,2) orbitals contributing to €**(w). Due to a
resonance of the incident light with the interband transition between the bands
where these orbitals are heavily involved €%*(w) is strongly modulated by the ion’s
displacement. For the in-plane states this matrix element arises only due to the
small buckling of the CuO, layers being weakly modulated by the displacements
of plane oxygen ions. For this reason the plane oxygen atoms give a relatively
small contribution to the Raman activity in (zz)-polarization.

In previous publications, a good overall agreement between theory and experi-



7.2. RESULTS AND DISCUSSION o7

ment for the Raman intensities as a function of wy, was found. The only exception
was the O2-O3 mode in (zz)-polarization where a much too high intensity was
obtained by the LMTO calculations [69]. This behavior can be understood by
the large contribution of the O4 displacement in the normal vector used in Ref-
erence [69]. As can be seen in Figs. 7.1 and 7.3 this discrepancy is lifted when
taking into account the eigenvector displayed in Table 7.1. In excellent agree-
ment with experiment [68,69] the intensity of the O4 mode at the peak position
is approximately 7 times as big as for the 02403 mode, whereas the Raman
efficiency of the O2-03 mode is two orders of magnitude smaller than that of the
O4 vibration.

During the vibrations of Byy and Bs, symmetry, the atoms are displaced from
positions lying in a mirror plane. The displacement to both directions is equiva-
lent leading to a symmetric potential and a saddle point in the diagonal compo-
nents of the dielectric function ¢//(w). For the latter reason, the first derivative
of this quantity and hence the Raman intensity in diagonal polarizations is zero.
Due to the lowering of the symmetry finite non-diagonal terms are allowed but
very small. Indeed, the measured Raman intensities are two orders of magnitude
smaller than those of the A;; modes. This finding is also reproduced by the
present calculations.

7.2.3 Matrix Transformation for the Site-selective Isotope
Substitution

Here it will be demonstrated how to obtain the eigenmodes and the variation
of the dielectric function in case of site-selectively substituted crystals. Starting
with the transformation of the dynamical matrix, which has the form

D = S'DS! (7.1)

where the diagonal matrix for the substitution of the atom with the mass M,, is
written in the form Sjl-j =1or S]I-j =4/ Mm/ﬂm where Mm specifies the mass of

the introduced isotope and m numerate the ions. From the modified D the new
eigenfrequencies and the corresponding eigenvectors ﬂgm) are obtained. With the
new eigenvectors the variations of the dielectric function de; can be related to the
already known results for de; in the following way. In A,, taken as an example,
the non-substituted crystal’s de; is given by :

bex Uy UGy Uoy Uoy o \ [ O€/dup,

562 .

563 — . . . . . . (72)
564

es Uy UG, ugy Uos uor ) \ O¢/Ouos
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The derivatives 0e¢/0u,, which are not changed with the substitution can be
obtained as:

Oe/Oupa af) ul) by ub) ub)\ [ da

. . . 562
T Ses (7.3)

- . - - - . 664

Je/duos ufy ugy ul) udy ug) Oes

Therefore, in the substituted crystals the variation of the dielectric function is
given by:
~(1)  ~(1) ~(1) ~1) ~(1
o& Ups Uy oy Upj Up)
6%, . . . . .
0€3 = . . . : : X (7.4)

5%, : . : . .

0% Ups gy gy oy Ug)
-1

ups UGl upy UGy up) ber

562
x| - . Jes (7.5)
. . . . . (564
5 5 5 5 5
Uy UGy UGy UGy Uod o

With the knowledge of d¢; one can then calculate the Raman intensities in the
selectively substituted crystals.

7.2.4 Site-Selective Isotope Effect in Raman Spectra

Replacement of oxygen atoms by their 20 isotopes has two effects on the Raman
spectra. First, the vibrational frequencies are lowered due to the increased ionic
mass. Second, the phonon eigenvectors are altered as well. As already mentioned
above, the Raman intensities strongly depend on the eigenvector of a mode, and
therefore modifications in the eigenvectors directly cause changes in the phonon
intensities [71]. In contrast, a substitution of all oxygens by isotopes, only causes
a frequency decrease of the oxygen modes by 1/16/18 and does not affect the
eigenvectors, since the oxygen modes can be regarded to be decoupled from the
Ba-Cu subsystem.

Figure 7.6 presents the Raman intensities for two different cases of the 60O
—!80 substitution compared to the results for the non-substituted crystal. The
eigenvectors and frequencies are represented in Tables 7.2 and 7.3, respectively.

The dramatic effects of the site-selective substitution on the intensities of the
02+03 mode and the O4 mode can be understood in the following way. In the
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sym. mode w Aw  Awep Ba  Cu2 02 03 04
A, 02-03 3185 -19.3 -17 0.01 -0.03 0.77 -0.63 -0.01
024+03 399.7 -22.2 -21 0.03 0.12 -0.61 -0.75 -0.21

04 485.0 -2.0 -0.03 0.01 -0.14 -0.19 0.97

Bayg 04 2224 0.0 0.27 0.09 0.03 0.05 -0.96
03 368.6 -20.2 0.00 -0.30 0.04 0.95 0.02

02 564.3 -29.0 0.00 -0.38 0.91 -0.17 -0.02

Ba, 04 2929 0.0 -0.18 -0.03 -0.04 0.01 0.98
02 353.5 -18.7 0.00 -0.34 0.94 0.08 0.02

03 518.6 -27.3 0.00 -0.35 -0.22 0.91 -0.03

Table 7.2: Phonon frequencies and frequency shifts (in cm 1), and eigenvectors
for the oxygen modes in A4, By, and Bj, symmetries for plane oxygen isotope
substitution. Experimental data are taken from Reference [52].

sym. mode w Aw  Awep Ba Cu2 02 03 04
Ay, 02-03 3378 0.0 -0.01 0.03 -0.78 0.63 0.01
02403 418.3 -3.6 -8 0.04 0.11 -0.55 -0.67 -0.49
04 463.1 -23.9 -24 0.02 -0.03 0.28 0.35 -0.90
By, 04 210.8 -11.6 0.27 0.09 0.03 0.04 -0.96
03 388.8 0.0 0.00 -0.30 0.06 0.95 0.02
02 593.3 0.0 0.00 -0.37 091 -0.18 -0.02
Bs, 04 276.7 -16.2 0.18 0.03 0.02 -0.00 -0.98
02 372.2 0.0 0.00 -0.34 0.93 0.11 0.01
03 545.9 0.0 0.00 -0.34 -0.23 0.91 -0.03

Table 7.3: Phonon frequencies and frequency shifts (in cm™'), and eigenvectors
for the oxygen modes in A;,, By, and B3, symmetries for apical oxygen isotope
substitution. Experimental data are taken from Reference [52].

non-substituted crystals these modes are close in frequency and hence consider-
ably mixed [68]. In the case of 1804 (*¥02,'¥03) substitution the modes become
more (less) close in frequency, and, therefore, the vibrations of the atoms in-
volved get more (less) strongly coupled. This fact leads to changes in the Raman
intensities, as shown in Figure 7.6, and their resonant behavior.

Excellent agreement between theory and experiment is found for the frequency
shifts (see Tables 7.2 and 7.3) where experimental data are available [52]. The
relatively small deviations from the measured values can be understood by the
uncertainties in the substitution: For the O4 substituted samples a 15% replace-
ment of the plane oxygens was estimated. Since the O4 mode is nearly completely
decoupled from the plane atoms, the additional replacement of plane oxygens does
not affect the O4 frequency. In this case, the experimental frequency shift is in
perfect agreement with theory. In contrast, the shift of the experimental 02403
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frequency is enhanced by the 2O content of the planes. The same holds for the
02-03 mode, where a small frequency shift can be seen in the spectrum, but no
experimental value is given in Reference [52]. At the plane oxygen substitution
only a 5% replacement of the apical and chain oxygen was determined. There-
fore the effects can be estimated to be much smaller than in the case discussed
above. The experimental scattering intensities also allow for a comparison with
the calculated spectra to some extent: e.g. the relative increase of the 02403
mode with respect to the O4 mode, when 04 is replaced by 204, is well re-
produced by our calculations. For a detailed analysis, however, more information
from experimental side is needed.

Isotope substitution at the ** Ba and %°Cu sites shows only a minor influence
on the intensities of corresponding phonons. This effect can be understood by
the small mixing of these modes, clearly seen in Table 7.1. The effect on phonon
frequencies and eigenvectors of the Ba and Cu dominated modes in all three
symmetry classes are shown in Tables 7.4 and 7.5.

sym. mode w Aw  AWegp Ba Cu2 02 03 04
Ay Ba 1244 -12 -1.34+0.2 089 044 0.05 0.05 0.04
Cu 1476 -0.3 -0.1+£0.2 0.44 -0.89 -0.08 -0.05 -0.00

By Ba 65.8 -0.6 -0.89 -0.30 -0.14 -0.08 -0.29
Cu 1423 -0.2 0.0£0.5 0.35 -0.82 -0.38 -0.24 0.00
Ba, Ba 80.0 -0.8 -0.91 -0.33 -0.10 -0.16 -0.18

Cu 1409 -0.2 -04+£0.5 -0.37 0.81 0.25 0.37 -0.04

Table 7.4: Phonon frequencies and frequency shifts (in cm '), and eigenvectors
for the barium and cooper mode for A;,, By, and B3, symmetries for barium
isotope substitution. Experimental values are taken from Reference [72].

sym. mode w Aw  AWegp Ba Cu2 02 03 04
Alg Ba 1229 -0.3 -0.2+0.2 090 0.44 0.05 0.05 0.04
Cu 1459 -1.3 -2.1+0.2 044 -0.90 -0.07 -0.05 -0.00

By Ba 65.1 -0.1 -0.90 -0.30 -0.14 -0.08 -0.29
Cu 1411 -1.1 -0.7£0.5 0.35 -0.83 -0.38 -0.23 0.00
Bsg Ba 79.1 -0.1 -0.91 -0.33 -0.10 -0.15 -0.18

Cu 1396 -1.0 -1.3+£0.5 -0.37 0.82 0.25 0.37 -0.03

Table 7.5: Phonon frequencies and frequency shifts (in cm™"), and eigenvectors
for the barium and cooper mode for A4, By, and Bj, symmetries for copper
isotope substitution. Experimental values are taken from Reference [72].

Comparison with experiments [72] for the A;, modes as discussed in Refer-
ence [73] demonstrates excellent agreement again confirming the precision of the
calculated eigenvectors.
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Figure 7.2: Measured Raman intensities in different geometries for a laser wave-
length of 514 nm at room temperature taken from [33]. The A,, frequencies are
123 em™!, 152 em™!, 338 cm ™!, 442 cm™!, and 500 cm ™!, respectively.
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Figure 7.3: Resonance behavior of the Raman intensity in (zz)-polarization for
the three oxygen dominated modes.
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Figure 7.4: Real and imaginary part of the dielectric tensor component €**(w)
for different atomic displacements along the eigenvector of the O4 mode (upper
panel). The lines correspond to the O4 displacements of 0.025 A (solid), 0.0125
A (dashed), 0 (dotted), -0.0125 A (dash-dotted), and -0.025 A (double dash-
dotted), respectively. In addition the corresponding derivatives are displayed
(lower panel).
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Figure 7.5: Derivatives of real and imaginary part of the dielectric tensor com-
ponent €**(w) with respect to the eigenvector of the O2+03 mode.
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Figure 7.6: Site-selective isotope effect on the Raman spectra of the three oxygen
modes in (zz)-, (yy)-, and (zz)-polarization. The grey (black) lines indicate
substitution of the plane (apex) oxygen atoms by O'®, whereas the dotted lines
correspond to the case without substitution.
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7.3 Y-Point Phonon Modes of YBazCus;O-

In the following the calculated frequencies of non-zone-center phonon modes will
be presented. More specifically, the calculation was done for the Y-point (ky =
(0,7,0)) of the Brillouin zone with the help of supercell calculations. Thus it was
also necessary to determine the symmetry coordinates for the YBazCuzO7 unit
cell doubled along the y—direction. In the following we will describe the procedure
how to obtain them. Assume, the pattern of displacements in one elementary cell
is known. The displacements in the second cell are related to the displacements
in the first cell by the Bloch factor (see equation 2.48) which is equal to -1 in the
Y-point. In this point the xy— and yz—planes are symmetry planes. For this
reason, the pattern of ion displacements can be either even or odd with respect
to reflections in these planes. In the calculations only modes even with respect
to the zy—plane reflection were considered since they possess a similar symmetry
as the Raman active phonons in the I'—point. Thus some of these modes could
be traced back to the Raman active phonons if the entire interval of &, could be
investigated from 0 to w. Taking into account the symmetry with respect to the
yz—plane reflection, the displacements of ions along the r—axis are zero. This
procedure leads to 13 independent displacements, which are listed in Table 7.6.
In this table the superscripts A and B describe in which half of the doubled
unit cell an atom is located, while ’ labels equivalent atoms. The structural data
needed for this calculations are given in Table 7.7. It shall be noted that in a
study of Andersen et al. [74] only 7 out of 13 possible displacements were taken
into account. It can be seen in Table 7.8 that all the 13 displacements couple.
However, it turned out that the coupling between the 7 displacements, which
were considered in Reference [74], and the additional 6 displacements is very
weak. Thus the increase in the number of degrees of freedom in the dynamical
matrix D in equation 2.13 does not show dramatic effects on the eigenfrequencies.
The results of the calculations presented in Table 7.8 can help to assignment the
modes obtained by neutron scattering experiments for the Y-point [75]. These
theoretical data are also a good starting point for the calculation of electron-
phonon coupling constants which are highly desirable to be known for arbitrary
vectors of the Brillouin zone.
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Culd || 0, =y, 0 Cul® || 0, 3Fu, 0
014 || 0, 1 +uyo, 0 O1% | 0, 2y, 0
Cu2 || 0, s, Zows £ 23 Cu2® || 0, LFuys,  zow F2s
Cu2? || 0, +ys, 1—zoweFz | Cu2B | 0, % Fuys, 1— 2oy 23
024 | 3, +us, 202+ 2 028 | L, LFws 202F
024 || L tys, l—zooFa | 0282 || L L3y, 1-zootz
03410, 1+uys, zos t+ 25 038 11 0, 2Fys, 203 F 25
O34 10, tdys, 1—zo3Fz | 03570, 3Fys, 1—zostzs
04411 0, s, Zoa T 26 048 |1 0, % F s, 204 F %
044 110, +ys, 1—zoaF2z | O4% || 0, 3Fwe, 1— 204tz
Bat || 1, %, ZBa * 27 Ba? | 1, 2y, ZBa F 27
Ba® || 2, Txyr, l—zpaFar | BaP | L, 3Fy;, 11—zt
vy dew 5 | v trw

Table 7.6: Atomic displacements for the Y-point vibrations.

lattice parameters
a = 7.103 Bohr
b = 14.428 Bohr
¢ = 21.476 Bohr

atomic positions [c]

Zouz = 0.3505
zo2 = 0.3772
zo3 = 0.1620
204 = 0.1813
zBa = 0.6237

Table 7.7: Optimized structural data for a unit cell doubled in y-direction.
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Chapter 8

The Results for
HgBaQCan_lCun02n+2

8.1 Computational Details

As in the previous Chapter, all the calculations have been performed within
the LAPW method using the WIEN97 code [76]. The exchange and correlation
effects have been treated in the local density approximation (LDA). In case of
Hg-1201 the Brillouin zone integrations have been carried out on a E—point mesh
consisting of 42 points (in the irreducible wedge) applying a Gaussian smearing of
0.002 mRy. The number of k-points has been reduced according to the unit-cell
volume in the treatment of Hg-1212, Hg-1223, and Hg-1234. In the calculations
of the dielectric tensors and the densities of states the number of E—points has
been increased by roughly a factor of 10. The basis set included about 1500 -2000
LAPW?’s supplemented by local orbitals for the low-lying semicore-states Hg-5p,
Ba-5s, Ba-5p, Cu-3p and O-2s, Ca-3s, and Ca-3p. The atomic sphere radii have
been chosen to be 2.0, 2.2, 1.9, 1.55, and 2.0 a.u. for Hg, Ba, Cu, O and Ca,
respectively.

8.2 Hg-1201

8.2.1 The Optimization of the Crystal Structure

The starting point for the optimization procedure was the experimentally deter-
mined equilibrium volume V¢ of 976.3 a.u.® with the corresponding structural
data taken from Reference [49] (see also Table 8.1). For each volume the lattice
parameters, i.e. the c¢/a-ratio, was optimized also allowing for the relaxation of
the coordinates zg, and zpy. Figure 8.1 shows the total energy as a function of the
unit cell volume. The calculated equilibrium volume turned out to be about 0.5%
bigger than the experimental one [49], the ¢/a-ratio was found to be somewhat

69
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Vv a c c/a
lau?] | [au.] | [a.u.]
Theory this work | 981.2

976.3 | 7.289 | 18.373 | 2.521
Ref. [77] | 1008.3 | 7.500 | 17.925 | 2.390
Experiment | Ref. [49] | 976.3 | 7.362 | 18.015 | 2.447
Ref. [78] | 967.7 | 7.332 | 18.000 | 2.455

Table 8.1: Structural data of Hg-1201 obtained by the optimization procedure in
comparison to data from the literature. The volume of 981.2 a.u.? has the lowest
total energy (see text).
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Figure 8.1: Total energy of HgBa,CuO,4 with respect to the minimum energy as
a function of the unit cell volume.
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(+3%) larger than experimentally observed (see Table 8.1). This finding seems
to be in contradiction to the common behavior of LDA based calculations, which
generally show the trend of overbinding. The discrepancy, however, is much big-
ger for the results of Novikov et al. [77], who determined the equilibrium volume
to be about 5% larger than the reference volume used [78]. At the same time
a deviation in the c¢/a-ratio of -3% was obtained. In order to prove the quality
of the lattice parameters obtained within the LAPW method, the total energy
for the equilibrium data suggested by Novikov et al. has been computed, which
was found to be by about 7.8 mRy higher. The discrepancy between the two
structural data sets may only be traced back to differences between the LAPW
and the FLMTO method (basis set) or to different convergence parameters. The
influence of the l;—point mesh turned out not to be crucial.

A possible explanation for the missing difference between the experimentally
and the theoretically obtained structural data may be found in the fact that the
calculated data represent the lattice parameters for zero temperature with 6=0,
whereas the experimental values are obtained from crystals at 7=295 K and a
finite oxygen doping level of §=0.04 [49] !. Since the theoretical volume is very
close to the experimental one, the latter one has been adopted to be the optimal
volume V,,; = 976.3 a.u.?, taking into account the 3% increased c/a-ratio and
the relaxed atomic positions.

8.2.2 The Pressure Dependence of the Structural Data

The relation between pressure and the relative unit cell volume is presented in
Figure 8.2. The pressure has been calculated according to the analytic expression
P = —0FE(V)/0V by differentiating the fit curve of Figure 8.1. The change of
the unit cell volume with pressure is almost linear up to 8 GPa. The same
behavior was also found in Reference [77] in the pressure range from 0-10 GPa.
Table 8.2 gives more insight into the behavior of the lattice parameters and
the internal atomic coordinates under pressure. A detailed study of the bond

V/‘/opt V a c ZBa 202
la.uw?] | [au.] |a.u. c] c]
1.00 976.3 | 7.289 18.373 | 0.3003 0.2014
0.96 937.2 | 7.214 18.008 | 0.2967 0.2049
0.94 917.7 | 7.164 17.882 | 0.2952 0.2061
0.92 898.2 | 7.136 17.638 | 0.2928 0.2086

Table 8.2: Theoretically obtained structural data of Hg-1201 for different vol-
umes.

Tt will be shown below that doping results in a reduction of the unit cell volume.
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Figure 8.2: The pressure dependence of V/Vyy.

distances presented in Figure 8.3 indicates that nearly the whole change in the
c parameter is due to the change of the Cul-O2 bond, while the Hg-O2 bond
reveals to be rigid, i.e. it shows a very small change with applied pressure. From
this behavior a very strong pressure dependence of the electronic states in the
Cul-O1 plane might be expected due to the enhanced interaction of Cul with
the apical oxygen O2.

Using the collection of data obtained during the optimization procedure the
bulk modulus B, the compressibilities kv, k,, and k., and the anisotropy param-
eter k./k, have been calculated. The compressibility along an axis « with lattice
constant [, is given by

1 01, (P)
- _ 1
o=, P 8.1)
the volume compressibility by
10V(P)
S Sl E 2
and the bulk modulus by
1
B=— (8.3)
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Figure 8.3: The bond distances of Hg-1201 as a function of the relative unit cell
volume.

The calculated values (taken at P =0) are displayed in Table 8.3. They are
generally closer to the experimental data than most of the calculated results that
have been published so far.

8.2.3 The Pressure Dependence of the Band Structure,
the Density of States, and the Partial Charges

In Figure 8.4 the band structure of Hg-1201 along some high symmetry lines is
shown for the optimized volume V. At the first sight it can be seen that the
band states near the Fermi surface display a nearly two dimensional character.
It can be observed that two bands intersect the Fermi level. One is a CuOs
dominated band which appears as a characteristic in all the layered cuprates.
This band crosses Er between X and M, M and I', R and A, as well as between
A and Z. The second band dips down to the Fermi level at X and is slightly
below EF at the R-point. This almost empty band can be identified to have Hg-
O2 character. Comparing Figures 8.4 and 8.5 it can be seen that by increased
pressure this band crosses the Fermi level when applying pressure and causes hole
self-doping of the half filled Cul(d,2>_,2)-O1(p,) band. Furthermore, the van Hove
singularity at X shifts closer to the Fermi level and it might cross for pressures
higher than 10 GPa as predicted in Ref. [79]. It was expected [79] that doping
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P [GPa] || kK, ke kv | B KefKa Ref.
0-7.2 3.31 5.07 11.6 | 8 1.53 | this work
Theory 0-0.6 3.50 6.21 13.0| 77 1.77 [50]
0-5.0 | 2.93 577 11488 1.97 | [50]
0-10.0 | 2.60 550 10.4 |96 2.12 [50]
3.90 410 12.0 |83 105 | [79]
400 3.40 11488 085 | [80]
Exp. 0-059 || 4.26 583 143 |70 1.37 78]
0-5.07 || 3.34 458 11.4 |88 1.37 [81]
0-8.88 || 2.94 4.8 10.1|99 1.65 [82]

Table 8.3: Compressibilities in (1072GPa"') and bulk modulus in (GPa) of Hg-
1201 compared to theoretical and experimental counterparts. P indicates the
pressure range investigated.

with oxygen leads to similar effects, a topic which will be investigated in Section
8.6.

Figure 8.6 shows the total and the site-projected densities of states for Hg-
1201 at the equilibrium volume V. It exhibits covalent bonding of Cul and O1
with peaks at ~ -0.8 eV and small and nearly constant values at Fr. Additionally
some covalent bonding can be resolved between Hg and O2, as well as between
Ba and O1. The effects of pressure on the densities of states are characterized by
shifts of the partial DOS’s towards the Fermi level as depicted in Fig. 8.7.

Finally also the partial charges as a function of pressure have been investigated
(see Table 8.4). As already mentioned, mainly the distances between the CuO,
plane and the apical oxygen O2 decrease under applied pressure. This change
is, in principle, reflected by an increase of the electron densities around these
atoms. This fact, however, does not show up in the partial charges given in Table
8.4. The situation can be explained in the following way: As mentioned above,
applying pressure leads to self-doping, i.e. the creation of holes in the Cul-O1
plane. Thus one would expect smaller occupation numbers for the corresponding
atomic spheres. These two effects partly cancel each other where the increase of
the hole concentration should be stronger. Since, however, the muffin-tin radii
of the atomic spheres have been kept constant when decreasing the unit cell
volumes, the partial charges seem to stay approximately constant. For a more
detailed analysis calculations with different sphere radii should be done.

8.2.4 The Raman Spectra and their Pressure Dependence

As already mentioned in Section 6.2.2 one would expect four peaks with different
frequencies for the multi-polarized Raman spectra of HgBayCuO4 s with 6=0.
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Figure 8.5: The band structure of Hg-1201 for V/V,,;=0.92.
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Figure 8.7: The total and site-projected DOS around the Fermi level for two
different unit cell volumes.
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V/Vopt s p d P P d,2 dp2_y2 | day dg»
Hg Viet 0.393 | 6.039 | 8.050 | 1.992 | 2.055 | 1.445 | 1.632 | 1.629 | 1.672
1 0.393 | 6.041 | 8.049 | 1.992 | 2.056 | 1.440 | 1.633 | 1.630 | 1.674

0.96 0.393 | 6.045 | 8.045 | 1.994 | 2.058 | 1.440 | 1.632 | 1.628 | 1.672
0.92 0.393 | 6.050 | 8.040 | 1.996 | 2.059 | 1.440 | 1.630 | 1.627 | 1.672
Ba Viet 1.738 | 4.280 | 10.004 | 1.430 | 1.421 | 2.000 | 2.000 | 2.001 | 2.002

1 1.737 | 4.280 | 10.003 | 1.429 | 1.423 | 2.000 | 2.000 | 2.001 | 2.002
0.96 1.738 | 4.283 | 10.004 | 1.430 | 1.422 | 2.000 | 2.000 | 2.001 | 2.002
0.92 1.739 | 4.286 | 10.006 | 1.433 | 1.421 | 2.000 | 2.000 | 2.002 | 2.002
Cul Vief 0.217 | 6.150 | 8705 | 2.067 | 2.017 | 1.750 | 1.440 | 1.854 | 1.830

1 0.225 | 6.159 | 8707 | 2.070 | 2.018 | 1.742 | 1.446 | 1.857 | 1.831
0.96 0.229 | 6.170 | 8703 | 2.075 | 2.020 | 1.747 | 1.431 | 1.859 | 1.833
0.92 0.234 | 6.182 | 8705 | 2.080 | 2.022 | 1.753 | 1.422 | 1.861 | 1.835
01 Viet 1.528 | 3.442 | 0.010 | 1.120 | 1.204 | 0.001 | 0.003 | 0.002 | 0.002

1 1.529 | 3.439 | 0.010 | 1.122 | 1.195 | 0.001 | 0.003 | 0.003 | 0.002
0.96 1.529 | 3.451 | 0.011 | 1.124 | 1.202 | 0.002 | 0.003 | 0.003 | 0.002
0.92 1.529 | 3.451 | 0.011 | 1.129 | 1.202 | 0.002 | 0.003 | 0.003 | 0.002
02 Viet 1.545 | 3.355 | 0.010 | 1.195 | 0.967 | 0.005 | 0.000 | 0.000 | 0.002

1 1.543 | 3.363 | 0.010 | 1.195 | 0.973 | 0.005 | 0.000 | 0.000 | 0.002
0.96 1.543 | 3.377 | 0.011 | 1.202 | 0.973 | 0.006 | 0.000 | 0.001 | 0.002
0.92 1.544 | 3.392 | 0.012 | 1.210 | 0.973 | 0.006 | 0.000 | 0.001 | 0.003

Table 8.4: The pressure dependence of the partial charges of Hg-1201 for different
unit cell volumes. For comparison, the data for the experimental geometry are
shown indicated by V.
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The experimental spectra, however, show strong peaks at 592, 571 and 161 cm™?,

and a weaker one at 538 cm™" in zz-polarization, which correspond to A;, sym-
metry. In zz-polarization additional peaks at 76 cm ! and 165 cm ! are resolved
and can be attributed to the two theoretically expected E;, phonon modes [21].
This work focuses on the A;, vibrations. It is common to assign the 592 ¢cm™!
peak to the A, vibration of the oxygen O2 and the 161 cm™' peak to the vi-
bration of the Ba atom. 161 cm™" is a very big value for a A;; Ba mode in a
high-T, cuprate superconductor. As a common value for the Ba frequency one
would expect ~ 120 cm~!. A possible explanation for this high frequency may
be found in the fact that in the Hg-1201 structure the two Ba atoms are only
separated by one CuQO, layer, while in most other cuprate superconductors they
are separated by two or more layers. The presence of more than one CuO, layer
is also reflected in the eigenvectors and eigenfrequencies of the normal modes.
In a one-layer structure like Hg-1201 only oxygen and barium take part in the
A;, vibrations®. In a more-layer system, also the oxygen and the copper atoms
of the other layers are involved in the normal vibrations, and their coupling to
the Ba leads to a decrease of the frequency of the Ba dominated vibration. The
calculated frequency of the Ba mode is determined to be 144 cm™! (Table 8.5),
where the difference to the experimental result is about 17 cm™' which seems
to be a quite big deviation. If it is considered, however, that the calculations
have been made for zero temperature and without taking into account that the
Ba position in the crystal is very sensitive to doping [83] the value is reasonable.
(The measured peak at 571 cm™' is an indication of excess oxygen.)

Concerning the two modes at 571 cm~! and 538 ¢cm™!, various explanations
have been proposed. It has to be recalled that at ambient pressure and room
temperature the Hg-1201 crystal usually absorbs a certain amount of excess oxy-
gen. This may result in two different effects. First, such an oxygen atom sitting
at an interstitial site break the symmetry of the crystal. Vibrations around its
equilibrium position therefore could be regarded as A;, modes. Second, the pres-
ence of the excess oxygen changes charge density and lattice constants, which
could also lead to a modulation of the frequency of the O2 mode. In reference
[21] the peak at 571 ¢cm™' is assigned to a modulation of the A;,-O2 mode by
excess oxygen, while the 538 cm™! peak is claimed to originate from a vibration
of the excess oxygen itself.

The effect of doping on the A;; modes will be discussed later. Here, the
Raman spectra of the A;; modes are presented for 6 = 0 and their dependence
on pressure is studied. It turned out that the eigenvibrations remain uncoupled
in the investigated pressure region up to8 GPa. In Table 8.5 the corresponding
eigenfrequencies of the Ba and O2 modes are listed. In Figure 8.9 the Raman
spectral density of the O2 mode is shown. Since the spectral density is dominated

2From the frozen-phonon calculations done in this thesis it turned out that they are nearly
completely decoupled which could be expected due to the different masses of oxygen and barium.
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by the derivative of €*(w) with respect to the eigenvector @), real and imaginary
part of the (zz) component as a function of the laser energy are displayed in
Figure 8.8 for different values of (). The intensity of the barium vibration is

02 mode

0 T T T T T T T T T T T T T T T T T T T
16 18 20 22 24 26 28 3.0 32 34
Laser energy [eV]
Figure 8.8: Real and imaginary part of the dielectric tensor component ¢**(w) of
Hg-1201 for Vi, with |upe| & 0.0016 ¢ (dottet lines) and |ugs| ~ 0.0008 ¢ (dashed
lines).

extremely small, such that its changes as a function of pressure could not be
clearly resolved numerically.

The pressure dependence of the calculated Raman intensities at a laser energy
of 2.4 eV using a Lorentzian broadening of I' = 25K is presented in Figure 8.9.
The Raman intensity decreases while the peak is shifted to higher frequencies.
In addition, Figure 8.10 shows the resonance behavior of the O2 mode, i.e. the
integrated Raman intensities, again as a function of applied pressure. Figure
8.10 clearly demonstrates that the increase or decrease of the intensity sensitively
depends on the used laser frequency. An experimental crosscheck of this finding
would be highly desirable.
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Figure 8.9: Raman spectra of the O2 mode in Hg-1201 as a function of the unit
cell volume with I' = 25K at the laser energy of 2.4 eV for all curves.
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Figure 8.10: The resonance behavior of the integrated Raman intensities as a
function of the unit cell volume.
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V/ Vopt p Wo2 WBq
[GPa] | [em™ Y] [em™!]
1.00 0.21 590 144
0.96 3.74 597 144
0.94 5.90 599 147
0.92 7.27 603 152

Table 8.5: Phonon frequencies of the A;, modes in Hg-1201 as a function of
pressure.
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8.3 Hg-1212

8.3.1 The Optimization of the Lattice Parameters and
their Pressure Dependence.

The structural parameters as the starting point for the geometry optimization
of Hg-1212 have been taken from Reference [84]. Therein, the data have been
obtained by neutron powder diffraction on Argon reduced samples, which also
contained a 30% fraction of Hg-1201. The authors claim, however, that this fact
did not have much influence on the obtained structural data. Furthermore it
is reported that in these samples the Hg and the interstitial oxygen sites had
occupation factors of 0.96 and 0.008, respectively.

Compared to the experimental reference data, the optimization procedure
leads to a 1.3% smaller volume and a ¢/a-ratio which is ~ 3% bigger (see Table
8.6). Moreover, larger values for the calculated Hg-Ba, Hg-Cu, Hg-O1 distances
and a smaller Hg-O2 distance is observed. Considering the pressure dependence of
the lattice parameters it can be seen (Table 8.6) that with decreasing volume also
the c¢/a-ratios are shrinking. This reduction of the ¢/a-ratio can be attributed to
decreasing distances of all the layers similar in magnitude, with the only exception
being the distance between Hg and the apical oxygen O2 which decreases only
slightly. A significant difference between Hg-1201 and Hg-1212 is also displayed
in Table 8.6: The CuO- layers are not planar any more.

8.3.2 The Pressure Dependence of the Band structure,
the Density of States, and the Partial Charges

The band structure of Hg-1212 (see Figure 8.11) has also a very significant two
dimensional character. The differences to the band structure of the Hg-1201
compound are the following: There are now two bands attributed to the CuO,
layers, which are crossing the Fermi level. Another striking fact is that the Hg-O2
derived band significantly intersects Er at V' = V,, which means hole doping
of the two Cul-O1 bands even at pressures close to zero. As can be expected
from the findings for the single-layer compound, this effect can be increased by
applying pressure (Figure 8.12). At the same time also the van Hove singularity
at the X point moves closer to the Fermi level as a function of pressure.

Figure 8.13 shows the total and the partial densities of states of Hg-1212.
Again, like in Hg-1201, a nearly constant and very small Cul-O1 DOS dominates
at Er. Furthermore, in addition to this covalent bonds of Cul and O1 with
peaks at = -1 eV some small covalent bonding between the CuO, unit and the
Cal atom arises in the whole valence band region. Some covalent character is
made out between Hg and O2 around -8 eV, between Ba, O1 and Ca below -
12 eV. The changes of the density of states with pressure (Figure 8.14) is nearly
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Figure 8.11: The band structure of Hg-1212 for the equilibrium volume V.
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\ | Vit | Vopt | 0.96 Vops | 0.91 Vopy | 0.86 Vops |
a [a.u.] 7.300 7.204 7.153 7.072 6.986
Aa/agp [%] 1.3 0.000 -0.7 -1.8 -3.0
¢ [a.u.] 23.995 | 24.391 23.746 23.013 22.273
Ac/copt [%)] -1.6 0.000 -2.6 5.7 -8.7
(c/a) 3.287 3.386 3.320 3.254 3.188
Alc/a)/(c/a)opt [%)] -2.9 0.000 -1.9 -3.9 -5.8
V [a.u.] 1278.694 | 1265.835 | 1214.974 | 1150.953 | 1087.016
AV Vopt [%] 1.0 0.0 -4.0 -9.0 -14.1
P [GPa] -0.576 4.314 10.427 16.540
ZBa]a.1L.] 5.383 5.577 5.339 5.050 4.775
ZCu1[a.u] 9.052 9.532 9.259 8.931 8.601
zo1[a.1.] 9.035 9.325 9.057 8.737 8.421
zo2[a.1.] 3.715 3.700 3.686 3.670 3.655
d(Cul-Cu1] 5.891 5.327 5.228 5.151 5.0253
d,Cui-01] 0.017 0.207 0.202 0.194 0.180
d,[Cul-Ba) 3.669 3.955 3.92 3.881 3.826
d,[cu1-02] 5.337 5.832 5.573 5.261 4.946

Table 8.6: The structural parameters of Hg-1212 as function of the unit cell
volume.

negligible, except the small effect that some states of O2 and Hg become occupied.

Finally also the changes in the partial charges as a function of pressure are
shown in Table 8.7. For comparison, the corresponding values for the reference
geometry are depicted indicated by Vie. Generally, it can be stated that the
behavior is similar as for the Hg-1201 compound.

8.3.3 The Raman Spectra and their Pressure Dependence

In the following, phonon frequencies and Raman spectra of Hg-1212 as a func-
tion of pressure will be discussed. The frozen-phonon atomic-force calculations
have yield the eigenmodes presented in Table 8.8 which all increase in frequency
with applied pressure. The first eigenvibration, the highest in frequency, can be
identified as a nearly decoupled vibration of the apical oxygen O2. The second
vibration turned out to be dominated by O1 with a little admixture of Cul, Ba,
and O2. The third vibration can be attributed to a coupled out-of-phase vibra-
tion of Cul and Ba, while the fourth vibration is an in-phase vibration of these
two atoms. When applying pressure, the eigenvectors exhibit changes in the rel-
ative amplitudes, but the character of each vibration remains unchanged. The
most significant effect is a decrease (increase) of the Ba (Cul) component in the
eigenvector of the out-of-phase mode, whereas it is the other way round in the
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Figure 8.13: The total DOS and the site-projected densities of states of Hg-1212
for V.= Vop.
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Figure 8.14: The total and partial densities of states of Hg-1212 at the Fermi
level for different volumes.
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V/V:)pt S D d Dz Dz dz2 dwz—yz dmy dy
Hg Vier 0.392 | 6.041 | 8.048 | 1.993 | 2.055 | 1.445 | 1.632 | 1.629 | 1.672
1 0.390 | 6.042 | 8.048 | 1.993 | 2.056 | 1.439 | 1.633 | 1.630 | 1.673

0.96 0.391 | 6.049 | 8.043 | 1.996 | 2.058 | 1.438 | 1.632 | 1.628 | 1.673
0.91 0.393 | 6.057 | 8.035 | 1.998 | 2.060 | 1.438 | 1.630 | 1.626 | 1.671
0.86 0.396 | 6.065 | 8.029 | 2.001 | 2.063 | 1.440 | 1.627 | 1.625 | 1.669
Ba Viet 1.737 | 4.281 | 10.004 | 1.430 | 1.421 | 2.000 | 2.000 | 2.001 | 2.002

1 1.737 | 4.281 | 10.003 | 1.428 | 1.425 | 2.000 | 2.000 | 2.001 | 2.002
0.96 1.738 | 4.284 | 10.004 | 1.431 | 1.423 | 2.000 | 2.000 | 2.001 | 2.002
0.91 1.739 | 4.290 | 10.006 | 1.435 | 1.421 | 2.001 | 2.000 | 2.002 | 2.002
0.86 1.741 | 4.296 | 10.009 | 1.439 | 1.419 | 2.001 | 2.001 | 2.003 | 2.002
Cul Vief 0.221 | 6.157 | 8.694 | 2.069 | 2.019 | 1.737 | 1.435 | 1.857 | 1.833

1 0.230 | 6.172 | 8.688 | 2.074 | 2.023 | 1.729 | 1.442 | 1.858 | 1.829
0.96 0.233 | 6.180 | 8.682 | 2.078 | 2.025 | 1.733 | 1.430 | 1.859 | 1.830
0.91 0.239 | 6.193 | 8.683 | 2.084 | 2.027 | 1.738 | 1.422 | 1.861 | 1.832
0.86 0.245 | 6.209 | 8.682 | 2.090 | 2.030 | 1.741 | 1.411 | 1.862 | 1.834
01 Vief 1.530 | 3.427 | 0.010 | 1.116 | 1.195 | 0.001 | 0.003 | 0.003 | 0.002

1 1.530 | 3.439 | 0.011 | 1.124 | 1.192 | 0.002 | 0.003 | 0.003 | 0.002
0.96 1.530 | 3.451 | 0.012 | 1.126 | 1.199 | 0.002 | 0.003 | 0.003 | 0.002
0.91 1.530 | 3.471 | 0.013 | 1.132 | 1.208 | 0.002 | 0.004 | 0.003 | 0.002
0.86 1.530 | 3.493 | 0.015 | 1.138 | 1.218 | 0.002 | 0.004 | 0.004 | 0.003
02 Viet 1.544 | 3.363 | 0.010 | 1.198 | 0.967 | 0.005 | 0.000 | 0.000 | 0.002

1 1.541 | 3.372 | 0.010 | 1.198 | 0.976 | 0.005 | 0.000 | 0.000 | 0.002
0.96 1.542 | 3.388 | 0.011 | 1.206 | 0.976 | 0.005 | 0.000 | 0.001 | 0.003
0.91 1.543 | 3.408 | 0.012 | 1.217 | 0.975 | 0.006 | 0.000 | 0.001 | 0.003
0.86 1.545 | 3.430 | 0.014 | 1.229 | 0.973 | 0.006 | 0.000 | 0.001 | 0.003
Cal Vief 1.938 | 5483 | 0.169 | 1.827 | 1.830 | 0.015 | 0.043 | 0.014 | 0.058

1 1.940 | 5.487 | 0.189 | 1.828 | 1.831 | 0.017 | 0.048 | 0.019 | 0.053
0.96 1.941 | 5.490 | 0.200 | 1.830 | 1.832 | 0.018 | 0.051 | 0.020 | 0.056
0.91 1.943 | 5494 | 0.214 | 1.831 | 1.833 | 0.020 | 0.055 | 0.021 | 0.059
0.86 1.945 | 5499 | 0.231 | 1.832 | 1.835 | 0.021 | 0.060 | 0.023 | 0.063

Table 8.7: The partial charges of Hg-1212 as a function of the unit cell volume.
For comparison, the values for the experimental geometry are given indicated by
V;"e f-
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in-phase mode of Ba and Cul. Figure 8.15 shows the real and imaginary part of

[ V/Vapt | wpn [em™ ] Ba | Cul | O1 | 02 |

1 594.8 -0.01 | -0.02 | 0.12 | -0.99
0.96 602.7 -0.01 | -0.02 | 0.11 | -0.99
0.91 618.6 -0.01 | -0.02 | 0.11 | -0.99
0.86 623.2 -0.01 | -0.03 | 0.15 | -0.99

1 382.1 -0.15 | -0.15 | 0.97 | 0.12
0.96 391.2 -0.15 | -0.08 | 0.98 | 0.12
0.91 409.5 -0.15 | -0.08 | 0.98 | 0.12
0.86 426.4 -0.18 | -0.05 | 0.97 | 0.15

1 147.1 0.67 | -0.74 | -0.02 | 0.01
0.96 145.0 0.63 | -0.77 | 0.03 | 0.01
0.91 163.2 0.49 | -0.87 | 0.00 | 0.02
0.86 166.0 0.59 | -0.81 | 0.07 | 0.03

1 80.8 0.73 | 0.65 | 0.21 | 0.01
0.96 103.4 0.76 | 0.63 | 0.17 | 0.00
0.91 119.2 0.86 | 0.49 | 0.17 | 0.00
0.86 127.8 0.79 | 0.59 | 0.18 | 0.00

Table 8.8: The eigenvectors and the eigenfrequencies of Hg-1212 as a function of
the relative unit cell volume.

the dielectric tensor component €?(w) for several displacements and two different
volumes. The picture should give the reader a feeling about the magnitude of
changes during the vibration. By that also the uncertainties in the calculation
of the first derivatives of the dielectric function can be estimated. The Raman
intensity of the O2 mode, depicted in Figure 8.16, shows that contrary to the
Hg-1201 compound, the intensity increases with applied pressure. This fact is
also displayed in Figure 8.17 which shows the resonance behavior of the inte-
grated Raman intensity of the O2 peak. The giant integrated Raman intensity
at V/Vop=0.91 result from the relatively big changes in the calculated dielectric
function for that volume and may need a quite big error bar. Furthermore it
should be pointed out again that the increasing or decreasing of the Raman in-
tensity with pressure depends on the laser energy (see Figure 8.17) and that there
may be an uncertainty in the displayed resonance curve of 0.2 eV with respect to
the laser frequency.
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Figure 8.15: Real and imaginary part of the dielectric tensor component €** of
Hg-1212 for several displacements and two different unit cell volumes.
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Figure 8.16: The Raman intensity of Hg-1212 with I' = 25K at a laser energy of
24 eV.
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Figure 8.17: The resonance behavior of the integrated Raman intensity of the O2
mode in Hg-1212.
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\ | Vit || Vopt | 097 Vopy | 092 Vopy | 0.87  Vopy |
ala.u.] 7.291 7.194 7.143 7.111 7.001
Aa/aop:[% ] 1.3 0.0 -0.7 -1.2 -2.7
cla.u.] 29.933 30.127 29.622 28.319 27.594
Ac/cop|% ] 0.6 0.0 1.7 6.0 8.4
c/a 4.106 4.188 4.147 3.983 3.942
Alc/a)/(c/a)opt[%0] -2.0 0.0 -1.0 -4.9 -5.9
Via.u.] 1591.027 || 1559.201 | 1511.471 | 1431.920 | 1352.369
AV Voot [%] 2.0 0.0 3.1 8.2 -13.3
P[GPa] 0.422 4.361 10.926 17.491
ZBala.u.] 5.220 5.521 5.365 4.958 4.718
ZCu1la-u.] 8.953 9.512 9.332 8.848 8.563
zo1[a.u.] 8.989 9.324 9.142 8.660 8.386
zoz2[a.u.] 3.831 3.699 3.691 3.668 3.653
ZCa1la.u.] 11.898 12.132 11.915 11.343 11.023
dCu1-cuz] [-0.] 6.0135 || 5.5515 5.479 5.3115 5.234
dfCu1-ca)[a-0.] 2.945 2.62 2.583 2.495 2.46
doour-onfa-u] 0.036 0.188 0.19 0.188 0.177
dCu1-pa) [2-0.] 3.733 3.991 3.967 3.89 3.845
d.jCu1-0z[a-u] 5.122 5.813 5.641 5.18 4.91

Table 8.9: The structural data of Hg-1223 as a function of the unit cell volume.

8.4 Hg-1223

8.4.1 The Optimization of the Lattice Parameters

The structural parameters as the starting point for the geometry optimization
in Hg-1223 have been taken from Reference [85]. These data have been ob-
tained from X-ray diffraction studies on Hg-1223 crystals with a stoichiometry
of Hgp.92Cug 0 BasCayCusOg.11, where the Hg sites are partly replaced by cooper
and the small amount of interstitial oxygen is situated at (1/2,1/2,0). It turned
out that the calculated volume is 2% smaller than the experimental one, whereas
the c¢/a-ratio is 2% larger. Additionally, there are some deviations in the bond
lengths (see Table 8.9): The distances between the Cu-layers are obtained shorter
than in experiment, while the distances from the Cu-layers to the planes of the
other atoms are bigger.

8.4.2 The Pressure Dependence of the Band Structure,
Density of States, and Partial Charges

Like for the previously discussed members of the Hg-family the band structure of
Hg-1223 also exhibits a two dimensional character (Figure 8.18). The important
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characteristics of the band structure remain the same as in Hg-1201 and Hg-1212.
The only principle difference is that there are now three CuO, bands intersecting
the Fermi level. They are hole doped through the existence of the Hg-O2 derived
band which shifts £ down compared to the single-layer compound. The pressure
dependence of the band structure is very similar to that of the Hg-1212 system
(see Figures 8.18 and 8.19) as well as the DOS (Figures 8.20 and 8.21). As already
discussed in the previous sections for Hg-1201 and Hg1212, also in the case of
Hg-1223 the partial charges generally increase with applied pressure (Table 8.10).

8.4.3 The Raman Spectra and their Pressure Dependence

The phonon frequencies and Raman spectra of Hg-1223 as a function of pres-
sure are presented in this section. The frozen-phonon atomic-force calculations
have yield the eigenmodes and eigenvectors presented in Table 8.11 which show
generally the trend of increasing frequencies with applied pressure. The first
eigenvibration, the highest one in frequency, can be identified as a nearly de-
coupled vibration of the apical oxygen O2. The second mode turned out to be
mainly dominated by an out-of-phase vibration of O1 and Cal (with a larger
O1 component) and some admixture of Cul, Ba, and O2. The third vibration
can be attributed to an in-phase vibration of Ol and Cal, with Cal dominat-
ing the mode. There is also a pronounced admixture of Ba and a smaller Cul
contribution. The fourth vibration and the fifth vibration are identified as being
mainly dominated by Ba and Cul out-of- and in-phase vibrations, respectively,
with a little admixture of Ol in the latter one, like it has also been the case
in Hg-1212. In Table 8.11 the calculated results are compared to experimental
data and assigned to their supposed experimental counterparts. It can be seen
that there are quite big differences between theoretical and experimental results
and among the experimental data as well. The deviations might have a general
explanation by the different amount of excess oxygen. The biggest discrepancy
between theory and experiment is observed for the 368.9 cm~! mode. There is
a peak at 400 cm~! given in Reference [88], which is, however claimed to orig-
inate from a defect-induced mode and can therefore not be clearly assigned to
the calculated O1 vibration. On the other hand, the 477 cm™! peak measured
in Reference [87] is claimed to be the A;; Ol mode. Summarizing it can be
said that the O1 dominated vibration exhibits a significant discrepancy between
theory and experiment, which should be investigated more in detail.

8.4.4 The Raman Spectra and their Pressure Dependence

Figure 8.22 shows the real and imaginary part of the dielectric tensor component
€**(w) for several displacements and two different volumes. The picture should
again give the reader a feeling about the magnitude of changes during the vibra-
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Figure 8.19: The electronic band structure of Hg-1223 at V/V,,,=0.87.
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Figure 8.20: The total and partial densities of states of Hg-1223 at V' = V.
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Figure 8.21: The total and partial densities of states of Hg-1223 for two different
unit cell volumes.
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V/V:)pt S D d Dz Dz dz2 sz—yQ dzy dy
Hg Vies 0.383 | 6.030 | 8.057 | 1.993 | 2.044 | 1.471 | 1.630 | 1.627 | 1.664
1 0.389 | 6.043 | 8.046 | 1.994 | 2.056 | 1.438 | 1.633 | 1.629 | 1.673

0.97 0.389 | 6.048 | 8.042 | 1.995 | 2.057 | 1.438 | 1.632 | 1.628 | 1.672
0.92 0.394 | 6.058 | 8.032 | 1.999 | 2.061 | 1.438 | 1.629 | 1.626 | 1.671
0.87 0.397 | 6.070 | 8.027 | 2.004 | 2.064 | 1.441 | 1.626 | 1.624 | 1.668
Ba Vies 1.800 | 4.556 | 10.009 | 1.523 | 1.510 | 2.001 | 2.001 | 2.002 | 2.003

1 1.799 | 4.555 | 10.008 | 1.520 | 1.516 | 2.001 | 2.001 | 2.002 | 2.003
0.97 1.800 | 4.558 | 10.009 | 1.522 | 1.515 | 2.001 | 2.001 | 2.002 | 2.003
0.92 1.802 | 4.563 | 10.012 | 1.526 | 1.511 | 2.002 | 2.001 | 2.003 | 2.003
0.87 1.805 | 4.571 | 10.015 | 1.531 | 1.511 | 2.002 | 2.002 | 2.004 | 2.004
Cul Vies 0.220 | 6.158 | 8.689 | 2.070 | 2.019 | 1.736 | 1.428 | 1.857 | 1.834

1 0.230 | 6.172 | 8.695 | 2.075 | 2.022 | 1.732 | 1.444 | 1.858 | 1.831
0.97 0.234 | 6.180 | 8.691 | 2.079 | 2.023 | 1.734 | 1.437 | 1.859 | 1.831
0.92 0.235 | 6.187 | 8.695 | 2.081 | 2.025 | 1.741 | 1.431 | 1.859 | 1.832
0.87 0.243 | 6.206 | 8.683 | 2.089 | 2.028 | 1.741 | 1.415 | 1.861 | 1.834
Cu2 Vies 0.219 | 6.157 | 8.683 | 2.069 | 2.020 | 1.731 | 1.422 | 1.859 | 1.836

1 0.228 | 6.174 | 8.687 | 2.076 | 2.024 | 1.723 | 1.436 | 1.859 | 1.835
0.97 0.232 | 6.182 | 8.681 | 2.078 | 2.026 | 1.723 | 1.429 | 1.860 | 1.834
0.92 0.235 | 6.189 | 8.674 | 2.081 | 2.028 | 1.724 | 1.421 | 1.860 | 1.835
0.87 0.244 | 6.209 | 8.668 | 2.089 | 2.031 | 1.723 | 1.413 | 1.862 | 1.835
01 Vies 1.530 | 3.426 | 0.010 | 1.115 | 1.195 | 0.001 | 0.003 | 0.003 | 0.002

1 1.530 | 3.446 | 0.011 | 1.126 | 1.195 | 0.002 | 0.003 | 0.003 | 0.002
0.97 1.530 | 3.457 | 0.012 | 1.129 | 1.200 | 0.002 | 0.003 | 0.003 | 0.002
0.92 1.530 | 3.473 | 0.013 | 1.130 | 1.213 | 0.002 | 0.004 | 0.003 | 0.002
0.87 1.530 | 3.496 | 0.015 | 1.138 | 1.221 | 0.002 | 0.004 | 0.004 | 0.003
02 Vies 1.547 | 3.353 | 0.009 | 1.207 | 0.938 | 0.004 | 0.000 | 0.001 | 0.002

1 1.540 | 3.378 | 0.010 | 1.201 | 0.976 | 0.005 | 0.000 | 0.000 | 0.002
0.97 1.541 | 3.391 | 0.011 | 1.208 | 0.976 | 0.005 | 0.000 | 0.001 | 0.003
0.92 1.544 | 3.410 | 0.012 | 1.219 | 0.973 | 0.006 | 0.000 | 0.001 | 0.003
0.87 1.546 | 3.438 | 0.014 | 1.233 | 0.972 | 0.006 | 0.000 | 0.001 | 0.003
03 Vies 1.531 | 3.406 | 0.010 | 1.110 | 1.186 | 0.001 | 0.003 | 0.003 | 0.001

1 1.531 | 3.437 | 0.011 | 1.120 | 1.197 | 0.002 | 0.003 | 0.003 | 0.002
0.97 1.531 | 3.448 | 0.012 | 1.124 | 1.201 | 0.002 | 0.004 | 0.003 | 0.002
0.92 1.530 | 3.461 | 0.013 | 1.125 | 1.212 | 0.002 | 0.004 | 0.003 | 0.002
0.87 1.530 | 3.485 | 0.015 | 1.134 | 1.218 | 0.002 | 0.004 | 0.004 | 0.003
Cal Vies 1.938 | 5.482 | 0.167 | 1.826 | 1.830 | 0.016 | 0.043 | 0.014 | 0.047

1 1.940 | 5.487 | 0.189 | 1.828 | 1.831 | 0.018 | 0.049 | 0.018 | 0.053
0.97 1.941 | 5.489 | 0.198 | 1.829 | 1.832 | 0.019 | 0.051 | 0.019 | 0.055
0.92 1.943 | 5493 | 0.213 | 1.831 | 1.832 | 0.020 | 0.055 | 0.020 | 0.059
0.87 1.945 | 5498 | 0.231 | 1.832 | 1.834 | 0.021 | 0.060 | 0.022 | 0.064

Table 8.10: The partial charges of Hg-1223 as a function of the unit cell volume.
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Table 8.11: The eigenfrequencies and eigenvectors of the lattice vibrations in

Hg-1223.



104 CHAPTER 8. HG-RESULTS

tion and an estimation about the uncertainties in the calculation of the Raman
intensities. The Raman intensity of the O2 mode, depicted in Figure 8.23, shows,
similarly as in the Hg-1212 compound, that the intensity increases with applied
pressure. However, like it has already been discussed for the latter material and
can also be seen in Figure 8.24 this behavior strongly depends on the used laser
frequency. The trend that the peak in the Raman spectra is shifted to higher fre-
quencies with applied pressure as shown in Reference [89] is obviously reproduced
by the calculations.
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Figure 8.22: The dielectric tensor component €** of the Hg-1223 for different
displacements of the O2 atom at two different unit cell volumes.
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Figure 8.24: The resonance behavior of the integrated Raman intensity of Hg-

1223.
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8.5 Hg-1234

Also for the four-layer compound Hg-1234 an optimization of the lattice pa-
rameters has been carried out. The experimental lattice constants and atomic
positions, which served as a starting point for this procedure were taken from
Reference [90]. It turned out that compared to these data the calculated opti-
mized structural parameters show a 2% smaller unit cell volume and the same
c¢/a-ratio (see Table 8.12).

a Aa/agpt c Ac/copt % AV [Vt
[a.u.] (%] [a.u.] (%] [a.u.3] (%]
Vopt || 7.277 0 35.888 0.000 1862.863
Vet || 7.205 1 35.885 0.008 1900.603 +2 %

Table 8.12: The structural data of Hg-1234.

The changes in the layer distances are displayed in Table 8.13.

Like the other members of the Hg-family also Hg-1234 exhibits a two dimen-
sional character of its band structure (see Figure 8.25). The important char-
acteristics of the band structure remain the same as in Hg-1201, Hg-1212, and
Hg-1223 with the only major difference that Hg-1224 is having a fourth CuO,
band, which is crossing the Fermi level.

The total and partial densities of states are shown in Figure 8.26 and the
corresponding partial charges are displayed in Table 8.15. For the optimized
geometry also the phonon frequencies and eigenvectors have been calculated.
Looking at Table 8.14 it can be seen, that there is again an uncoupled vibration of
the O2 atom, which is the highest one in frequency, accompanied by 6 additional
modes which turned out to have a mixed character consisting of Cul, Cu2, O1,
03, Ca, and Ba components.
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ZBa | ZCul | ZCu2 | %01 | %02 z03 ZCal
[a.u] | [au] | [au] | [au] | [aw] | [aw] | [au]
Vopt || 9-510 | 9.491 | 15.007 | 9.306 | 3.698 | 15.051 | 12.092
Viet || 5.337 | 8.899 | 15.014 | 8.777 | 3.912 | 15.136 | 11.836
Table 8.13: The atomic positions in Hg-1234.
wlem™] || Ba | Cul [Cu(2)| O1 | O3 | O2 | Cal
598.8 0.00 | 0.02 | 0.00 |-0.11]-0.01 | 0.99 | 0.03
3824 | -0.11 | -0.07 | 0.04 | 0.73 | -0.66 | 0.08 | -0.06
364.2 0.04 | 0.07 | 0.06 |-0.53|-0.65|-0.08 | 0.53
238.6 | -0.30 | -0.16 | -0.16 | 0.32 | 0.34 | 0.02 | 0.80
141.5 0.52 | -0.83 | -0.22 | -0.04 | -0.04 | 0.01 | 0.02
111.5 0.27 | -0.09 | 093 | 0.11 | 0.14 | 0.01 | 0.17
85.4 -0.75 | -0.53 | 0.24 | -0.24 | -0.06 | -0.01 | -0.21

Table 8.14: The eigenfrequencies

and eigenvectors of the phonon modes of Hg-

1234.
T T [ d T n [ o [ [dop] doy | o]
Hg 0.390 | 6.044 | 8.046 | 1.994 | 2.056 | 1.439 | 1.632 | 1.629 | 1.673
Ba 1.799 | 4.555 | 10.008 | 1.520 | 1.516 | 2.001 | 2.001 | 2.002 | 2.003
Cul || 0.227 | 6.171 | 8.693 | 2.075 | 2.023 | 1.727 | 1.440 | 1.859 | 1.834
Cu2 || 0.229 | 6.170 | 8.684 | 2.075 | 2.022 | 1.730 | 1.437 | 1.857 | 1.830
01 1.531 | 3.437 | 0.011 | 1.120 | 1.197 | 0.002 | 0.003 | 0.003 | 0.002
02 1.541 | 3.379 | 0.010 | 1.201 | 0.976 | 0.005 | 0.000 | 0.000 | 0.002
03 1.530 | 3.443 | 0.011 | 1.125 | 1.194 | 0.002 | 0.003 | 0.003 | 0.002
Cal || 1.940 | 5.487 | 0.189 | 1.828 | 1.831 | 0.018 | 0.048 | 0.018 | 0.053
Ca2 || 1.940 | 5.486 | 0.184 | 1.828 | 1.830 | 0.018 | 0.047 | 0.016 | 0.052

Table 8.15: The partial charges of Hg-1234.
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8.6 Doping of Hg-1201

It is commonly believed that the charge carriers responsible for the supercon-
ducting pairing of high T, cuprates are holes mainly confined to the CuO, layers.
Similar correlations between 7, and and ny/m*, with n, and m* being the charge
carrier density and the effective mass, respectively, do not only include high
T. materials, but also other families of superconductors [91]. A universal rela-
tionship between T./7T."** and the hole content p, exhibiting a common feature
among the p-type high-T, superconductors, was presented by Zhang et al. [92].
This dependence is characterized by a plateau, where the variation of T, /T is
independent of the compound considered.

In all these materials of interest the actual amount of holes is driven by dop-
ing. However, for most of the theoretical models describing the superconducting
phase transition the hole content rather than the doping level is the crucial input
parameter. Above all, hardly anything is known about the relationship between
these two physical quantities. Without a detailed knowledge of how doping in-
fluences the number of carriers in the normal state, also the superconducting
properties will lack a profound understanding. In view of being able to tune
the amount of carriers and thereby the superconducting transition temperature a
full clarification of how doping affects the electronic structure is not only highly
interesting, but even inevitable. In this context the questions are raised, where
the excess charge goes upon doping, how does doping influence the carrier con-
centration in the copper-oxygen planes, and what limits the amount of holes in
these building blocks.

In order to address these topics, electronic structure calculations have been
carried out for the simplest representative of the Hg-based high T, cuprate,
HgBayCuOy4ys. For this compound an optimum oxygen concentration of 0,y =~
0.22 was found [93] with a T™* of 97 K for ambient pressure which is the the
highest T, of any single-layer cuprate.

Theoretically, doping effects in this class of materials have been studied for
a high doping level of 6 = 1/2 only [94,95] revealing strong covalent bonding
in the basal plane with large overlap of the Hg and the dopant oxygen orbitals.
This oxygen concentration, however, has never been achieved experimentally.
Therefore a detailed study of the much more important low doping regime was
highly desirable.

In the following investigations special emphasis is put to the doping induced
redistribution of the hole concentration in the CuO, layer. In addition, the doping
effect on the crystal structure and the Raman spectra are studied.

Arbitrary doping levels, are usually hard to achieve since they require calcu-
lations for supercells with large unit cell volumes for low doping concentrations.
Within this thesis, two approaches have been made in order to treat doping in the
Hg-1201 system. First, supercell calculations have been carried out for several
doping levels (unit cells up to 9 single cell volumes). In order to make arbitrary
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doping levels feasible, virtual crystal (VC) calculations have been performed as
well. It will be shown below that such kind of calculations are justified for this
special case.

For the systematic study of the doping-dependent electronic structure, the
crystalline data as a function of doping have been taken from Ref. [49].

8.6.1 Supercell Calculations

Supercell calculations have been performed for 6 = 1/8, 6 = 1/6, § = 1/5,
d =2/9,6 =1/4, 6 = 1/3, and § = 1/2. For the latter two, two different
geometries have been considered in order to check the sensitivity of the results
to the actual site and surrounding of the excess oxygen. The basal planes of the
unit cells used during these calculations are depicted in Figure 8.27.

As already described above, in the undoped material the Fermi level intersects
a single free-electron-like two-dimensional half-filled dpc* band, with its states
being of Cu(d,2_,2) and O(p,) character. Upon doping the effect on the electronic
structure is twofold. First, the dopant adds states at the Fermi level, where these
new charge carriers cause a shift of Er. Second, the shift of the Fermi level
changes the carrier concentration in the CuO plane. This can be seen in Figure
8.28 where the corresponding losses in the partial charges with respect to the
undoped system are displayed for a selected number of doping concentrations.

At the optimal doping the occupation number for the copper d,»_,» orbital
Q(dy2_,2) is decreased by 0.072 e (from 1.442 e for the undoped case to 1.370 e for
dopt), and similarly the O1(p,) charge Q(p,) drops by 0.024 e (from 1.113 to 1.101
for one oxygen). Both orbitals clearly exhibit their minimum occupation number
(maximum amount of holes) as a plateau starting close to the experimentally
observed optimal doping content. The hole concentration within the copper-
oxygen planes with respect to the undoped case is obtained by [Q(d,2—,2)(0) +
2 x Q(pz)(0)] - [Q(dg2—y2)(8) + 2 X Q(pg)(9)] also displayed in Figure 8.28. Close
to the experimental results [93] the optimal value is found to be & 0.13 e. One
should recall here that the partial charges depend on the atomic sphere radii and
therefore the absolute values are somewhat bigger. An estimate of the corrected
value gives 0.16e which exactly reproduces the experimental value.

It should be noticed that for § = 1/5 the number of doping induced holes does
not exactly lie on the straight line indicated by the other doping concentrations.
This finding can be easily explained by the stretched geometry of the supercell
(see Figure 8.27). Similar effects are found for § = 1/3 and 6 = 1/2.

The total and partial charges of all the other atomic spheres remain nearly
unchanged upon doping as can be seen from Table 8.16.

The increase of the hole content can be generally understood in an ionic pic-
ture: The excess oxygen attracts electrons from the copper-oxygen plane thereby
increasing the hole concentration in this region. In fact, the OI states do not show
strong overlap with the neighboring Hg states in the entire doping regime up to
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Figure 8.27: The choices of supercells for different concentrations of excess oxygen

(black dots).

The corners of the mesh represent the Hg positions in the basal

plane as indicated for one single unit cell.
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1) s p d Pz Ds d,2 dy2_y2 day dy
Hg | 0.125 || 0.383 | 6.038 | 8.058 | 1.993 | 2.053 | 1.452 1.634 | 1.631 | 1.671
0.167 || 0.379 | 6.036 | 8.058 | 1.992 | 2.050 | 1.452 | 1.634 | 1.631 | 1.670
0.22 || 0.375 | 6.034 | 8.059 | 1.993 | 2.049 | 1.456 | 1.634 | 1.630 | 1.669
0.25 || 0.372 | 6.033 | 8.064 | 1.992 | 2.048 | 1.461 | 1.635 | 1.632 | 1.668
0.33 || 0.366 | 6.033 | 8.064 | 1.993 | 2.048 | 1.455 | 1.635 | 1.637 | 1.669
Ba | 0.125 || 1.737 | 4.285 | 10.003 | 1.431 | 1.425 | 2.000 | 2.000 | 2.001 | 2.001
0.167 || 1.737 | 4.286 | 10.003 | 1.430 | 1.426 | 2.000 | 2.000 | 2.001 | 2.001
0.22 || 1.737 | 4.287 | 10.003 | 1.430 | 1.427 | 2.000 | 2.000 | 2.001 | 2.001
0.25 1.737 | 4.287 | 10.003 | 1.430 | 1.427 | 2.000 | 2.000 | 2.001 | 2.001
0.33 1.737 | 4.288 | 10.003 | 1.429 | 1.428 | 2.000 | 2.000 | 2.001 | 2.001
Cul | 0.125 || 0.215 | 6.150 | 8.688 | 2.067 | 2.018 | 1.770 | 1.390 | 1.857 | 1.837
0.167 || 0.214 | 6.151 | 8.683 | 2.067 | 2.018 | 1.771 | 1.379 | 1.857 | 1.838
0.22 0.213 | 6.152 | 8.680 | 2.067 | 2.018 | 1.774 | 1.370 | 1.858 | 1.839
0.25 || 0.213 | 6.152 | 8.676 | 2.067 | 2.018 | 1.776 | 1.362 | 1.858 | 1.840
0.33 || 0.212 | 6.152 | 8.675 | 2.067 | 2.018 | 1.773 | 1.365 | 1.857 | 1.840
O1 | 0.125 || 1.529 | 3.434 | 0.010 | 1.109 | 1.218 | 0.001 | 0.003 | 0.002 | 0.002
0.167 || 1.530 | 3.430 | 0.010 | 1.105 | 1.220 | 0.001 | 0.003 | 0.002 | 0.002
0.22 1.530 | 3.424 | 0.009 | 1.101 | 1.222 | 0.001 | 0.003 | 0.002 | 0.002
0.25 || 1.531 | 3.421 | 0.009 | 1.098 | 1.226 | 0.001 | 0.003 | 0.002 | 0.002
0.33 || 1.531 | 3.421 | 0.009 | 1.098 | 1.225 | 0.001 | 0.003 | 0.002 | 0.002
02 | 0.125 || 1.539 | 3.365 | 0.010 | 1.199 | 0.968 | 0.005 | 0.000 | 0.000 | 0.002
0.167 || 1.540 | 3.366 | 0.010 | 1.200 | 0.967 | 0.005 | 0.000 | 0.000 | 0.002
0.22 || 1.540 | 3.367 | 0.009 | 1.202 | 0.962 | 0.005 | 0.000 | 0.000 | 0.002
0.25 || 1.539 | 3.368 | 0.009 | 1.202 | 0.963 | 0.005 | 0.000 | 0.000 | 0.002
0.33 || 1.540 | 3.364 | 0.009 | 1.202 | 0.961 | 0.005 | 0.000 | 0.000 | 0.002
OI | 0.125 || 0.228 | 0.499 | 0.001 | 0.160 | 0.180 | 0.000 | 0.000 | 0.001 | 0.000
0.167 || 0.304 | 0.665 | 0.002 | 0.211 | 0.243 | 0.001 | 0.000 | 0.001 | 0.000
0.22 || 0.406 | 0.885 | 0.002 | 0.273 | 0.338 | 0.001 | 0.000 | 0.001 | 0.000
0.25 || 0.456 | 0.997 | 0.002 | 0.315 | 0.368 | 0.001 | 0.000 | 0.001 | 0.000
0.33 || 0.609 | 1.318 | 0.003 | 0.406 | 0.505 | 0.001 | 0.000 | 0.001 | 0.000

Table 8.16: The partial charges as a function of the doping parameter § obtained
from supercell calculations. Depending on the choice of the supercell there are
non-equivalent positions of the various atoms. Therefore the partial charge given
in this table are the averaged values.
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Figure 8.28: The partial charges of the CuO, plane as a function of § obtained
from supercell calculations.
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optimal doping. This picture is also confirmed by the partial densities of states
for doping concentrations of § = 1/6 (Figures 8.29, 8.30) and § = 1/4 (Figures
8.31, 8.32). They show nearly constant oxygen and cooper contributions at Ep
with vanishing Hg—d admixture, whereas the Hg—d states are found somewhat
below. Furthermore covalent bonding of Cul and O1 with peaks at -0.35 eV
and a small feature right below Ef is exhibited. Covalent bonds are also formed
by Hg and the apical oxygen O2, whereas the dopant atom OI has the highest
contribution to the DOS at the Fermi level with hardly any common feature with
mercury. This fact is supported by the partial charges in the Hg sphere which are
not affected by doping (see Table 8.16). In the overdoped region, investigated for
d =1/3, and for 6 = 1/2, stronger bonds between oxygen and mercury atoms are
formed as was also found in the three-layer compound for the heavily oxygenated
material [95].

Now the question arises, what the limiting fact for the creation of holes in the
CuOgy plane is. The results of the supercell calculations fully support the con-
clusion drawn from VC calculations [96]: The hole concentration in the cuprate
planes reaches its maximum when the dopant band is completely occupied, i.e.
for a closed OI shell. Since the excess oxygen attracts electrons from the CuO,
plane, its orbitals will be systematically filled up not only by the electrons pro-
vided by the oxygen atom itself, but also by those coming from the CuO, unit.
Only in the overdoped region covalent bonds between oxygen and mercury atoms
are formed. By this change the pure ionic character of the dopant oxygen gets
lost and therefore no more carriers are attracted from the CuOs plane. These
findings also show up in the density of states which in the optimal doping regime
exhibits an almost filled band right below Ep.

8.6.2 Virtual Crystal Calculations

In these calculations an arbitrary doping concentration J has been treated by
adding the appropriate amount of valence electrons, which is 6 x § (6 electrons
for the fully doped cell), to the crystal in a single-cell calculation. To guarantee
charge neutrality the corresponding positive charge was placed in a sphere at
the doping oxygen site, i.e. in the middle of the Hg squares in the basal plane.
This quite crude approximation, the VC approach, should usually not be used
for simulating fractional oxygen occupations. However, the special situation, i.e.
due to the ionic character of the dopant oxygen OI far from the overdoped region,
this procedure seems to be justified. A comparison of the increase of the hole
concentration between the results of the supercell calculations (Figure 8.33) and
the VC calculations (8.28), respectively, indeed exhibits the same behavior of the
partial charges in the CuQO, plane as a function of doping. Therefore it can be
concluded that the VC calculations lead to reliable results in the underdoped
region, where the picture of the ionic behavior of Ol is valid.

In a next step, also the effect of doping on the lattice parameters and atomic
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Figure 8.29: The total and partial densities of states for HgBa,CuO41s5 with
d = 1/6 obtained from supercell calculations.
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Figure 8.30: The total and partial densities of states around the Fermi level for
HgBay;CuOy4 5 with § = 1/6 obtained from supercell calculations.
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Figure 8.31: The total and partial densities of states for HgBa,CuO4,s with
d = 1/4 obtained from supercell calculations.
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Figure 8.32: The total and partial densities of states around the Fermi level for
HgBayCuO,4 5 with § = 1/4 obtained from supercell calculations.
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Figure 8.33: The partial charges of the CuO, plane as a function of § obtained
from virtual crystal calculations.
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positions by total-energy and atomic-force calculations has been investigated.
Not only the electronic properties, but also the crystal structure is influenced
by doping. The redistribution of bond lengths can again be explained within
the ionic picture. Since doping does not change the symmetry of the crystal, it
only leads to displacements of Ba and the apical oxygen in z-direction. With
increasing oxygen content at the doping site, the positive Ba ions are expected
to be attracted by the oxygen, whereas the negatively charged O2 ions should be
repelled. Indeed a shift of the Ba position towards the basal plane is observed
together with a displacement of the O2 ions away from this plane. In Fig. 8.34
the corresponding z-coordinates of both atoms are shown which were calculated
by fully optimizing the crystalline data for selected doping concentrations in the
virtual crystal approach: For =0, 0.08, 0.17, and 0.23 the unit cell volumes,
c¢/a ratios, and atomic positions were obtained by total-energy and atomic-force
calculations using the procedure like for the undoped materials. The results are
displayed in Table 8.6.2.

1,9 T T T T T T T T T T 4900
1.8 43,95
| 43,90
1,7 17
1 13,85
1,6 ]
] 43,80
1,5 1
] 13,75
144 {370
1,3 -1 T 3965
0,00 0,05 0,10 0,15 0,20 0,25

d

Figure 8.34: Hg-1201: Atomic positions and distances as a function of the doping
level § obtained within the virtual crystal approach.

All trends are in agreement with experimental observations [49]: These are
a shrinkage of the unit cell upon doping, a shortening of the lattice parameter
a, an increase of ¢ for small doping levels followed by a nearly linear decrease,
an increasing distance between the basal plane and the Ba layer, as well as a
reduction of the distance between the layers of Ba and O2. In agreement with
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J alA]  c[A] QA% zm.[d 202l
0.00 || 3.8574 9.7228 144.6676 0.3003 0.2014
0.08 || 3.8192 9.8191 143.2211 0.2965 0.2023
0.17 || 3.8058 9.6887 140.3283 0.2851 0.2055
0.23 || 3.8312 9.5604 140.3280 0.2808 0.2074

Table 8.17: Crystalline data as a function of doping obtained from total-energy
and atomic-force calculations.

measured data, the latter two quantities show a less pronounced dependence up
to d = 0.08 and a stronger one for higher oxygen contents.

With the optimized lattice parameters the Raman intensities of the O2 dom-
inated lattice vibration have been calculated. Although the trends should be re-
produced quite reasonably, one cannot expect to describe reality in detail within
the VC approach. E.g in the real crystal the doping with oxygen leads to local
effects like the presence of two different Ba sites as described by Huang et al. [49]
or the deformation for the crystal by the excess oxygen as it is was argued by
Zhang et al. [50].> All these effects are averaged by the virtual crystal approxima-
tion. Nevertheless, the following results will give a guideline of how the Raman
spectra could evolve as a function of doping. The frequencies for the Ba and O2
vibrations are listed in Table 8.18. It can be seen that the phonon-frequency of

0 Wo2 WBa
[em™]  [em™]
0.00 590 144
0.08 545 139
0.17 542 134
0.23 983 145

Table 8.18: Phonon frequencies as a function of the doping parameter ¢.

the O2 dominated vibration shows the tendency to be lowered with increasing
oxygen content. Looking at Figure 8.35 also a decrease of the Raman intensity
with increased doping concentration is found. In the experimental spectra as
mentioned in the previous sections there are two peaks with less intensity than
the A, vibrations, which can be attributed to either originate from or being
influenced by oxygen doping, i.e. one at 538 cm™! and one at 571 cm™'. The
calculated frequencies may be attributed to the 571 cm~! peak. Since, however,
for small doping levels the frequency is lowered the experimentally observed 538
cm~! mode could be explained by the same kind of vibration in the neighborhood

3The O2 atoms move away from the OI site, while the Hg and the Ba atoms come closer.
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of higher oxygen concentration.

The optimized lattice geometry for different doping values has also been used
to calculate the band structure as a function of §. As predicted by Novikov et
al. [77] doping with oxygen should have similar effects on the band structure
like applying pressure: The van Hove singularity should move closer to the Fermi
level, and it should intersect Er close to or at optimal doping. This prediction is
proven by the present calculations and can be seen in Figure 8.36. These findings
support the picture that the van Hove singularity could be directly related to 7T..
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