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Abstract

We have studied the metal-insulator transition (MIT) in Mn-substituted
SrgRuyO7 by x-ray photoemission (XPS) and angle-resolved photoemission
spectroscopy (ARPES). In XPS, both the surface- and bulk-sensitive spec-
tra show a two-peak structure, corresponding to the well screened and the
unscreened excitations. The evolution of the well screened peak with Mn
is that the higher the concentration of Mn impurities, the lower the inten-
sity of the peak, indicating that the screening channels are determined by
the metallic property of a system. In ARPES, a strong doping dependence
is also observed for the Fermi surface, which loses the 2D sheet associated
with the dy, band and reduces to the 1D d,/, .

tem changes from metal to a Mott insulator. As for the band dispersion,

Fermi surfaces, as the sys-

we see that the d,, band shifts in energy toward the chemical potential,

becoming degenerate with the d bands, to the point of being indistin-

w2 /yz
guishable. A nesting vector ¢,3=(0.33, 0.33, 0) has been determined from
the Fermi surface of the 10% Mn doped sample, as in response to-or alter-
natively inducing-a charge/orbital ordering across the Mott transition. The
opening of an energy gap is observed below the MIT both as a function of
temperature and Mn substitution. To obtain a microscopic understanding of
the MIT, we have performed a local-density approximation calculations for
the electronic structures of SrsRusO7 and found that spin-orbital coupling
induces an unexpected magnetic anisotropy. This might play a key role in
the emergence of the MIT and magnetic superstructure in Mn-substituted

Sr3RusO7, as well as the nematic behavior in the parent compound.
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Chapter 1

Introduction

The frontier of modern solid state physics lies in understanding the proper-
ties of strongly correlated systems. Because the many-body interactions in
these systems, including electron-elecrtron correlations and electron-phonon
coupling, give rise to a variety of fascinating phenomena such as: metal-
insulator transition (MIT), charge-spin-orbital ordering, quantum magnetism,
colossal magneto-resistance, and unconventional superconductivity [a review
on correlated electron systems, 2000]. These novel quantum phenomena have
triggered extensively studies not only for the possible alternative pathways
for the design of new materials and functional devices, which hold so much
promise for technological advances in fields as diverse as electronics, spin-
tronics, telecommunications, and computer science, but also for the progress
of fundamental science in the form of modern theory of solids. In order to
understand fundamental physical properties of these complex systems, the
direct observation of electron states is most desirable. Therefore, the pho-
toemission technique, which can measure the electric density of states and
the momentum distribution of electrons, provides an unique opportunity to
directly uncover how the electrons behave in solids, and it has been exten-
sively performed in different strongly correlated systems so far. As a matter
of fact, many of these physical phenomena can often be observed within one
single material family by tuning fundamental control parameters like tem-
perature, pressure, and chemical doping. This is the case for many of the
transition-metal oxides such as, for instance, the ruthenium oxides which
have recently become of the most important material families as far as the
study of strongly correlated electrons is concerned. These materials, and in
particular the perovskite ruthenium oxides of the Ruddlesden-Popper type
(Sr/Ca)y+1Ruy,Os,41 is a good family to study superconductor, fermi liquid,
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Figure 1.1: The perovskite crystal structures for Sr,4+1Ru,O3,41: SraRuOy
with n = 1, Sr3RusO7 with n = 2 and SrRuOg3 with n = occ.

metamagnetic, magnetic order and MIT. The crystal structures is shown in
Fig[1.1] SrRuO3 (n = 00) and Sr4RugO1¢ (n = 3) are itinerant ferromagnets
[Callaghan et al., [1966; Crawford et al., 2002]. The single-layered SroRuO4
(n = 1) is a strongly correlated Fermi liquid and a spin-triplet supercon-
ductor [Mackenzie and Maeno, [2003]. The doule-layered SrsRusO7 (n = 2)

is essentially paramagnetic with a metamagnetic transition at low tempera-

tures in large magnetic fields |Grigera et al., 2001].

Due to the weak influence of electron correlation effects in the delocalized
Ru 4d orbitals, Sr3Rus07 is also an important material that are extremely
sensitive to impurities. With the inclusion of a few percent of Mn, a MIT

was observed in transport experiments and the emergence of a Mott-like

antiferromagnetic state was proposed [Mathieu et al. 2005|. In this the-

sis, we focus on the study of the MIT in Sr3(Ru;_,Mn,)20O7 by using the

photoemission technique. Because the MIT is driven by correlations effects

associated with the electron-electron interactions [Imada et al., 1998, the

study of MIT would be very important for us to understand the electronic,

spin correlated behaviors in SrgRusO7.



Chapter 1. Introduction

The present thesis is organized as follows. The principle of core level
x-ray photoemission (XPS) and angle-resolved photoemission spectroscopy
(ARPES) is described in Chapter 2. The experimental results obtained
from XPS is shown in the Chapter 3 and the ARPES data is presented
in the Chapter 4. Chapter 3 and Chapter 4 have their own introduction,
discussions and conclusions related to a specific topic. Chapter 5 gives a

summary for the whole thesis.



Chapter 2

Photoemission Spectroscopy

2.1 General Principles

Photoemission spectroscopy (PES) is an extensively used technique in physics,
chemistry and biology to investigate the electronic structure of matter. The
phenomenon of photoemission was first observed by Hertz [Hertz, [1887] in
1887 and was later explained by Einstein’s well known theory of photoelec-
tric effect. This procedure can be briefly described as when a beam of light
with energy hv hits a solid, an electron in the solid at binding energy Ep
will absorb the photons and be emitted as a photoelectron. With the en-
ergy conservation, the kinetic energy E}%¢ of the photoelectron measured in
vacuum is:

B = ho — 6 — | Ep|. (2.1)
Where we usually define Ep = 0 at Fermi energy Er and ¢ is the work
function of the sample |Lang and Kohnl [1971]. In real experiments, Ep is
determined by measuring an Au sample, and the Ep of all other samples
are calibrated according to the Er of gold. In order to measure the kinetic
energy of photoelectrons, these electrons have to pass through the kinetic
energy analyzer into the detector where they are counted. Since the Fermi
level of sample and analyzer are equilibrated by electrically connection, and
the analyzer also has a work function ¢,, the measured kinetic energy Eg;,

is different from the E}%¢ and it can be expressed as:
Ein = hv — |Eg| — ¢a. (2.2)

One of the most attractive features of PES is that the direct information

on orbital occupation, namely the electron energy distribution in a material,
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is determined, as shown in Figl2.1] Assuming the electrons in PES are
excited from the initial state i with a wavefunction v; to final states f with
wavefunction 1)y, we can calculate the photoemission spectrum by Fermi’s
Golden Rule,

Toc Y |(@hylrlen)|*6(Ep — E; — ho), (2.3)
f

Ewin  Spectrum

Er
/ Valence Band

hw

m

N(E)

hw

Core Level

Es

> \(E)

Figure 2.1: Relation between the energy levels in a solid and the electron
energy distribution produced by photon energy hw [Hufner, [1995].

In one-electron approximation, the electrons are treated as independent
from each other and that removal of one electron from the system will not
affect the status of the remaining (N-1) electrons. Under this assumption,
the wave functions of both the initial and final states can be expressed by

single Slater determinants, and the photoemission spectrum I(Ep) of orbital
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k becomes:
I(Bp) < Y _§(Ep — E; — hv)
k

x> 6(Ep+ep)

k
x N(—Ep) (2.4)

where ¢ is the Hartree-Fock orbital energy of the orbital k, and the
relation Ep = —¢i based on Koopmans’s theorem [Koopmans|, 1933] is ap-
plied. N(—FEp) is the density of state (DOS) at orbital k, which describes
the orbital occupation.

However, the one-electron approximation only gives us a glimpse on pho-
toemission spectrum and it does not work for correlated systems. To under-
stand correlated systems, we have to consider a variety of many-body inter-
actions, such as electron-electron coulomb repulsion, and electron-phonon
interaction, to obtain the appropriate wave functions of both the initial and
final states. On the other hand, the process of the removal of electrons in
PES can be described by the three-step model based on sudden approxi-
mation. In the first step, an electron is excited to above the Fermi energy
by absorbing a photon. In the second step this electron travels inside the
sample and eventually goes to the surface. Finally, this electron perhaps
get a chance to escape through the sample surface into the vacuum where it
will be detected by an energy analyzer. Considering the electron-traveling
in the second step, another important concept we want to mention here is
the electron escape depth. Usually, electrons emitted by absorbing photons
can only travel a few A and then become secondary electrons when escaping
out of the sample |[Hufner} |1995], a result of collisions with nucleus. This
means only the electrons in a very thin layer near the surface of samples
will contribute to the intensities of photoemission spectrum. Because of the
very short escape depth, atomically clean surfaces are required and a Ultra-
Hight Vacuum (UHV) experimental environment is needed to investigate

the samples, which have to be prepared in situ.
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Figure 2.2: Electron mean free path as a function of their kinetic energy
for various metals [Hiifner, (1995].

The electron escape length is a very important parameter in PES exper-
iment. Beside its dependence on samples, the Ey;, of electrons also strongly
affects the electron escape length and its relationship with electron mean free
path is shown in Fig From eq., an appropriate incoming photon
energy therefore allows us to investigate the core-level or valence excitations
by changing Ep, and surface or bulk electrons structures by changing Ef,
under an acceptable energy resolution. The energy level of the monochro-
matic X-ray is generally divided into three regimes. The ultraviolet regime
(5-100 eV, UPS) is used to explore the low-energy excitations of the valences
bands, the soft X-ray regime (100 — 103eV, Soft XPS) is used to investigate
the core-level excitations of electrons in the sample surface and the hard
X-ray regime (10% — 10%eV, Hard XPS) has to be achieved by synchrotron
radiation and is used to study the core-level excitation of electrons in the

bulks of the sample.
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(a) Energy Analyzer
‘ Electron Detector
(b)
Bulk: Hard XPS (>1400 eV) UPS
- Surface: Soft XPS (100-1400 eV) (0-100 eV)
)
> Inelastic Core-Level
g tail band —> Valence
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Q
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= v
Satellites Main

Electron Binding Energy E

F

Figure 2.3: (a). Schematic picture of the XPS measurement system. (b) A
schematic photoemission spectra produced by experiments.

2.2 Core-Level X-ray Photoemission

Spectroscopy

2.2.1 Main lines and satellites

In x-ray photoemission spectroscopy (XPS), the electron is excited from
the core level to above the Fermi energy by absorbing the energy of the
monochromatic X-ray, and then escape out of the sample to vacuum where
it is detected as a free electron (F ig. If the electrons in the system
have no interaction with each other, the photoemission spectra would be

the single lines distributed at different binding energies. Since the atoms,
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molecules and solids we study in science are all many-electrons systems. The
electrons in most of these systems always interact with each other via the
coulomb and exchange interactions, and these interactions are responsible
for the more complex line shape observed the PES spectra. The position of
a peak is determined by the binding energy of the orbital having electron
excitations, and each binding energy is corresponding to a particular element
with a specified orbital and angular momentum. The width or the shape
of the peak also plays an important role to reveal the correlations between
electrons and the level of localization. Overall, one of the basic applications
of the XPS is to detect the chemical information of the elements, and their
orbital and spin properties in materials.

The removal of an electron by photoelectric effect leaves a core hole with
a positive core hole potential U. This potential U can perturb the configura-
tion of the remaining electrons and force them to reconstruct a new ground
state, rather than keeping their original states as previously described by
one-electron approximation. In a more complex view, the emission of one
electron after the photoexcitation process can cause excitations in the re-
maining system. The energy delivered by these excitations to the sample
must be gained from the kinetic energy of the outgoing electron. Therefore,
we will detect an electron with a smaller kinetic energy than that expected.
If we call the peaks in XPS spectra generated by the electrons without ki-
netic energy loss as the main line, then the electrons with a reduced kinetic
energy could produce some additional peaks at the higher binding energy
(Ep = hv — Ej;y,) compared to the main line, and we named them as satel-
lites. Because these satellites are generated by the interactions between
photoelectrons and the remaining system, they are inconsistent with the
sudden approximation and thus are not easy to be described by a simple
physical model. The other direct way to obtain the main line and satellites
in the PES spectra is to consider the number of final states that can be
reached after the photoexcitation. Main line is corresponding to the ground
state; satellites appear only if more than one final states exist, and are cor-
responding to the excitation states which have already existed in the system

before the photoemission process and generate additional peaks at low bind-
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ing energy in PES spectra after the photoexcitation. These satellites can
be well described by sudden approximation and are extremely useful for us
to study the instabilities of the sample, in contrast to the undesired case
of losing kinetic energy. Moreover, the possible ways to lose kinetic energy
by the outgoing electrons are not limited to exciting other electrons, but
can also include the inelastic collisions happened on their way escaping to
the vacuum. The inelastic collisions usually exhaust a large portion of ki-
netic energy and will make the electrons form featureless broad peaks in
the much higher binding energy region, which is named inelastic tail or sec-
ondary electrons, as illustrated in Fig[2.3] The emergence of satellites in the
PE spectra is a very attractive phenomenon to understanding competing
instabilities in correlated system, which are the results of the interplay in
charge, spin, orbital and lattice degrees of freedom. However, the analysis of
satellites is a complex matter, and only simple cases can be well described
by the presently theoretical models, for example the Hubbard model and
Anderson impurity model [Anderson) |1961].

2.2.2 Screening by the charge transfer

Although we have elaborated on the process of the core-level excitation in
XPS, the purpose is not to study the core-level electronic structure, which is
already known to be filled by following Hund’s rule. We, however, use core-
level excitations to obtain the information on the valence electrons, whose
interations give rise to a variety of interesting phases in the materials, such
as MIT, giant magnetic resistance and superconductivity. To demonstrate
how the core-level excitations reveal the valence states, we choose a simple
example of copper dihalides with 3d”L configuration, where 3d” represents
that the 3d orbital of Cu?T is occupied by 9 electrons and 1 hole, and L
refers to the highest occupied ligand shell such as 2p% for O~2. The energy
of 3d orbital is usually higher than the highest energy of the ligand shell L.
When one electron in the Cu 2p orbital is emitted by the photoexcitation,
a core hole, in other words, a positive charge is created and consequently

adds an additional coulomb potential U.; into the system. This can be

10
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perceived as the interactions between holes, here by referring to the core
hole and the hole in 3d valence orbital. U.4 increases the hole potential, and
inversely cause the energy of the 3d valence shell to decrease because there
is an attraction between 2p core hole and 3d electrons. Consequently, the
final states of electrons after the photoexcitation could have two possible
ground states: (1) c3d°L, with ¢ representing that a 2p core hole exist.
There is no configuration change in 3d eletrons, because the lowered energy
due to the emergence of U, is not enough to make a reconstruction of
electrons configuration. (2) c3d'°L, with L representing one hole in the
ligand shell. When the effect of U, is strong enough, the much lowered
energy of the 3d valence shell gets closer to, or even lower than, the highest
energy in the ligand shell L. Now the configuration c¢3d’L is an unstable
state and the coulomb attraction between the core hole and electrons in
the ligand shell will favorably transfer an electron from the ligand shell
into the localized 3d orbital, in order to attain a new ground state c3d°L
by overcoming the charge-transfer energy. The charge-transfer energy A is
defined by A = E(d"*'L) — E(d™L) to describe the energy cost to excite an
electron from the ligand shell L to a d" configuration of a metal ion. To
quantitatively illustrate which final state is the ground state and which one
is the satellite, a simple strategy is to compare the magnitude of Ucd and
A. If U,y > A, the ground state is d"T!L with a charge transfer, otherwise
for Usq < A, the ground state is d” L without a charge transfer, as shown in
FigP.4

The phenomenon of a charge transfer in core-level photoemission is
named as screening effect and was firstly verified in experiments on Ni metal
by Hiifner and Wertheim in 1975 |[Hufner and Wertheim, 1975]. Since then,
many attempts from theoretical approaches have been made and successfully
provided a quantitative interpretation of the core-level photoemission spec-
tra based on a charge-transfer model using an impurity-type configuration-
interaction approach [Larsson) 1975; van der Laan et al., (1981} Zaanen et al.,
1986; [Park et al. 1988 Bocquet et al., [1992]. However, some important as-
pects are still not explained by these early interpretations, such as the large

width of the main line of CuO and the high-T, compounds [Fujimori et al.

11
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initial state final state (1) final state (2)
U,>A U, <A

dn+l L_“_ — 1 —
5 Ucd
% A A Ucd ES A Y dn+]L

\
oy —|———- -k —— ¢L---E — dL
El“ "_ (j”+I L

3
:

m A

E(sat)=U_-A P Ban=A-U,,

Figure 2.4: The schematic picture interprets the possible final ground state
reached after a core-level photoemission in transition-metal compound under
the assumption that there is no coupling between the metal and ligand ions
. Assuming that configurations d"L and d"*!L are two initial
states and are separated by a energy gap A, The production of a core hole
¢ lows both energy level of two initial states, but d"*!L is lowed more than
d"L for its one more 3d electron, and this lowering is described by U.q. If
U.q > A, the lowest final state is d"T'L, otherwise d"L is the ground state
for U,q < A. Under this approximation we can estimate that the main
line-satellite separation is |Uqq — A|.

11987} [Shen et al) |1987] and the double-peaked structure of the main line of
the Ni 2p XPS spectra of NiO, because the theories were restricted to the

Anderson impurity limit, which is based on an assumption that screening

is mainly achieved by electrons from the ligands surrounding the metal ion
with a core-hole potential. In 1993, Veenendaal and Sawatzky discovered an

additional screening channel strongly contributing to the Ni 2p and Cu 2p

XPS spectra in NiO and CuO, respectively [Veenendaal and Sawatzkyy, (1993}

\Veenendaal et al.| [1993]. This new screening channel, the non-local screen-

ing, goes beyond the Anderson impurity limit and involves the electrons

12
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(a) Mott-Hubbard insulator (c) ZSA .
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Figure 2.5: Schematic electron removal and addition states for a Mott-
Hubbard insulator (a) and a charge transfer insulator (b). (¢) The Zaanen-
Sawatzky-Allen diagram for the various possible metallic and insulating sit-
uations encountered in transition metal compounds. [Pen, |1997]

transfer from ligands surrounding a neighboring metal site. For example in
Fig the final state in CuO due to the non-local screening is ¢3d'° in
the Cu®* site with a core hole plus a Zhang-Rice singlet with mainly 3d°L
character in the neighboring Cu?" site [Zhang and Rice, 1988 [Eskes and
Sawatzky, 1988]. The lower energy of non-local screening state is related
to the strong stabilization of the Zhang-Rice singlet band (ZRSB), so the
non-local screening is called as ”ZRSB screening” as well. The wide spread
exist and the importance of non-local screening have been demonstrated
by using larger clusters containing multi metal sites in cuprates and other
transition metals [Veenendaal and Sawatzky, [1993} [Veenendaal et al., (1993}
Veenendaal, [2006; |(Okada, (2002, [2009].

2.2.3 The Zaanen-Sawatzky-Allen model

As described in the previous section, the phenomenon of a charge transfer
occurs when the oxygen levels are higher than the lower Hubbard band (
the occupied valence band of metal ions). However, if the oxygen levels
are much lower than the lower Hubbard band, the charge transfer from the
ligand shell would be prohibited and we call this kind of system as Mott-

Hubbard system, such as the ruthnates oxides that we are studying in this
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2.2. Core-Level X-ray Photoemission Spectroscopy

thesis. In Fig(a, b), it shows a schematic picture for these two types
of insulating transition metal compounds. One of the differences between
them should be noticed is the insulating gaps. The gap of the Mott-Hubbard
insulator is determined by the excitations of the d —d electrons and however,
the gap for a charge-transfer insulator is determined by the charge transfer
from the ligand band to metal ions. Therefore, if we add holes/eletrons
into the system either by chemically doping or in a photoemission/inverse
photoemission experiment, the holes/electrons will go into the transition
metal ions for the Mott-Hubbard insulator, while in the charge transfer
insulator they enter the ligand shell (O-2p band).

The classification scheme for transition metal compounds has been pro-
posed by Zaanen, Sawatzky and Allen [Zaanen et al., |1985] based on the
on-site Coulomb interaction U and the charge transfer energy A, shown in
Fig[2.5(c). The on-site Coulomb interaction U, for an open 3d (4d) shell,
is the repulsion energy of two electrons occupying the same 3d (4d) orbital,
and can be defined as the energy cost for removing an electron from a d
orbital and putting it in another d orbital on a site far away. Considering
two d™ ions, the removal and addition of an electron would produce a d"**
and a d"~! configuration, respectively, and the energy difference between
initial states and final states are the on-site Coulomb interaction, which is
U =2E(d") — E(d""!) — E(d" ') with neglecting the hybridization.

In the Zaanen-Sawatzky-Allen (ZSA) classification scheme, the transi-
tion metal compounds can be divided into four groups by the two parameter
U and A, together with the band widths of the d band (w) and of the p band
(W), which are determined by the hybridization in the transition metal ions
and in ligand shell. Because the d?_ld}”l excited states will have a band
dispersion width 2w, and the d,,1L states have a band dispersion width
w+ W, for U > w/2 and A > (w+ W)/2, the material is either a charge
transfer (U > A) or a Mott-Hubbard (U < A) insulator. When the hy-
bridization increases (U < w/2 and A < (w + W)/2), the materials will
go through an insulator-metal transition and become a d or p type metal,

depending on the relative magnitude to U and A.
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2.2. Core-Level X-ray Photoemission Spectroscopy

2.2.4 Cluster model

The cluster model is the general theoretical method to interpret features
of XPS spectra by numerical diagonalization calculations. It is a charge-
transfer model using an impurity-type configuration-interaction Hamilto-
nian, which consists a core-hole potential term, on-site coulomb repulsions
and interactions between metal ions and ligand shell. Here we still take
the cuprates as an example as shown in Fig[2.6] the Hamiltonian for the

core-level spectroscopies is [Okada, [2009]:
H = Hyp+ Hoope, (2.5)

The Hyg, is the Hamiltonian describing the valence hole system and is

written in the hole picture as:

Hdp: E 5dnd,icr+ § EpNp,jo
1,0 7,0

+ ) Voaij(dl,pjo + pl,dic)

</[:7j>70-

t P

T Z Vop.is' (PioPj's + pj’apﬂff>

(4" e
+ Y Uaanaiina + Y Upphp,jinp,j)

i j

+ Z Udpnd,ionp,jg’y (2.6)

(i.4),0,0'

where d;rs (p}s) creates a hole on the i-th Cu 3d,2_,» orbital (the j-th O 2p
orbital), and o (o) takes 7 or |. The first and second terms on the right
hand side of eq. are the single-particle energies where ng;s (nps) is
the number operators for the Cu 3d (O 2p) holes. The third term refers
to hybridization between the Cu 3d and O 2p orbitals, where (i, j) denotes
the summations over the nearest-neighbor pairs. The fourth term represents
the hybridization between neighboring O 2p orbitals. The fifth and sixth

terms represent the on-site coulomb interaction in Cu 3d and O 2p orbitals,
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2.2. Core-Level X-ray Photoemission Spectroscopy

Initial State Final states

local
hv X hv X X 'g* screening

ST T

unscreemng

. e non-local

X X \g/ X screening

Figure 2.6: Schematic illustrations for the initial state and the final states
induced in XPS in cuprates. (Left) The initial ground state 3d°L in the
cuprates with on average one hole indicated by the arrows per CuOy4 pla-
quette. Shown are the Cu 3d,2_,2 orbitals for the copper and the o-bonding
2p orbitals of the oxygen. (Right) The possible XPS final states when a core
2p electron in each (a,b,d) sites is removed, where the core hole indicated
by an circle with a blue outline. Site (a) is the unscreened final state c3d” L.
In site (b) an electron transfers in from the oxygens surrounding the site b
with a core hole and forms a local screening on the core hole, and the con-
figuration is ¢3d'°L. In site (d) an electron moves from the neighboring site
(c) to site (d) to screen the core hole, which is known as non-local screening
c3dL. In site (c) the oxygen obtain an additional hole, and it forms a
configuration 3d° L, which called Zhang-Rice singlet (ZRS).

respectively. The last term represents the nearest-neighbor Cu-O repulsions.
The Hore is to describe the interaction induced by the Cu 2p core hole

after the photoexcitation:

Heore = Z ECu2pNCu2p,ic + Z €01sM01s,jo
i J
+ QCuZp Z nd,iancugp’w’a (27)

. /
1,0,0

where the first and second terms on the right hand side of eq.(2.7) repre-
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2.3. Angle-Resolved Photoemission Spectroscopy

sents the Cu 2p and O 1s one-body atomic states, respectively. The third
term represents the Cu 2p— Cu 3d Coulomb repulsion, respectively. Qcu2p
describes the Coulomb repulsion between core hole and 3d holes as the Uy
we have mentioned before.

For the Mott-Hubbard system, we can easily obtain the Hamiltonian by
removing the terms with contributions from oxygens in eq. and eq..
The charge transfer (CT) energy (A) is defined by A = ¢, — g4 for cuprates
and A = g, — g4 — Uyq for cases with more than one hole in the valence
orbital, such as Ruthenates. In a restrictive way, the Oxygen 2p have a
bandwidth W), so the energy cost for transferring an electron from O site
to Cu site should be A —W),,. Using the numerical ways such as the Lanczos
method, the Hamiltonian of eq. is diagonalized to obtain the eigenstates
and eigenvalues as energy in the system. The photoemission spectra I(Ep)
is then calculated by using eq..

2.3 Angle-Resolved Photoemission Spectroscopy

Angle-resolved photoemission spectroscopy (ARPES) is a momentum deter-
mined, low-energy electron excitation measurement which has been widely
applied to investigate correlated systems, especially with a great success in
high-T, superconductors [Damascelli et al., 2003]. During an experiment, a
low-energy beam of the monochromatized radiation, which is generated by a
gas-discharged lamp, laser or a synchrotron beamline, is used to illuminate
the sample to emit electrons by the photoelectric effect. The emitted elec-
trons, named photoelectrons, travel to the sample surface in the solid and
eventually escape into the vacuum, as described by the three-step model in
section In the vacuum, the emitted photoelectrons are detected by an
electron-energy analyzer and both their kinetic energy and emission angles
are measured. Thus the momentum of a photoelectron p in vacuum can
be determined by p = v/2mFE};, together with its polar (9) and azimuthal
() emission angles. In the solid, the total energy and momentum conserva-

tion laws can be applied to the system of crystal and photoelectron during
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2.3. Angle-Resolved Photoemission Spectroscopy

the photoexciation process. The fact of a very short electron escape length
allows us to reasonably assume that there are no interactions between the
photoelectron and the remaining electrons. When the photoelectron arrives
the surface, it has to consume a portion of kinetic energy to overcome the
perpendicular surface potential before escaping into the vacuum. Thus, the
perpendicular component of momentum is not conserved, but the parallel

component is still conserved:

pH = hKH =/ QmEkm - sindd. (28)

where the K is the momentum of the photoelectron inside the solid with
the sample surface assumed to be in zy plane. By scanning the energy
and momentum distribution of photoelectrons in real space, ARPES data
provides a vivid picture to directly observe the Fermi surface (FS) and band
structure in the solid. To associate the measured parameters with band
structure, we firstly write down the general expression of momentum both

in the angular space and k space:

1 R N R
K= ﬁ\/ 2m Ejyn (cospsindi + sinpsindj + cosvk)

=K, +K,+K,
=k, +ky, +k. +G. (2.9)

where the small k is the wave vector of a Bloch state in the Brillouin zone
(BZ) and G is a Bravais lattice vector. The polar angle ¥ and azimuthal
angle ¢ are used in the normal sphere coordinates. Therefore, the band
structure can be obtained by plotting the intensity distribution of electrons
in a binding energy and momentum plane. Considering that only the com-
ponent of momentum parallel to the sample surface is conserved, a general
ARPES measurement is not available to provide a three-dimensional (3D)
band structure, although some experimental methods have been developed
to obtain a 3D band mapping |[Hiufner, 1995} |Strocov et al., 1997, |1998]. We
note that the relationship in equation (2.9)) is correct only in the plane of

sample surface.
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2.3. Angle-Resolved Photoemission Spectroscopy

Low energy of the incoming photons in ARPES is needed to obtain a

high energy and momentum resolution, which is easy to see by looking at
the momentum differential AK from eq.(2.8)):

AK|| ~ \/ 2mEyin /B2 - costd - AD. (2.10)

In eq., a contribution from a fine energy resolution AFEy;, is neglected
and it clearly shows that either using lower photon energy or detecting
electrons with a larger emission angle ¥ would improve the momentum res-
olution. The lower photon energy also brings another benefit of an easier
achievement of a higher energy resolution. However, the drawback of work-
ing at low photon energies is the extreme surface sensitivity due to the
associated short mean free path for the unscattered photoelectrons (5A for
20-100 eV kinetic energy). The surface sensitivity thus limits the application
of ARPES on bulk properties investigation and requires an atomically clear
sample surface and an ultra-high vacuum condition (lower than 5x10~!!
torr), with a much higher standard even in comparison with the XPS work-
ing environment.

The establishment of a theoretical expression for the ARPES spectra
under three-step model and sudden approximation is beyond the scope of
this thesis and its detailed description can be referred to Damascelli’s papers
[Damascelli et al., [2003; |Damascelli, 2004] and references therein. Here, we
would rather focus on the analysis of ARPES experimental data on the Mn
doped Sr3RusO7, such as fermi surface (FS), energy and momentum distri-
bution curves in term of doping levels of Mn impurities and temperature, in

order to reveal the band structures and link them to the principle of a MIT.
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Chapter 3

Suppressed Screening
Channel in Sr3(Ru;_,Mn;)O7
by Substitutional Mn doping

3.1 Introduction

Chemical doping, i.e.the change of carrier density in a material, is one of the
most commonly used techniques to tailor novel properties in strongly cor-
related systems. Transition metal oxides (TMO) are paradigmatic in this
sense: they often display several rather different electronic phases that are
quite close in energy, and the equilibrium state eventually reached is decided
by minute changes in parameters space, such as the effect obtained by im-
purity doping. Knowing that the main obstacle to obtain a comprehensive
description of TMO is to disentangle the different, but comparable, energy
scales, research on the Ruddlesden-Popper (RP) (Sr,Ca),+1Ru,O3,41 series
(crystal structures shown in Fig which shows rich phase competitions
such as from superconductor to Mott insulator and from paramagnet to
anti-ferromagnet, has recently suggested a conceptually different approach,
based on substitutional doping. One of the central feature in the rich physics
of RP compounds is the extension of 4d orbitals: ground state properties
of ruthenates are extremely sensitive to orbital degrees of freedom, i.e. to
both the angle and the lenght of the Ru-O bonds, resulting in almost equal
chance of displaying itinerant or localized behaviour. It is therefore clear
how substitution of Ru 4d with more localized 3d metal atoms, i.e. with

a smaller ionic radius, will strongly influence orbital population, and more

20



3.2. Experiment

generally the interplay between charge, spin and orbital degree of freedom,
possibly resulting in orbital-induced novel properties. Examples of this ap-
proach is the use of Chromium (Cr ) in CaRuy_,Cr,O3 [Durairaj et al.,
2006] and SrRuj_,Cr,Og3 to stabilize itinerant ferromagnetism from the nor-
mal paramagnetic state [Pi et al., 2002 [Klein et al., 2006; Williams et al.,
2006]. In general, Cr, Ti, and Rh substitution produce a large spectrum of
magnetic properties, evolving from antiferromagnetism to ferromagnetism,
via the metamagnetism and spin density wave behavior of the pure and
Ti-doped systems |Grigera et al., 2004blla]. More recently, a 5% substitu-
tion of Mn for Ru in the bilayered member SrgRusO7 has been shown to
change the ground state from a paramagnetic metal to an antiferromagnetic
insulator with an unexpected zig-zag magnetic superstructure accompanied
by a long-range orbital order (Fig[3.1) [Mathieu et all [2005] . Further-
more, the interplay between anisotropic Ru 4d-O 2p bond and the localized
Mn 3d impurity is responsible of the observed crystal field level inversion,
with Mn acting as an Mn3Tacceptor instead of the expected Mn 4t valence
[Hossain et all, [2008] as shown in Fig[3.2] a behavior bearing interesting
similarities with Mn doped GaAs in dilute magnetic semiconductors. Un-
raveling what ultimately drives the electronic and magnetic properties of
the doped Srg(Ruj_;Mn,)207 system is strictly linked to a direct measure
of the electronic charge distribution over Ru and O orbitals, together with
the hybridization strenght within the RuO plaquette. PES possesses all the
necessary characteristics in elucidating the abovementioned rich physics. In
particular, core level PES is sensitive to the different screening channels,
the energy location and the relative ratio of specific peaks, in a chemical
selective way. Therefore, we hope to follow the MIT in the evolution of the

well screened and poorly screened picture in terms of Mn doping.

3.2 Experiment

The Sr3(Ruj—;Mn,)207 samples (z = 0.05,0.1,0.2) we used are the ultra-
clean single crystals most recently grown by our collaborators in the groups
led by Y. Yoshida (at AIST in Tsukuba), H. Takagi and Y. Tokura (Uni-
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Figure 3.1: Transport measurements of Srg(Ruj_,Mn,)207 after Mathieu
et al. |[Mathieu et al., [2005]. Temperature dependence of the resistivity
p for different Mn doping = shows a metal-insularot transition occurs with
x > 0.05. The intensity of the (1/4, 1/4, 0) and (1/4, 3/4, 0) magnetic peaks
were observed in neutron diffractrograms as shown in the middle panel of the
right hand side, which indicates a long-rang magnetic ordering introduced
by Mn doping.
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Figure 3.2: Linear Dichroism (LD) Mn Ly 3 —edge X-ray absorption spectra
from Srz(RupgMng1)207 at 7' = 295K and the corresponding multipler
cluster calculations after M. A. Hossain et al. [Hossain et al., 2008|, which

shows Mn3* has an unusual crystal-field level inversion.
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versity of Tokyo). These crystals exhibit superior quality, as evidenced by
the low residual resistivity in zero field [Mathieu et al.l 2005]. PES mea-
surements were performed using two experimental setups: the advanced
photoeletric-effect experiments (APE) beamline for low energy PES [Panac-
cione et al., 2009] (Elettra, Trieste - base vacuum 1x107!Y mbar) and VOLPE
spectrometer [Torelli et al., |2005] for hard x-ray PES (HAXPES) (beam-
line ID16 at European Synchrotron Radiation Facility ESRF, base vacuum
6x10~'% mbar). The spot size at normal emission geometry was 50 x 120
pum? in both cases and the overall energy resolution (beamline + analyser)
was set to 450 meV (VOLPE) and 200 meV (APE). The position of Fermi
energy E; and the overall energy resolution were estimated by measuring
the metallic Fermi edge of polycrystalline Au foil in thermal and electric
contact with the samples. When not specified otherwise, we present data
obtained on samples fractured in UHV. Identical results have been obtained
consistently on several cleaved samples. For the measurements carried out
at APE, the cleanliness of the surface has been checked by the measure of
C 1s and O 1s spectra. Surfaces are very sensitive to contaminations, re-
sulting in an average measurement time of 4 hours before a new cleavage
is needed. No traces of contamination were observed, over two days and at

any temperature, in HAXPES measurements.

3.3 Results and Discussion

In this chapter, we present PES data from Srg(Ru;_,Mn;)207 (x= 0.05, 0.1,
0.2), where we monitor the evolution of Ru 3d fine structure vs. Mn-doping,
temperature and depth. In both Ru 3d3/; and Ru 3d5/2, a clear suppression
of the metallic features (well screened satellite peaks) is observed, implying,
already at low doping, a sharp transition from itinerant to localized char-
acter. Comparison between soft and hard x-ray PES, hence tunable depth
sensitivity, reveals that the degree of localized-metallic character is different
at the surface and in the bulk of the material. Analysis of the intensity
ratio and binding energy position of the Ru 3d core level and satellites give

reliable estimate of both charge transfer energy and number of holes for Ru
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3.3. Results and Discussion

site. Our results suggest a way to control, in the same material, metallicity
of the surface-interface region vs. the bulk one, by exploiting the highly

sensitive response of conducting perovskites to impurities.

T T T T T

T

= Ru3d,, -
—O—Freshly cleaved Cls ﬁ
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Ru 3d core level - 80 K
[ hv=455¢eV

Photoemission Intensity (Arb. Units)

295 290 285 280 275
Binding Energy (eV)

Figure 3.3: Ru 3d photoemission spectra of Sr3RusO; measured with
hv=455eV at 80 K. Beside the unscreened main peaks, the well screened
peaks are seen at low binding energy side of both Ru3ds/, and Ru3ds/s.
The strong age effect of the sample is shown by blue line, which is measured
10 hours after the sample cleaved, and the well screened peaks are strongly
suppressed by the contaminants.

3.3.1 APE spectra

Surface sensitive (hv = 455 eV) Ru 3d core level spectra of SrsRu(;—,Mn,)207
with z = 0, 0.05 and 0.2 are presented in Fig[3.3]and Fig[3.4 We identify the
St 3p; /2 peak at about 279 eV of binding energy (BE) and the Ru spin-orbit
split doublet 3d5/; and 3d3/, peaks in the energy window of 280-295 eV of
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Mn doping dependence of Ru 3d photoemission spectra

in SrsRu(;_,Mn;)207. With the Mn concentration increasing, the well
screened features become gradually absent due to the MIT in the sample.
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Figure 3.5: Ru 3d photoemission spectra of Srg gsCaj.94RuOy4 and SraRuOy

from Han-Jin Noh’s PhD thesis [Noh 2003].
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BE . Looking at the SrgRusO7 parent compound spectrum one can easily
decipher multiple components associated with Ru 3d doublet. Satellites at
the low BE side, labeled as shake down features or well screened peaks, have
been already observed in the ruthenate family. It is generally agreed that:
i) features are not induced by surface-related chemical states, and ii) their
spectral weight increases when the system enters a metallic regime [Takizawa
et al., 2005; Kim et al., [2004; |Sekiyama et al., 2004a]. Figure reports the
evolution of the spectral lineshape as a function of time in pure SrgRusOr:
well screened features of Ru 3d core level are well resolved in freshly cleaved
surfaces, whereas contaminated surfaces display intense C 1s structures at
~ 285 eV BE, resulting in a non statistical branching ratio between Ru 3ds /5
and 3d3 /. Interestingly, the presence of contaminants on the surface leads to
a suppression of the well screened peaks, together with the appearance of a
shoulder at 288 eV BE. Important changes are observed as a function of Mn
doping (Fig: the intense well screened features, at the low binding en-
ergy side of both Ru 3d5/; and 3d3/,, are severely suppressed already for x=
5% Mn content, resulting only in a weak shoulder for x= 20%. It is interest-
ing to note that both Mn 5% and 20% doped spectra display close similarities
with Ru 3d core level in (Sr;_;Cay)2RuOy, which is the system can undergo
from the superconductor to the antiferromagnetic insulator with Ca doping.
As illustrated in Fig[3.5] both unscreened and screened peaks can be well
defined in metal STRuO4 but only unscreened peaks appear in the insulator
system Srg.0sCai.94RuQy, in comparison with SroRuO4. Knowing that the a
MIT upon doping has been reported in Srg(Ru;_,Mn,)2O7 [Mathieu et al.,
2005; |Hossain et al. 2008], we argue that present results hold the direct
evidence of an electronic driven transition, via the observed evolution of
the well screened satellites. The difference spectra in the bottom of Figl3.4]
highlight the transfer of spectral weight upon doping. A energy shift up
to >~ 100 meV for 20% Mn,(as indicated by the red line) of the 3dz/; well
screened features vs. Mn doping is observed. Moreover, the lineshape of
the difference spectra reveal a fine structure of the satellites, with sizeable
intensities around 281 eV and 285 eV of BE, and clear shoulders at the high
BE side of each spin orbit partner (centered at 285.4 eV and 282.4 ev BE).
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3.3.2 VOLPE spectra
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Figure 3.6: Ru 3d HAXPES spectra in SrgRu(;-,Mn,;)207 with z = 0 and
0.2 with hv=7959¢V at 20 K.

The extreme sensitivity of the well screened features, and hence of the
available screening channels, to the local environment, calls for a more accu-
rate determination of the metallic-insulating character upon doping. To this
goal, in Fig[3.6] we report HAXPES results, where bulk sensitivity > 8 nm is
guaranteed. The reduced influence of surface condition on the PES spectra
is confirmed by the lineshape of Sr 3d core level measured in the HAXPES
regime (Fig: the presence of a single component in both spin orbit part-
ners is the signature of almost pure bulk signal, in agreement with previous
results [Sekiyama et al/,[2004b]. In Fig[3.6] one notices that the relative ratio
between Sr and Ru peaks is significantly different between low energy PES
and HAXPES data, as due from the different p/d cross section ratio when

passing from soft to hard x-ray [Panaccione et al.,2005] . Zooming on the

Ru 3d region, well screened peaks are observed at the same BE and with
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Figure 3.7: (a) Sr 3d HAXPES spectra in SrgRu(pgsMng 5)207 with
hv=5999 eV at 20 K. The single component in both Sr 3d3/; and 3ds/s
peaks indicates the spectra only with bulk signals. (b) Sr 3d core-level pho-
toemission spectra for SroRuOy4. The spectra are well deconvoluted into con-

tributions from bulk and surface layers (indicated by S1 and S2) [Sekiyama
et al., 2004b].

same energy separation with respect to the low energy results. Although
the evolution as a function of Mn doping is confirmed, it is evident that the
relative ratio between main peak and well screened features is now reversed
with respect to surface sensitive results. Based on the enhanced probing
depth of HAXPES [Sacchi et al 2005], the increase of well screened peaks
in the hard x-ray regime have been recently explained in 3d-based TMO as
the result of significant changes in the screening mechanism between surface
and volume [Taguchi et al., |2005; Horiba et al., |2004]. HAXPES results in
vanadates across the metal insulator transition also confirm the relationship

between well screened satellites and metallicity [Panaccione et al., [2006].
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3.3.3 Fitting of the spectra

To better disentangle well screened and poorly screened features and also to
identify any additional components, we performed a spectral decomposition
by fitting routines: results are presented in Fig[3.8 and Each peak was
represented by a symmetric function generated by a Lorentzian function con-
voluted with a Gaussian. The Lorentzian function represents the life time
broadening effect, while the Gaussian function accounts for all other broad-
enings including energy resolution. A Shirley-type experimental background
which is assumed to be proportional to the area under the photoemission
signal is also included. The spectra recorded using 455 eV incident energy
could be best fitted using one such function alone with three sets of doublets,
one doublet for the main Ru 3d spin-orbit split peaks (black curves), one for
the satellite feature appearing at the lower binding energy side (non-local
screened peaks, red curves) and the third for the satellite features appearing
at the higher binding energy side (unscreened peaks, blue curves) with the
intensity ratio between the spin-orbit split components being fixed at 1.5,
determined by the degeneracy ratio. For the bulk sensitive spectra recorded
using 7995 eV photon energy, spectral decomposition resulted in only two
sets of doublets, one corresponding to the main Ru 3d spin-orbit split peaks
and the other corresponding to the non-local screened peaks. Within the
error bar, unscreened peaks are absent (or with negligible intensity). Such
reduction of unscreened peak intensity may be a further confirmation of a
different itinerant-localized character when passing from the surface to bulk.
Results of spectral decompositions are summarized in Table where we

observe: the ratio between well screened and main peak is almost identical

Table 3.1: Compound ratio of well screened/main peak intensity

peak Undoped Mn 20% doped Undoped Mn 20% doped
(APE) (APE) (VOLPE)  (VOLPE)
Ru 3d3/2 0.22 0.15 0.57 0.51
Ru 3ds /5 | 0.23 0.15 0.58 0.50
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3.3. Results and Discussion

for both spin-orbit splitting peaks in the APE (surface sensitive) results.
As visible in Figf3.3] and the analysis of the peaks gives reliable re-
sults in the intensity (area) estimate, but the quality of the fit, constrained
to statistical ratio, results to be less reliable in energy position of the peaks.
Forcing the fitting procedure to obtain the best fit and allowing non statis-
tical ratio+further components, the energy location of the peaks could be
identified with better precision. The reliability of the fit increases, residuals
decreases (perfectly normal if we allow the presence of further components).
One observes the presence of extra contribution, with lineshape similar to
the well screened peaks (single red component in Fig. This extra con-
tribution is similar (both in energy location and shape) to the one proposed
by Sekiyama et al. [Sekiyama et al., 2004b|, where the presence of a so-
called “subsurface” contribution is proposed. Energy splitting between well
screened peaks and main peaks are the same, within error bars, in both
HAXPES and low energy spectra. Moreover, analysis confirm a decrease
of the splitting when Mn content increases (from 1.50 £+ 0.1 eV nondoped
to 1.3 + 0.1 eV Mn20% doped). Obviously, non statistical ratio is a very
crude, and almost unphysical approach, while energy position of the peak

can be directly extracted from the experimental data.
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Figure 3.8: Analysis of relative intensity and energy position of Ru 3d peaks
in APE. The fitting curves with red, black and blue colors are corresponding
to the non-local screened, main and unscreened peaks, respectively.
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Figure 3.9: Analysis of relative intensity and energy position of Ru 3d peaks
in HAXPES.
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Figure 3.10: Best fit for APE Ru 3d spectra. The subsurface contribution
was shown by a single red component.

3.3.4 Theoretical interpretation

The two-peak structure in the 3d3/, and 3ds/; PES spectra of ruthenates
have been described in terms of a Mott-Hubbard picture within a DMFT
approach by Kim et al. [Kim et al., 2004], and cluster calculations of Ru 3d
in SroRuO4 by Okada , and recently new cluster calculations
by Michel Van Veenendaal [Veenendaal, |2006]. In ruthenates oxides, the
energy level of the oxygen 2p orbits is lower than the lower Hubbard band

of Ru 4d electrons, thus this system is the Mott-Hubbard system and no
charge from oxygen could be transferred to Ru sites and . Although the
charge transfer from O 2p orbital to Ru 4d orbital is prohibited under the
Mott-Hubbard scheme, the metallic well-screened feature of Ru 3d spectra
still can be interpreted by the charge transfer model, where the charge is
transferred from the coherent band at Er to the Ru site rather than from
the oxygen bands [Kim et al. 2004]. The coherent band, which are called
the quasiparticle states, are occupied by electrons near Er with a identi-

fied momentum and moving under the mean field of the remaining system.
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In the Mott-Hubbard type system, such as the ruthenates we studied, the
metal to Mott insulator transition can be achieved by changing the ratio of
the Coulomb interaction U between conduction electrons to the band width
W. When W/U is big (e.g. more than 1), the system exhibits a metallic
behavior and then the conduction electrons in the coherent band can move
to the Ru 4d valence band to screen the core-hole potential. When W/U is
very small, the system becomes a Mott insulator and the coherent band is
absent due to the insulating gap. Consequently, there is no charge can be
transferred from the coherent band and the screened peak in the low binding
energy of PES spectra cannot be observed any more, as shown in Fig[3.11]
The interpretation of the core-hole screening by quasiparticles is based on
the Mott-Hubbard mechanism, where the role of O 2p bands is not con-
sidered. However, based on the charge-transfer mechanism with a charger
transfer from oxygen, the metallic screened peak in SroRuO4 PES spectra is
also produced by the non-local screening effect in Ru(d,y)s0(2pm)16 cluster
model performed by Okada [Okada, |2002] and it suggests that the energy
separation between well screened peaks and main peaks is reminiscent of
Coulomb interaction between Ru 3d and 4d holes, and is comparable with
Ru 4d bandwidth. The 4d,, orbital occupation has shown an important
effect to raise the non-local screening feature as well. More recently, Van
Veenendaal performed the multi-Ru-site cluster calculation with consider-
ation of the competition between different orbital degrees of freedom. By
introducing an energy difference AE between the zy and yz/zx orbitals,
changes of Ru 4d,, . /.
Ru 3d XPS spectra [Veenendaal, [2006], as shown in Figl3.12] where the local

screened peak and non-local screened peak are corresponding to the main

orbital occupation show a drastically effect on the

peak and well screened peak in our Ru 3d PES spectra, respectively. Due to
the large coupling between the neighboring RuOg and the 4d,, site in the
presence of a core hole, the number of 4d,, electrons is important on the
weight of non-local screening process and the less xy electrons the stronger
non-local screened peak is for the more space to accept a charge transfered
into.

However, the existent calculations only provide a general picture for
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Figure 3.11: Core-level spectra from DMFT calculation with two different
W/U by Kim et al. [Kim et al., [2004], where d' = d'L?C" for Rut?. (a)
W/U=0.75 is corresponding to the mott insulator and thus the screening
from the coherent band d?C is very weak, where C denotes the coherent
peak. (b) W/U=1.5 is corresponding to the metal system with a strong
screening from the coherent band.
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Figure 3.12: Theoretical Ru 3d spectra calculated by Okada (Left) [Okada,
2002] and Veenendaal (Right) [Veenendaal, 2006]. Left: Ru(d.y)sO0(2pm)i6
cluster calculation for 4d,, with 1.6 holes. Uy, is the coulomb repulsion
between 3d and 4d electrons and Uyq is for 4d electrons. Right: The orbital
occupation effect on the Ru 3d spectra. n,, and n are the hole numbers
in t94 orbitals.
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two-peak structure of XPS spectra in Ruthenates. We still cannot con-
clude what is the screening channel induced a well screened peak in our Ru
3d PES spectra, screening by quasiparticles, non-local screening called by
Okada, or the mix of those two. Another important question is that how
the 3d Mn impurities lead to an evolution of screened peak in PES spectra
in the 4d transition metal and further to answer what is the origin to the
MIT, possibly like derived from the charge transfer between to, orbitals or
band width change in Mott-Hubbard mechanism. To obtain the answer for
these questions, we may need to consider the competition between local and
itinerant states in the system because the strong correlation effects in Mn
impurities and weaker electronic correlations in the 4d host, and the fact
of the hoping behavior of the Mn impurities. Thus the specific theoretical
calculation with these considerations is required to perform to quantitively

interpret our experimental results.

3.4 Conclusion

We have studied the Mn impurities dependence of Ru 3d spectra in the
double-layered ruthenates SrgRu(;_,Mn,;)207, both by surface (APE) and
bulk (VOLPE) sensitive XPS measurements. The presence of the two-peak
structure, the unscreened peak and the screened peak, is confirmed, similar
to other ruthenate systems. With increasing the Mn doping level, the well
screened peaks become weaker with the becoming more insulating system
and this evolution offers a way to investigate the MIT by XPS technique.
The surface contribution is determined by fitting the spectra and analysing
the ratio of well screened peak to main peak at different photon energies.
By comparing with different theoretical calculations, the well screened peak
may could be interpreted by the charge transfer between the coherent band
and Ru site, and the role of the three to, orbitals on the screening channel
is inverstigated as well. To further study the MIT in this 4d system doped
with 3d impurities, we perform ARPES investigation to study the low-energy
excitaion and information of band structures, as shown in the following

chapter.
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Chapter 4

ARPES Investigation on
MIT in Mn-doped Sr3Ru»Or

4.1 Introduction

Electronic and lattice instabilities in strongly correlated electron systems
give rise to many fascinating phenomena, such as various types of spin,
charge, and orbital ordering. This is a common feature in many of the 3d
transition-metal oxides, with best known examples including the stripe in-
stability in the cuprate superconductors and the magnetic phase separation
in manganites. Competing instabilities and ordering phenomena can also be
found in the somewhat less correlated 4d transition-metal oxides, with the
ruthenates being one of the most prominent families. These materials, and
in particular the perovskite ruthenium oxides of the Ruddlesden-Popper
type (Sr/Ca),4+1Ru,03,41, show an extremely wide range of spectacular
physical properties, ranging from Mott-Hubbard insulating behavior to spin-
triplet multi-band superconductivity, from spin to orbital correlations, and
from Fermi liquid to quantum critical behavior [Machenzie et al. [1998].
SrsRusO7, which is the subject of this study, is known as a metal on the
verge of ferromagnetism [Ikeda et al., 2000]. More recently, magnetic field
tuned quantum criticality |Grigera et al., [2001] and electronic nematic fluid
behavior [Borzi et al., [2007] have been proposed for this compound and as-
sociated with a metamagnetic transition. However, the deeper connection
between these effects is still highly debated and its description will depend
on a broader understanding of the incipient instabilities in SrsRusO7. Mag-

netic impurities such as Mn have been introduced in SrgRusO7 in an attempt
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4.1. Introduction

to stabilize the magnetic order in the system. With the inclusion of a few
percent of Mn, a MIT was observed in transport experiments, and the emer-
gence of a Mott-like antiferromagnetic state was proposed [Mathieu et al.l
2005].

To explore the nature of the MIT induced by Mn impurities, the X-ray
absorption spectroscopy (XAS) and resonant elastic soft x-ray scattering
(REXS) work on Srz(Ruj_;Mn,)207 at have been performed by Hossain et
al. [Hossain et al., 2008, 2009]. Using a combination of XAS and theoretical
modeling (cluster and density functional theory calculations), they have dis-
covered that Mn impurities do not exhibit the same 4+ valence in Ru, but
rather act as 3+ acceptors. The extra Mn e, electron occupies the in-plane
3d,2_,2 orbital instead of the expected out of plane 3ds,2_,2. This unusual
crystal field level inversion is well described by a physical model they de-
veloped, which highlighted the competition between localized 3d states of
the impurity and the more delocalized nature of the Ru 4d-O 2p orbitals
of the host material. The REXS measurements on Mn edge and Ru edge
were performed to investigate the role of Mn impurities in emergence of the
insulating phase. REXS measurement detected ¢ = (5, 1,0) and (%, 2,0)
superlattice peaks appearing below the metal-to-insulator transition tem-
peratures for 5% and 10% Mn systems. These supperlattice peaks were
proposed to be the result of a zigzag antiferromagnetic ordering formed in
the system. It might be surprising that the dilute, randomly distributed
Mn impurities induce a long-range ordering pattern. However, considering
the correlation between Mn moments and obtaining the correlation lengths
from the inverse of the full-width half maximum of the experimental momen-
tum scans, the simulation shows that the superlattice peaks are reproduced
based on the long-range spin order pattern with the correlated S = 2, 3d-
Mn3* impurities, as shown in Fig In a summary, REXS results showed
that dilute Mn inpurities do not only induce long-rang magnetic order but
also provide a unique opportunity to probe the electronic instabilities in the
parent compound and thereby reveal the mechanism behind the MIT itself.
Starting from this point, here we use ARPES to directly probe the ordered

phase and the change in the band dispersion with Mn substitution, in order
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to further address the mechanism of MIT in SrgRusO7 and the role of the

low-energy electronic degrees of freedom.
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Figure 4.1: (a,d,g) Spin-ordered islands in the RuOs plane for various
Mn contents and spin correlations: (a) 5% Mn, uncorrelated Mn spins; (d)
5% Mn, correlated Mn spins; (g) 10% Mn, correlated Mn spins. (b,e,h)
Corresponding location of Mn impurities with up/down (blue/red) spins.
(c,f,i) Reciprocal space map of the Mn scattering intensity generated by
averaging over 200 random Mn-impurity distributions, of the kind in (b,e,h),
to reduce noise.(from [Hossain et al., 2009])
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4.2. Experiment

4.2 Experiment

ARPES experiments over large momentum space region, in pure, 5% and
10% Mn doped SrgRusO7 have been carried out on the Electronic Structure
Factory endstation at Beamline 7.0.1 as a function of temperature. At high
temperature 7' = 100 K, Srz(Ru;_;Mn,)207 single crystals were cleaved
in situ at a base pressure better than 2.5x107 ! torr and then oriented by
taking fast Fr scans. For each doping level sample, FS was acquired at
different temperatures, above and below the metal-to-insulator transition
temperature. The photon energy scan also was done to show the photon-
energy dependence of Fr. The Srg(Ruj_;Mn,)207 samples we measured
are the ultra-clean single crystals most recently grown by our collaborators
in the groups led by Y. Yoshida (at AIST in Tsukuba), H. Takagi and Y.
Tokura (University of Tokyo). These crystals exhibit superior quality, as
evidenced by the low residual resistivity in zero field [Mathieu et al., |2005].
As the ruthenates physics is dramatically sensitive to disorder [Mackenzie

and Maeno, [2003], this improvement is key to the success of our experiments.

4.3 Results and Discussion

4.3.1 Fermi surface

In Fig[4.2] we give the first impression of the doping and temperature depen-
dence of F'S in Srg(Ru;_,Mn,)207 (with =0, 0.05 and 0.1) by our ARPES
raw data. The photon energy used for these measurements is set at hy=142
eV, which is the best energy level allow us to observe a finest F'S during our
beamtime, henceforward all the data shown are taken at hv=142 eV except
a notation is declared. As we see, the shape of raw FSs are slanted and have
been rotated by some arbitrary angle, which actually is 14.5° away from y-
axis. This angle is chosen as the best oration position to minimize the effect
of the polarization of beam and to detect a F'S with most features. Looking
at the shape of FSs, a strongly doping dependence is clear to see in Figld.2]
however the change due to the temperature effect is very slight, and only the

fermi edge is pushed down as the system becoming an insulator, which we
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will prove later. With increasing the Mn concentration, the F'S becomes one
dimensional (1D), where the two dimensional (2D )feature (such as circles)
is almost absent and only 1D straight lines remain on the FS.

After converting the raw data from the angle space into the momentum
space and applying a normalization on the intensity of F'S, we obtain the F'S
of SrgRusO7 as shown in F ig(a). Comparing with the FS measured by
Tamai et al. [Tamai et al., 2008] and the local-density approximation (LDA)
calculation for SrgRusO7, our FS seems have less features than Tamai’s
because it is unfolded, but agrees well with the LDA calculation without
folding[Singh and Mazin, 2001]. Due to the extreme surface sensitive in
ARPES measurement and the widely existed surface ( for SraRuO4) and
bulk (SrsRuzO7) crystal distortions in Ruthenate oxides [Damascelli et al.l
2000; Huang et al. [1998], a folded F'S is usually expected to be observed as
in Fig[l.3[(b). The reason why did not observe a such folded FS is still an
open question. One of the possible reasons is for the polarized beam we used.
On the other hand, the photon energy used in our experiment is hy=142
eV, which is much higher than the 21.2 eV generated by He-discharge lamp
in Tamai’s experiment. Furthermore, in order to show the photon energy
effect on F'S, a photon energy scan is performed at the azimuthal angle equal
to zero, as shown in Figlf.4l At the polar angle equal to 5°, we realize that
a new feature named 0 could be observed at hr=120 eV. Indeed, we have
observed a contribution from e, electrons to the FS and more 2D features
on F'S under hv=120 eV. The contribution of e4 electrons is labeled by ¢
in Fig[i.3|(b), which is absent from the FS at hv=142eV. Although the FS
topology relies on the photon energy, the most features of the measured FS
with hv=142eV is consistent with the LDA calculation, which means our
data has a enough reliability to do further analysis. To define the features
on the FS, we perform another comparison with the FS of SroRuO4 [Singhl,
1995] as shown in Fig[4.3|d) and the three sheets (usually called «, § and
) in SroRuOy4 are observed in Sr3RusO7 as well.

Using the same names for these three sheets in FS of SroRuO7, as il-
lustrate in Fig(a, c), the « sheet is the square cylindrical hole pocket

around X, deriving from the odd combinations of d,. and d,, orbitals; the
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Figure 4.3: (a) FS of SrgRuzO7 measured at beam line BL 7.0 of ALS with
hv = 142 €V at T = 25 K. The intensity of FS is normalized along both
k, and k, directions. (b) FS contours of Sr3RusO7 measured at beam line
V-4 of SSRL with hv=21.2 eV at T = 9K by Tamai et al. [Tamai et all
2008|. Note the FS is folded. (c¢) Basal plane FS of Sr3RusO7 in the ideal

tetragonal structure from LDA calculation [Singh and Mazin| [2001]. Note
this FS is unfolded. (d) FS of SroRuO7 in the basal plane of the body-

centered-teragonal zone [Singhl 1995].
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Figure 4.4: (a) Photon energy scan performed with hv=80 eV to 160 eV
in Sr3Rus07 at 25 K. (b) Raw FS of Sr3RusO7; measured at 25 K with
hv=120 eV. The dashed circle is drawn for the appearance of e, electrons
from d2_,2 orbital on FS.

0 sheet is the innermost cylinder electronic pocket around I' and it is also
mainly d,./d,. orbitals derived; the 7 sheet is referring to the outside circu-
lar cylinder around I', which is actually a bunch of three cylinders around I'
in LDA FS and we however cannot distinguish them in the experimental F'S,
due to a limit of the momentum resolution. The  sheet is also an electronic
pocked and is mainly derived from the d, orbital, but is mixed with d/d,.
character in SrsRusO7 FS. Beside these three sheets, there is an additional
sheet on the F'S of SrsRusO7, which is the cross-shape hole pocket around X
and LDA calculation proposes that it is derived from the odd combinations
of d, and d,, orbitals. Since the F'S we show is only in the k; — k, plane,
the electrons from d,. (d,.) orbital only can form a 1-D band along k; (k)
direction in k, — k, plane and result in a FS with straight lines, such as «,
B sheets. The electrons of d, orbital however have no restriction to move
around in the plane and would induce a circular v sheet as a result of 2-D
band.
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4.3.2 Enhanced FS nesting with Mn doping

The shape of FS often conveys rich information on a variety of ordering
phenomena in physics systems. A nesting vector ¢ in the F'S determines the
periodicity of the modulation of the conduction electrons, and such spin- and
charge-density waves [Fawcett, 1988| are two examples of the FS driven or-
dering. In the REXS measurement, the role of Mn impurities was suggested
to primarily stabilize the ordering incipient in the parent compound and it
introduced a zigzag spin-ordering pattern in the insulating region [Hossain
et al., 2009]. Thus we could expect to observe a stronger and possible mod-
ified nesting vector in the FS of Mn-doped Sr3RusO7 at low temperature,
due to the spin ordering, in comparison with the pure Sr3RusO7 and other
ruthenium oxides already studied by us and other groups [Damascelli et al.
2000, 2001; (Shen et al., |2001}; [Ingle et al. [2005; [Baumberger et al., 2000
Tamai et al., 2008]. Indeed, in F ig we have already seen that the Mn
impurities strongly enhance the F'S nesting, and lead to the emergence of a
1-D featured FS. To quantitatively analyze the change of the nesting vector
due to the Mn impurities, we carefully measure the length of the nesting
vector in the momentum space for different doping levels. In Fig{d.5| the 1D
feature of (8 sheet is highlighted by the red-line frame. The nesting vector
derived from 3 sheet in the pure sample is given by the red arrows. Setting
the I" point as an origin, the positions of corners of two 3 sheets in the diago-
nal way are (-0.3, 0.3) and (-0.72, 0.71), with the units of 27/a and 27 /b for
k. and k, respectively, where the lattice constants a and b in the zy plane
are little different (less than 0.1 A) based on the determination of period
in our FS mapping, although they are usually the same in crystal. Hence-
forward, the units of nesting vectors are set to 27/a by assuming a = b for
simplicity. The possible nesting vector due to the straight part of 3 sheets
is g3=(0.42, 0, 0) or (0, 0.41, 0), which is the gap between the nearest two
0 sheets. Another nesting vector due to the « sheet is smaller and is equal
to go=(0.29, 0, 0) or (0, 0.28, 0), as shown in Fig[d.3|a). Because both the
1D feature of 8 and « sheets, there is a possible good nesting vector origi-

nated from these two sheets, which is along the I'X way and equals to the
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distance between the top or bottom corners of 5 and « sheets. The length
of this nesting vector g,3 should be between gz and g, which is measured
as ¢op= (0.36, 0.36, 0). In SroRuOy, the nested topology due to a and 8 FS
with ga3 =~ (£0.33,£0.33,0) is confirmed both in ARPES [Damascelli et al.
2000] and inelastic neutron scattering experiments, which is approximately
equal to the ¢, in Sr3Ru2O7 and exactly equal to the gog in 10% Mn doped
sample as shown by following.

In Fig the two FS of Srg(Rug.95Mng 5)207 taken at different beam
time (2005 and 2009, respectively) in ALS are shown. Both of these two
data set demonstrate that by introducing Mn impurities the distortion of F'S
starts to appear, in particular fade away the v FS. However, the features of
«a and ( sheets, shape and size, still roughly remain the same, as illustrated
using dark-line frame for (3, dash line for « and their corner positions in
Fig(a). In Fig(b), the cross-shape hole pocket around X point is still
observable as well. Thus we would like to claim that the Mn impurities
have a strong effect to destroy the v sheet and make the 1D bands become
dominate on FS. Another change we should point out is that the o and
sheets seem to get touch with each other in the 2005 year’s data. However,
both in SrgRusO7 and SroRuQy, they are split apart and a LDA calculation
has demonstrated it as a effect of the spin-orbital coupling [Haverkort et al.,
2008|. The corresponding nesting vector ¢,3=(0.36, 0.36, 0) is the same as
in the undoped sample. To understand these changes on the F'S, we have to
check the FS nesting and shape in the higher Mn doped system.

When the doping level of Mn impurities is increased to 10%, the FS
becomes 1D F'S composed of straight lines and the two dimensional ~ sheet
from d,, band is missing, as seen in Fig The straight lines are paral-
lel or perpendicular to each other, and form a fantastic remakable nesting
vector, which is g,3=(0.33, 0.33, 0) as the same as the nesting vector in
SroRuOy4. Comparing with ¢,g in the undoped sample, we learn that the
Mn impurities have an attempt to reduce the length of g,3. The reduced
¢a3=(0.33, 0.33, 0) means that an ordering with a modulation period of 3
lattice constants is introduced into the system. However, in REXS measure-

ment the superlattice peak is at g=(0.25, 0.25, 0), which is smaller than the
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Figure 4.5: Nesting vector check in F'S of Sr3Ru2O7. The red-line frame is to
highlight the 1D feature of § sheet, and the white-line square is to highlight
the o sheet, which is clearly shown in the normalized FS in Figld.3|a). The
possible nesting vectors derived from (3 and « sheets are: ¢g=(0.42, 0, 0)
or (0, 0.41, 0), go=(0.29, 0, 0) or (0, 0.28, 0), and gaz=(0.36, 0.36, 0) with
27 /a as units.
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nesting vector from F'S and is corresponding to the four times expanded BZ
with up-up-down-down spin configuration. A possible explanation on the
difference of ¢ between ARPES and REXS is given at the end of this chap-
ter by considering the difference between charge- and spin-ordering. Here,
an important issue we have to emphasize is that both the area of a and (8
sheets are expanded, and then these two sheets join to form a 1D FS. As we
mentioned in the previous paragraph, the spin-orbital coupling is the cause
proposed to explain the no mixing among «, 8 and v sheets in SraRuQOy4
[Haverkort et al., 2008]. Now the mixing of a and 8 by doping Mn impuri-
ties may suggest us to perceive a fact that the spin-orbital coupling effect is
suppressed by Mn doping as the system becoming an insulator.

According to Luttinger’s theorm, the F'S volume is an important param-
eter to describe the electron (hole) occupation of an orbital by analyzing
the size of electron pockets (hole pockets) on FS. For example, the increased
volume of o F'S means the decreased occupation of electrons of the corre-
yz/x-> Dands, because a sheet is the hole pocket. Since the ARPES

measurement only provides a 2D FS, the FS area can be directly measured

sponding d

rather than the volume. However due to the very weak dispersion of FS
along k. in ruthenates system [Bergermann et al., [2000; Bergemann et al.,
2003], the F'S volume is approximately proportional to the FS area. A sum-
mary of the closed FS volume of a and  FS with/without Mn doping is
shown in Table Comparing to the FS volume in SraRuO,4 determined
by dHvA measurements |[Machenzie et al., [1998], where the FS volume of
a and S are 10.8% and 45.7% of BZ volume, respectively, we can see the
same FS volume both in the single-layered (SroRuO4) and double-layered
ruthenates (SrsRuzO7). In Table from undoped case to 10% Mn doped

Table 4.1: FS volume of « and 8 sheets with/without Mn doping.

FS volume (% BZ) at 25 K« (h",22,yz) B (e ,x2,y2)
Undoped 9.0 34.1
10%Mn doped 11.2 45.1
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case, the closed hole pocket « sheet has a 2.2% volume of BZ increased,
and thus the electron occupied volume of « sheet is decreased by 2.2%; the
B sheet (the electron pocket ) has a 11% BZ volume increased. Thus, the
total electron occupation of the o and [ sheets is increased by 8.8%, which
means that some additional charges have been transfered into the related
Az /yz
is still ambiguous if only by analyzing the FS, because the missing v sheet

bands by Mn doping. The source to provide these additional charges

in the 10% Mn doped FS is a puzzle until now and the doping dependence

of the corss-shape hole pocket on FS is not easy to be resolved.

4.3.3 Energy and momentum distribution curves

To address the puzzle of the missing v sheet, in the other word the d,, band
on the FS, we use the energy distribution curves (EDC) and momentum
distribution curve (MDC) to check the dispersion of the low-energy band
structure with changing the Mn doping, as shown in Fig[4.§]- EDC is
the plot of intensity versus binding energy at a fixed emission angle (or k
point); MDC is the plot of intensity versus emission angle (or k) at a fixed
binding energy). If we cut the F'S along the high-symmetry direction I'-M-T",
we will cross two 8 and two 7 edges around M point. At a glance at the
MDCs along I'-M-T" for undoped, 5% and 10% Mn doped samples (Fig
Fig and Fig, two peaks assigned to two (3 sheets are clearly seen
in all three samples and the evolutions of 3 peaks with binding energy for
different doping levels are very similar as slightly separating away as going to
higher binding energy, e.g. from Fr to Ep=-200meV, the distance between
B peaks dpeqrs is expanded from 0.41 to 0.47 for undpoed, from 0.36 to
0.41 for 5% Mn doped and from 0.33 to 0.37 for 10% Mn doped, with the
units of 27 /a. However a dramatic change of peaks assigned to v sheets is
observed by Mn doping. In the undoped SrsRusO7 (Fig, at Fr, the two
~ peaks are very close and it means two 7 sheets on the FS almost touch
each other at the M point. As going to the deeper energy level, these two
peaks start to separate away quickly comparing to the behavior of § peaks,

and then each ~ peak is getting closer to its neighboring 5 peaks. When
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SrgRusO7 is dilutely doped by 5% Mn (Fig, a strong noise on MDCs
is observable, but we still can recognize the 8 and v peaks. Comparing with
the undoped case, the dpeqrs for two v peaks is not very sensitive to Ep any
more, rather keeps a proximate constant as function of Ep. Remember that
at E'r two v peaks are very close to each other in undoped case, but they are
well separated in 5% Mn doped sample. This change can be considered as
a result by lowering the Fr or consequently lifting d,, band related to the
FEr, which possibly causes the fade of « sheet on FS with Mn doping. The
evidence of the down shift of Er is clear seen by comparing the EDCs from
the with and without Mn doping samples. As shown in Fig[4.9] Fig[.1T]and
Fig[d.13] the fermi edge of each curve in EDCs is very sharp for a metallic
system (undoped), but is getting broad and moves down to the low binding
energy as the system becomes an insulator with Mn doping. If the change
of v FS is truly due to the lift of d,, band, we would expect to observe a
stronger evidence from the 10% Mn doped measurement. By looking at the
EDCs of 10% Mn doped sample, the Er indeed has been much shifted down,
in comparison with the undoped and 5% Mn doped cases. However, since
the 7 peaks are already absent in MDCs at 10% Mn doping level, we cannot
tell the evolution of d,, band from 5% to 10% Mn doping level. In Fig
the noise on MDC is suppressed as comparing to that of 5% Mn doped and
only two mains peaks are observable for us which are assigned to 5. The
absent of v peaks could have two possible explanations: first, the d,, band
is totally unoccupied now because it is lifted above the Er or by some other
unkown reasons, and then results in the disappearance of v peaks; second,
the ~v peaks actually remain on the MDCs, but they are extremely close to
the § peaks and become undistinguishable from the J peaks. The reason
that we propose the second explanation is based on a combination of two
phenomenon: the quick separation of v peaks as function of Eg in undoped
case and the likely lift of d,, band in 5% Mn doped case. On the other
hand, the 8 peak in 10% Mn doped case is broad and a weak split of each
peak is visible, which is possible due to the v and 3 peaks, although this
split is also likely a result of the noise.

The impurity-induced disappearance of d,, band on the I'S has been
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observed in the insulator region of the ruthenate oxide Cay_,Sr,RuO4 [Wang
et al., 2004; Neupane et al., 2009], which is the prototype of an orbital
selective Mott tranistion (OSMT) proposed by Anisimov et al. to describe
the coexistence of itinerant electrons and localized moments in transition
metals (TM) with nearly degenerated d-orbitals |Anisimov et al., 2002]. In
the Cag_,Sr,RuOy4 with x=0.2 case, the absence of d,, band from FS is
caused by the fully filled d., band. The d;, band is fully occupied by

accepting electrons transfered from the 1D d bands, because the Ca

v2/yz
content increases the rotation and tilting of the RuOg octahedra, and the
consequent crystal field lows the energy level of d;, band to below the EFp.
Another example that has a missing zy-band FS is SroRhO,4 [Kim et al.,
2006; Liu et al.l 2008|, where Rh has one more 4d electron than Ru. This
one more electron would increase the volume of electronlike pocket 5 and
sheets, however the FS obtained by ARPES measurement did not observe
the 7 sheet. Through the density-functional electronic structure calculation,
it shows that the vanishing of the 7 sheet is due to the fully filled d,, band,
because the rotation of octahedra results in the hybridization of e, and 2,
states and the gap opened by hybridization consequently pushes d, band
below Er. In summary, in these two cases, Caj gSrgoRuO4 and SraRhOy,
the principle for the missing « F'S is the same and both due to the fully filled
dyy band resulted by the rotation of octahedra. In our Sr3 (Ru;—,Mn,)207
system, however, the principle for the missing d, F'S may be in contrast to
the above two cases, because the d, band is observed being possibly lifted
in our data and the missing d,, F'S may be due to the empty d,, band rather
than the fully occupied d,, band.
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Figure 4.8: (a) ARPES intensity plot along I'-M-I" in SrgRuyO7 at T' = 25
K. (b) Corresponding MDCs show the low-energy band dispersion for d, /, .
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Figure 4.9: (a) ARPES intensity plot and (b) EDCs, along I'-M-T" in
SrsRusO7 at T = 25 K.
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Figure 4.10: (a) ARPES intensity plot and (b) MDCs, along I'M-I" in
SI‘3(RU095MD0‘05)207 at T = 25 K.
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Figure 4.11: (a) ARPES intensity plot and (b) EDCs, along I'-M-T" in
SI‘3(R,11(),95MI10.05)207 at T = 25 K.
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Figure 4.12: (a) ARPES intensity plot and (b) MDCs, along I'M-I" in
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4.3.4 Energy gap opening

When a system is doped by impurities and experiences a metal-insutlation
transition, usually there is an energy-gap open on the bands crossing Fp.
This gap results in no more bands crossing EFr, which is a band-structure
picture for an insulator. As we have discussed in the last section, the chem-
ical potential is very important for the study of the change of v sheet with
Mn doping. Here we would like to quantitatively describe the opening of
an energy gap in terms of doping level and temperature. In Figll.14] we
see that the position of fermi edge moves according with the insulating level
of a system, namely the higher binding energy of the fermi edge the bet-
ter insulator it is, which means a gap is opened in the insulating system.
For example, Sr3RusO7 at 25 K is the best metallic system and the 10%
Mn doped sample at 25 K is the best insulator in our measurements. The
shift of fermi edges is 50meV, which is the result of opening an energy gap
and causes the MIT to happen. Comparing to the prototype Mott-Hubbard
system V303 [Mo et all 2003; [Held et al., [2001; Poteryaev et al., [2007],
the spectral shape of our EDC is similar to that in VO3 with the pres-
ence of the quasiparticle peak |Rodolakis et al., 2009]. Thus, we also can
decompose the EDCs by two components: the Hubbard band and the quasi-
particle peak. For example, the 10% Mn doped EDC has the Hubbard band
at about -1.0 €V binding energy and a quasiparticle peak at about -0.24
eV. The loss of the quasiparticle peak’s spectra weight can be observed as
system going from metal to insulator. In the undoped sample at 25 K, this
metallic system has a vivid sharp quasiparticle peak as shown by the blue
line in Figl.14] Undergoing a MIT, the intensity of the quasiparticle peak
is dramatically suppressed and the spectra become broad in the insulating
system (i.e. 10% Mn doped sample at 25 K), accompanied by opening an
energy gap. More over, we should note that all the trends for fermi edge
and quasiparticle peaks with Mn doping are the same for different k points
on the FS. Therefore, we arrive a conclusion that the MIT induced by Mn

doping is achieved by suppressing the quasiparticle states and opening an

energy gap.
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Until now because of the significant change of FS with Mn doping, we
paid most of the attention on the Mn doping induced MIT at low temper-
ature. However, at a fixed doping level, such as 10% Mn doped case, the
variety of temperature can lead to the onset of a MIT as well. At the room
temperature, the 10% Mn doped system is metallic and presents an insulat-
ing behaviors at a temperature below T, ~ 55 K. In Figld.15] we show the
dependence of the position of fermi edges through the EDCs at k=(-0.68,
0.68)27/a, where is the touch point of o and 3 sheets on the FS. The fermi
edge is shifted to the higher binding energy by 35 meV when the sample is
cooled down from T=106 K to 25 K, but the shape of the spectra remains the
same and it indicates temperature independence of the quasiparticle states
in the spectra. Thus, the effect of temperature might be to push some bands
down to the higher binding energy and result in opening an energy gap. To
convert the total number of electrons in the system, pushing down bands
has to be accompanied by lifting other bands or by the appearance of some
superstucutre, such as the spin-orderd mangetic superstructure, which are
also the possible results of the temperature effect in the system. To clarify,
we have to mention that only the data at T'= 106 K and 25 K is measured at
the stable temperature condition, others are measured during a fast cooling
down procedure. Thus we cannot trust the relative big change of chemical
potential from T = 106 K to 100 K as well as that from T = 28 K to 25 K.
Nevertheless, the 35meV shift of chemical potential from 7" = 106 to 25 K
is reliable. Since the pattern of FS is almost the same for above and blow
T., and only the intensity distribution is varied due to the shift of the fermi
edge, as shown in Fig{f.16] the temperature induced MIT is accompanied
with only the opening of an energy gap.
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4.3.5 Band structure calculation

The important role of the spin-orbit coupling (SOC) in ruthenates has been
demonstrated both for insulating and metallic ruthenates in previous works
[Mizokawa et all, 2001; Haverkort et al., 2008|. In the insulating ruthenates
Cag_,Sry;Ru0y, SOC is thought to be strongly correlated with the structure
distortion, the rotation and tilt of the RuOg octahedron |Oguchi, 2009]. In
SroRuOy4, the SOC gives rise to a strong momentum dependence of the
F'S in direction parallel to the surface normal [Haverkort et al., 2008|. For
Sr3Rus 07, recently, the calculations based on the tight-binding model shows
that the enclosed electron-like v on the FS without SOC is broken into an
electron-like 71 and an hole-like y2 pocket (seen in Figl4.3|(b)) after the SOC
is included. More importantly, SOC plays a crucial role for the occurrence
of the nematic phase [Puetter et al., |2009; [Fischer and Sigrist, 2009).

Here, in order to further illustrate the effects of SOC on the band struc-
ture in Sr3RusO7 [Shaked et al., 2000], we have performed local-density ap-
proximation (LDA) band-structure calculations with/without SOC, using
the full-potential linearized augmented plan-wave density function theory
code WIEN2K [Blaha et al), [2008]. Fig[4.17] shows the band dispersion of
SrgRusO7 calculated with and without SOC. It is clear that SOC results in
increased splitting between the bands near Er. There are several regions
in the k-space showing some interesting modifications, such as around M
point (0.5, 0, 0)27/a and X point (0.5, 0.5, 0)27/a, marked in Figlt.17c).
Around M point, a band which is above Er for no SOC situation is low-
ered to below Ep after the SOC is included, and this band is belong to the
quasi 1-D orbital (d, /. ).
SOC induced hole-like 2 pocket, shows a quite different band dispersion for

Around the X point, the position where has a

with and without SOC: without SOC, there is only one band coming up to
cross E'r and this band forms a small hole-like pocket on the FS; the other
band going down to Ep is very close but still above the Er; with SOC,
these two bands are both shifted in energy and become to both cross the
Fermi level, quantitatively, the upper band is shifted down to 6 meV below

Er and the lower band is lifted up to 8.5 meV above Ep, as shown in an
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enlarged view in Fig(d). Therefore, the upper band would produce a
small electron-like pocket on the FS, which is the new feature of F'S derived
from the SOC. The hole-like pocket, which possibly is what we called v, and
is corresponding to the magnetic anisotropy, is enlarged by lifting the lower
band with SOC and becomes easier to be observed in experiments for the
bigger size. Because only small portions of these two bands cross the Fermi
level, one can argue that the two corresponding F'S pockets could be quite
sensitive to the temperature or due to impurities.

The single-layered ruthenates SroRuQOy4 has a similar electronic struc-
ture [Hossain et al., [2008], but much less number of bands, comparing to
the double-layered ruthenates Sr3RusO7. In order to compare the effect
of SOC on the band structures of these two materials, we have performed
the LDA+SOC calculation for the SroRuO4 as well. A comparison for the
band dispersions in the bulk and surface calculation is shown in Figlf18]
Firstly, we obtain the same effect of SOC from the surface calculation of
SroRuOy4 with the result from a bulk calculation reported by our group be-
fore [Haverkort et al., 2008]. Also similar to the SrgRusO7, SOC in SroRuO4
splits the degenerated bands at I' point and those between M and X point,
and only mildly changes the bands near the Er. The surface LDA4+SOC
calculation in Figfd.18|(d) shows the same SOC effect as that in the bulk
(Fig[4.1§(b)), and it indicates that surface does not affect the band struc-
ture unless a specific distortion of the crystal structure is considered. For
surface calculation, we use slab approximation consisting in three RuO2 lay-
ers and six SrOq layers. Therefore, the number of bands of Ru crossing Er
is three times that of the bulk.
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4.3.6 General discussion

In this section, we will briefly summarize the ARPES experimental results
and discuss two key questions: why the nesting vector is inconsistent with
the superlattice peak determined from scattering work and how the ~y sheet is
changed on the FS by Mn doping. As we have shown before, the 1D-featured
F'S in 10% Mn doped sample has a nesting vector ¢,3=(0.33, 0.33, 0), which
is inconsistent with the superlattice peak ¢=(0.25, 0.25, 0) observed in REXS
[Hossain et al., [2009] and the neutron scattering work [Mathieu et al., 2005].
The first thing we need to realize is that ARPES is the surface sensitive tech-
nique, but the scattering measurement is sensitive to the bulk properites.
The difference between surface and bulk may induce the inconsistency of
the nesting verctors. Alternatively, a fact we have to emphasize is that
the superlattice peak can only be observed below the MIT temperature
T.. This temperature-determined characteristic of the superlattice peak is
a very important point for us to understand why it is inconsistent with the
FS-determined nesting vector, since the latter is independent of temperature
and only determined by Mn doping level. On the other hand, the nesting
vector usually opens a gap on the bands at Er to lower the electronic energy
of the system. The opening of a quasiparticle gap with Mn doping, as shown
in section [4.3.4] can thus be understood as a result of the nesting vector.
A charge density wave (CDW) corresponding to nesting vector g,z=(0.33,
0.33, 0) is from charge/orbital ordering which has a modulation period of
3 lattice constants in real space [Johannes and Mazin| [2008]. The orbital
ordering formation has been strongly proposed to be found in the doped
layered ruthenates since the discovery of an orbital ordering transition in
LasRuy01¢ [Khalifah et al., 2002]. However, the mechanism of generating
such charge ordering by Mn impurities is still unclear and requires us to con-
duct further studies based on the schematic of Mn induced charge ordering
in other systems [Chen et al., 2009; Saniz et al., 2008; [S.Mori et al.l 1998§]
or similar to the physical model proposed to explain the REXS superlattice
peak (by considering the correlations between Mn impurities) [Hossain et al.

2009]. If we claim that the nesting vector is a result of the charge stripe
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ordering, the superlattice peak ¢=(0.25, 0.25, 0) is then derived from the
combination of antiferromagnestism and charge/orbital orderings, namely
a zigzag spin ordering. Because ¢=(0.25, 0.25, 0) only appears under the
Tc of MIT, this fact also indicates that the temperature induced MIT at a
fixed Mn doping level is due to a transition from ferromagnetism to anitfer-
romagnetism. Therefore, a possible answer for the first question is that the
difference between the charge and spin ordering products the inconsistence
between the nesting vector and superlattice peak. A similar discovery of 1D
FS and different nesting vectors due to the charge- and spin-ordered state
has been reported in Laj 2Sr1 §MnsoO7 [Chuang et al., [2001].

If we accept the assumption that a charge ordering is formed by Mn
impurities, we can further understand the behavior of the missing v on F'S by
a 1D system model. Because the charge ordering is 1D structure in the real
space, the electron hoping probability ¢;; would become very anisotropic and
electrons would mainly propagate along the ordering direction [Tsuchiizu
et al., [2007]. Therefore, the d;, band loss its 2D feature and can only
present 1D feature as the same as the d,./,. bands do. In the 10% Mn
doped Sr3RusO7, the charge ordering makes the «, 3 and v sheets become
1D now, and the lifted d,, band by Mn doping lets itself get closer to the 3
and v sheets and even be degenerated with each other on the FS. Therefore,
we cannot identify the v sheet on F'S any more for its undistinguishable with

0 sheet and the F'S becomes a simple pattern with straight lines.

4.4 Conclusion

The doping and temperature dependence of FS in Srg(Ruj_,Mn,)207 are
investigated through APRES measurements. The 1D FS with a nesting
vector ¢o3=(0.33, 0.33, 0)27/a has been observed at 10% Mn doping sample
and it indicates that a charge ordering has been formed in the system by
Mn doping. The missing 7 sheet in the 1D FS has been discussed as a result
of the lifted d;, band in the 1D charge ordering system. We demonstrated
that a quasiparticle-energy gap opens during the Mn doping induced MIT.
And the shift of the fermi edge with doping level and temperature has been
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4.4. Conclusion

measurement. The LDA-+SOC calculations on SrgRusO7 show that the new
features, such as electron-like and hole-like pocket, can be induced by the

SOC effect in SrgRusO7. The surface and bulk LDA+SOC calculations for
the band dispersions of SroRuO,4 show no change of the SOC effect in the

surface, in comparison with the bulk.
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Chapter 5

Summary

Impurities in complex oxides and in particular transition-metal oxides can
introduce profound modifications of the macroscopic physical properties by
changing the carrier densities of the host material. More recently, exotic new
ways have been discovered to exploit impurity states, in concert with the
symmetry and correlated nature of the host materials electronic states, in
giving rise to innovative electronic properties. In this thesis, we performed
the soft and hard XPS and ARPES to investigate the evolution of electronic
behaviors during the metal to insulator transition in Srs(Ruj_,Mn,)207
with Mn doping. The well screened and unscreened peaks in the PES spectra
have been observed in the undoped sample SrgRusO7, similar to the two-
peak structure in the PES spectra of other ruthenate oxides. The screened
peak, located at about 1.0 eV lower binding energy than that of the rather
broad unscreened peak, is suppressed as the system becomes more insulating
with higher Mn concentration, indicating that the screening channel is very
sensitive to the impurities and is proportional to metallicity of the system.
The charge-transfer mechanism as described in 3d cuprates is not adequate
to explain the appearance of these screened peaks, because the electron
correlation effect in 4d orbitals is weak and then ruthenate oxides is belong
to the Mott-Hubbard model, where the oxygens cannot involve the core-hole
screening process. However, a screening by conduction electrons from the
coherent band is possible to elucidate the origin of the screened peak, and
we are using a multi-Ru site cluster model to verify this propose now.

The investigation of metal-insulator transition through the changes of
FS measured by ARPES is usually rather challenging because of the cor-
responding decrease in spectral intensity and broadening of the ARPES

features in the insulator. However, our ARPES measurement of Mn doped
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Chapter 5. Summary

sample showed that high-quality data can be obtained even at 10%Mn dop-
ing level, and an important change in the nesting condition is observed with
increasing Mn concentration. For example, the FS topology, mainly includ-

ing two 1-D « and (8 sheets from d bands and one 2-D v sheet from

w2 /yz
dyzy band in the undoped sample, becomes a pattern with only 1-D sheets
at 10% Mn doping level. This dramatic change of the FS topology suggests
that the Mn impurities either introduce some charge/orbital ordering into
the system, or have reconstructed the electrons distribution on the valence
bands of Ru. The band dispersions checked by MDCs show that the d,
band possibly has been lifted up to a lower binding energy and becomes

degenerated with its neighboring d bands, resulting the disappearance

wy/yz
of the 2-D ~ sheet on the FS. Howéver, we cannot observe any evidence
similar to that explaining the missing 2-D ~ sheet in another ruthenates
Cay.8510.2Ru0y4, where the energy level of the d, bands is lowered to below
Er due to a crystal field from the Ca induced rotation of RuOg octahedra.
On the other hand, the opening of an energy gap is observed as large as 50
meV accompanied by the MIT.

The spin-orbital coupling effect on the band structure in SrgRusO7 has
been studied by LDA+SOC calculation. It shows that the FS modifications
are subtle but equally dramatic in the detail: spin-orbital coupling induced
a new electron-like pocket and enlarged a small hole-like pocket around
X point, and a new electron pocket around M point. These findings have

profound implications for the understanding the nematic phase in SrgRuO7.
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