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Abstract

SrsRu;O7 has recently attracted a lot of research effort primarily due to the dis-
covery of magnetic field tuned quantum criticality at low temperature [7, 8]. To
understand the mechanism driving the system to this critical point, we need precise
information on the low energy electronic excitations, electronic correlation effects and
local electronic structure of the system, which are still a subject of intense debate.
To address these issues we employed three powerful theoretical and experimental
techniques: Density Functional Theory (DFT), Angle Resolves Photoemission Spec-
troscopy (ARPES) and X-Ray Absorption Spectroscopy (XAS). The band structure
calculations were done using the TB-LMTO-ASA (tight binding-linear muffin tin
orbital-atomic sphere approximation) approach [34]. Our result agreed very well
with the previous calculations [30, 31, 41, 42]. The Density of States (DOS) data
were used to interpret the angle dependence of XAS data. We begin with an anal-
ysis of the metallic ground state and hybridization between the orbitals in SroRuO4
using the XAS data. The same line of analysis was used to interpret SrzRu;O7 XAS
data. Our data clearly shows the extra features expected due to the presence of a
new oxygen site in SrsRu,O; with respect to SroRuO4. With ARPES we obtained
the first high resolution Fermi surface of Sr3Ru,O7 and quasiparticle band dispersion.
The overall low energy electronic structure appears to be in agreement with the band
structure calculations of Singh et. al. [30].
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Chapter 1

Introduction

Complex oxide systems such as the cuprates, nickelates, and manganites have gener-
ated intense study over the last decade. The efforts were, first, to clarify the relation-
ship between the exotic phases of the materials and second, to elucidate the origin and
nature of the rich phenomena these compounds exhibit 1], such as unconventional
superconductivity, charge and orbital ordering, and colossal magnetoresistance.

More recently, the attention to 4d transition-metal oxides (TMO) has increased
because of numerous intriguing properties, such as superconductivity [4] non-Fermi
liquid behavior [10] and metal-insulator transitions have been observed in ruthen-
ates and molybdates. The 4d TMO are characterized by more extended orbitals than
those of 3d TMO. So, it is generally believed that electrons in the extended 44 orbitals
feel weak on-site Coulomb repulsion energy and that the 4d orbitals hybridize more
strongly with neighboring orbitals, e.g., oxygen 2p orbitals, than 3d orbitals. How-
ever, these qualitative ideas are not sufficient to understand the intriguing physical
phenomena observed in some 4d TMO. Quantitative information on physical param-
eters related to the electronic structures of TMO will serve as a starting viewpoint
in investigating various 4d TMO with a potential to discover other new interesting
phenomena. They will also allow us to make comparisons with the 3d TMO cases,
which can provide us with a better understanding on the strongly correlated electron
systems.

Among these 4d TMO Strontium-ruthenium oxides of the Ruddlesden-Popper
type compound series of Sr, 11 Ru, 03,41 with perovskite based crystal structure have
been a focus of intensive research due to their diverse and surprising properties. For
example, STRuQj is a rare example of an itinerant ferromagnet based on 4d electrons
[2, 3]. SryRuOy is isostructural to the high-T, compound La;_,Ba;CuO, and has
the layered perovskite structure with a single RuO, plane per formula unit. It is
strongly two dimensional, and shows a Pauli like paramagnetic susceptibility [4]. It is
best known for its unconventional superconductivity [4], which is thought to involve
spin triplet pairing [5]. Structural distortions in Sr-based ruthenates are either small
or absent. Substituting Ca for Sr, however, introduces larger rotations of the Ru-
O octahedra since Ca has a much smaller atomic radii than Sr. This causes the
bandwidth to narrow and changes to the crystal field splitting. Thus, although Ca and
Sr are both divalent cations, the properties.of the Ca-based materials are markedly
different than Ru-baséd materials. CaRuOj is a paramagnetic metal with a large mass
enhancement {6], while Ca,RuQ, is an antiferromagnetic insulator [36]. This diversity
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shows that the ruthenates are characterized by a series of competing instabilities,
giving a clear motivation for the careful investigation of all the compounds in the
series. An even more important feature of the ruthenates is that, in contrast to 3d
oxides such as the manganites and many cuprates, no explicit chemical doping is
required to produce metallic conduction. One other advantage is that these materials
can be grown in extremely pure form with very low disorder and impurities [9]. This
gives a unique opportunity to probe a wide range of correlated electron physics in the
low disorder limit.

In this thesis we are investigating one of the most intriguing members of this fam-
ily: SrsRuyOy. This system has been a subject of intense research when it became
clear that this material exhibits behavior consistent with proximity to a metamagnetic
(i.e., magnetic field tuned) quantum critical point (7, 8]. In the following chapters we
shall introduce the experimental and theoretical techniques that we used to investi-
gate the properties of Sr3Ru;O7, namely, angle resolved photoemission spectroscopy
(ARPES) and X-ray absorption spectroscopy (XAS). This shall be followed by an
introduction to the physical properties of Sr3RuyO7. After that we shall discuss the

~results of our experiments and band theory calculations.



Chapter 2

Angle Resolved Photoemission
Spectroscopy (ARPES)

The great success of Angle Resolved Photo-Emission Spectroscopy (ARPES) in the
study of solids can be attributed to the capacity of this technique to yield direct
access to the energy and momentum of the occupied electronic states. This chapter
should serve as an introduction to ARPES and we want to answer the following basic
question: What are we actually measuring in angle resolved photoemission?

We will see that ARPES measurements have a simple interpretation within the
framework of orie-electron band theory, i.e., it maps the band structure of the mate-
rial and, therefore, the Fermi surface. This aspect of ARPES data analysis has been
extensively used in Chapter 5. But, in future, we are more interested to use this tech-
nique to study the complex many-body physics of Sr3RuyO7. Keeping that goal in
mind, we introduce the idea of single-particle spectral function and show that the in-
tensity in a photoemission experiment corresponds to the electron removal part of the
spectral function modulated by transition matrix elements. Since spectral function
is directly related to self energy which in turn contains all the interactions present
in a system, the analysis of ARPES spectra can provide us with direct information
about the dominant interactions present in a system as a function of temperature.
We conclude this chapter by a discussion on the subtle issues of ARPES lineshape
analysis to extract information about the self energy of our system. This discussion
is based on recent works by N. J. C. Ingle et. al. [50].

2.1 Kinematics of photoemission

When light is incident on a sample, an electron can absorb a photon and escape from
the material with a maximum Kkinetic energy of hv — ¢ where v is the frequency of
the incident photon and ¢ is the work function of the metal. The energetics of this
photoemission process is sketched in Fig. 2.1.

In an ARPES experiment, a beam of monochromatic radiation is incident on a
sample and, as a result, electrons are emitted by the photoelectric effect and escape
into the vacuum in all directions. By collecting photoelectrons with an electron energy
analyzer we measure the kinetic energy Ej;, of the photoelectrons for a given emis-
sion angle. This way the photoelectron momentum in vacuum p is also completely
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Figure 2.1: Energetics of the photoemission process from Ref. [14]. The electron
energy distribution produced by the incoming photons, and measured as
a function of the kinetic energy Fj;, of the photoelectrons (right), is more
conveniently expressed in terms of the binding energy Ep (left) when one
refers to the density of states in the solid (Eg = 0 at Ep). Ep, Ey and
E, correspond to the Fermi energy, bottom of the valence band and the
vacuum level respectively.

determined
Ipl =p = V2mE, (2.1)

and and p, are determined from the polar (6) and azimuthal (¢) emission angles.
Our target now is to construct the electronic dispersion relation of the solid we are
probing from this information. To be more specific, we need to find out the relation
between binding energy Fp and momentum k for the electrons propagating inside
the solid, starting from E};, and p measured for the photoelectrons in vacuum. The
photon momentum can be neglected at low photon energies typically used in ARPES
experiments. Therefore, exploiting the energy and momentum conservation laws, we
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can get the following relations

Egin = hv — ¢ — |Ep| (2.2)

p| = bk = vV 2mEj;,. sin6

where p is the component parallel to the surface of the electron crystal momentum
in the extended-zone scheme. Detailed description of the photoemission process and
assumptions behind deriving these relationships can be found in Ref. [12].

To examine the standard interpretation of angle resolved photoemission (ARPES)
data from a theoretical point of view let us start with the idea of single-particle
spectral function.

2.2 Theory: spectral representation

One of the most powerful tools available to a many-body physicist is the single-
particle spectral function [15]. To illustrate what this is we can start with the spectral
decomposition of a time dependent function, f(¢), into the sum of its components at
various frequencies:

o0

f(t) = / F(w)e*tdw (2.4)
-0
where F'(w) gives the spectrum of f(t).

Let us try to evaluate a similar form of decomposition for the propagator or
Green’s function G(k,w) at zero temperature. A Green’s function can tell us how
an initial probability amplitude function evolves in time and space. We start out
with a particle wave in space-time. This is propagated forward (in most cases) in
time to a final wave using Greens function. The final wave is then used to calculate
expectation values of observables. In particular, we are interested in calculating the
probability for a wave to scatter off of a target into a particular state. Let |¥N) and
EY be the exact eigenstate and energies of the Hamiltonian H of the interacting N
particle system. The single particle propagator or Green’s function can be defined as

G(ka, Ky, b2 — t1) = G (kg K1, ta — t)ir>,
+G_ (k2ak17 t2 - tl)tgﬁtl‘ (25)

where G~ (kg, ky,t — t1) is the probability amplitude that if at time ¢; we remove a
particle in ¢y, (add a hole in ¢y,) from the interacting system in its ground state,
then at time t; the system will be in its ground state with an added hole in ¢y,. Thus,
G~ (kg,Kkq,t2 — t1) is just the hole propagator. Similarly, G*(ks,ky,t2 — ¢1) is the
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electron propagator. Here ¢y, are the eigenstates of the unperturbed single particle
Hamiltonian. .

G(ka, ki, %2 —t1) can be expressed in terms of creation and annihilation operators
Gk, and &

Gk, ka, btz — t1) = —iO(tz — t1)(Yoléi, (t2)eL, (¢1) %0
+iO(ty — t2)(voleh, (t1)ék, (t2)|%0)- (2.6)

where 1) is the ground state wave function of the system and © is the step function.
Let ¢t; =0 and ¢, =t. Then

G- (k,t) =1O(-t)
| x>t |l N T (N T ee T g )

= 10(=t) > | el e 58 —E

=10(~1) Y |(cic)nol2e "B B 2.7)

Taking Fourier transform of Eq. (2.7) we find

G™(k,w) =D l(ew)mol’— (EY —1E,{V'-1) 5 (2.8)

where EYY and E)'~! are the ground state energies of interacting N and N —1 particle
systems respectively.

For large N, these results can be expressed in terms of chemical potential 4, EY -
EN-1= EN _ EN-1 L EN-1 _ EN-1 = N1 =1 = ) — wye. This gives

G (k,t) = iO(—t) > _ |(ci)no| P kom0 (2.9)

d
an )

ey gy R (210)

-(k _ 2
G (k,w) Z |(e)nol’~
The spectral function is defined as:

Akw)= > (el (2.11)

w<wno<w+dw
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or, equivalently,

A7 (k,w) = > I(ci)nol*6(w — wno)- (2.12)

where w > 0. Tt gives the probability that the state [1/)) with an added hole in state
k is an exact eigenstate of the (N — 1)-particle system with energy between w and
w + dw.

In a system with large volume, the energy levels are so closely spaced that we
can go from a sum to an integral. Therefore, substituting Eq. (2.11) in Eq. (2.9) and
(2.10), we can express G~ in terms of spectral function:

G (K, ¢) = iO(—t) / A (K, w)e-ilksmolt gy, (2.13)
G‘(k,w)z/dw' ’(4;(_1"5))_ - (2.14)

The retarded Green function is defined as
Gk,w) = Gt (k,w) + (G~ (k,w)]*.

Hence, in terms of the spectral function

oo}

+ ~ ‘ :
Gk,w) = / Arlkw) A (kw) (2.15)
w—w —p+id wtw —p—1i6

0

A comparison of Eq. 2.13 with 2.4 suggests that indeed A(k,w) is giving the spectrum
of G(k,t). We can now make use of the following identity

1 1 .
R =P (Z) +imd(x)

. where P denotes the Cauchy principal value [16], to get

A+ (K, w— p) = —;lr-ImG(k,w), .y (2.16)

A(lp—w) = +-1mGlkw), w<p (2.17)
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Hence we can define the full spectral function A(k,w) as:
1
Alk,w) = At(k,w) + A" (k,w) = —;ImG(k,w). (2.18)

The effect of electron-electron correlation to the Green function can be expressed
in terms of the electron proper self energy

2(k,w) = ReL(k, w) + imE(k, w).

Its real and imaginary parts contain all the information on the energy renormaliza-
tion and lifetime, respectively, of an electron with band energy €, and momentum k
propagating in a many-body system. The Green function can be expressed in terms
of self-energy as

Gk,w) = T —a—Ske) (2.19)
Since A(k,w) = —%ImG’(k, w),
1 A Im¥(k, w)

(2.20)

Ak ,w)=—= . .
(o) = = e — Reo(k, ) & ISk, )
In (2.9), if there is no interaction, then (cx)no = Okn, i€, (Ck)no is finite and equal

to 1 only for a single energy level. But with interaction, in typical cases (ck)no is spread
out over a band of energy levels from say n' to n”, having width AE = w1 o — w,/ .

2.3 Photoemission intensity

To describe the photoemission process, we can start with how to calculate the tran-
sition probability w,o at T = 0 for the optical excitation between the N-electron
ground state |¢Y) and one of the possible final state |2'). This can be approximated
by Fermi’s golden rule

2
wno = S (N | Hina 93) PO(EYY — By — ) (2.21)

where EY = EN-1'—FE% and EY = EN-14 E};, are the initial and final-state energies
of the N-particle system (E% is the binding energy of the photoelectron with kinetic
energy Erinand momentum k). The interaction of the the electromagnetic wave,i.e.
photon, can be treated as a perturbation given by

e

e .

Hint =
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n(k) (b) © n(k)

Electron
analyzer

- - 44 48 52 56 60 64 68
Ef  N+I E N-1 Ef N+1 E Kinetic energy (eV)

Photoemission geometry Non-interacting electron system Fermi liquid system

Figure 2.2: (a) geometry of an ARPES experiment, (b)momentum-resolved one elec-
tron removal and addition spectra for a noninteracting electron system
with a single energy band dispersing across Ep,(c) same spectra for an
interacting Fermi-liquid system, (d) photoemission spectrum for gaseous
system. Figure taken from Ref. [13].

where p is the electronic momentum operator and A is the electromagnetic vector
potential.

The standard model of approximating the photoemission process is known as
three-step model. Within this approach, the photoemission process is divided into
three independent and sequential steps

e optical excitation of the electron to the bulk,
e travel of the excited electron to the surface and
e escape of the photoelectron into vacuum.

The total photoemission intensity is then given by the product of the probabilities of
these three independent processes.

In evaluating the first step, and therefore, the photoemission intensity in terms
of the transition probability wyg, it would be convenient to factorize the wavefunc-
tions in Eq. (2.21) into photoelectron and (N — 1)-electron terms. But doing this is
not simple because the system will relax. The problems is simplified within the sud-
den approzimation which applies to high kinetic energy electrons. In this limit, the
photoemission process is assumed to be sudden, with no post-collisional interaction
between the photoelectron and the system left behind. Then the final state YN can
be written as

PN = Ayl (2.23)

where A is an antisymmetric operator that properly antisymmetrizes the N-electron
wavefunction so that Pauli principle is satisfied, ¢¥ is the wavefunction of the photo-
electron with momentum k, and 1Y~ is the final state wavefunction of the (N — 1)-
electron system left behind which can be chosen as an excited state with energy
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EN-1. The total transition probability is then given by the sum over all possible
excited states n.

Let us also write the initial state as the product of a one-electron orbital ¢§ and
an (N — 1)-particle term ¢} ~*

vy = Aggup (2.24)
However, dJéV ~1 can be expressed as
=y

We should note that wév ~! may not be an exact eigenstéte of the (N — 1)-particle
system left by the photoelectron. At this point we can write the matrix element of
Eq. (2.21) as

(N | Hinel 90 ) = bl Honal 06) (100 ) (2.25)

where (¢ Hine| ) = MY, is the one-electron dipole matrix element, and the second
term is the (N — 1)-electron overlap integral. This whole analysis holds even if our
initial state is an excited state of the system instead of being the ground state.

The total photoemission intensity measured as a function of Ej;, at a momentum
kis

I(k, Epin) = Zwm o Z | M| (Z |emi|26(Brin + EN" — E§ — hu)) (2.26)

where the sum is over an initial state ¢ and |cm )2 = [(N "1y ~1)|? is the probability
that the removal of an electron from state ¢ will leave the (N — 1)-particle system in
the excited state m.

Comparing the term inside the parenthesis of Eq. (2.26) with Eq. (2.12), we see
that an ARPES spectrum actually measures the spectral function:

I(k, Ein) = Y |M¥? A~ (k,w) (2.27)

n,i

So far we have only discussed about direct photoemission (photon in, electron
out). If we repeat the whole calculation starting from G*(k,t) we can show that
inverse photoemission (electron in, photon out) measures A*(k,w). Also G(k,t,t)
is a linear response function to an external perturbation. Therefore, the real and
imaginary parts of its Fourier transform G(k,w) have to satisfy causality and hence
related by Kramers-Kronig relations. This implies that if we have the full A(k,w)
available from direct and inverse photoemission, we can calculate ReG(k,w) and then
obtain the full self energy directly from Eq. (2.19).

The finite temperature effects can be taken into account by implying the sudden
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approximation again and the intensity measured in an ARPES experiment can be
written as

I(K, Ein) = Z| PA(K, w) f(w), (2.28)

where f(w) is the fermi function.

2.4 Lineshape analysis

In real systems there are many factors that can contribute to the ARPES spectra.
First, the presence of interactions in the system broadens the spectra from a delta
function shape to a finite width spectra (Fig. 2.3 (b), (c)). Therefore, the width
of ARPES lineshape reflects the nature of the interactions present in the system we
are looking at. Also, the final state lifetime of the photoelectrons adds to the total
ARPES linewidth. The final state energy width is mixed in with a weight factor of
Un1 /U1, Where vy and vy are the band velocities, perpendicular to the surface,
of the photohole and photoelectron, respectively. Therefore, the effect of the final
electron state broadening can be suppressed if vy, < vey [45]. This is why detailed
photohole line-shape studies can only be done on surface states or layered systems
like Ruddlesden-Popper type compound series of Sr,, 41 Ru,03,4;. Also, ARPES spec-
trometer’s finite resolution adds to the total ARPES linewidth. Considering these
effects, Eq. 2.28 can be written as [50]:

I(k, Eyin) = [Io(k, ) A(k,w) f(w) + B] ® R(AK, Aw) (2.29)

where Io(k,v) = 3,/ IMX|? B is the generic background and R(Ak, Aw) is the
experimental momentum and energy resolution, i.e., the response function of the
instrument. Now in case of a Fermi liquid system, assuming that the self-energy (X)
is a very slowly varying functions of k, Eq. 2.20 can be written in a form specially
suitable for ARPES analysis:

A ZiIm¥(w)

Allyw) === [w— €% + [ZxImZ(w)]?

+ Ainc(w) (2.30)

where Zj is the coherence (or renormalization) factor (1 — 8%'/8w)~! and the renor-
malized band energy is €} = Ziex. This equation shows that we can expect Lorentzian
shape for the ARPES spectra where the peak width would correspond to the imagi-
nary part of the self energy.

If we pick a specific value of w and study the k dependence of the spectra, the
resulting spectra is called the momentum distribution curve (MDC). In this case Eq.
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2.30 tells us that the peak position of MDC would be at €} and the peak width would
be given by Z;Im¥(w). We get an energy distribution curve (EDC) when we pick
a specific value of k and study the w dependence of our spectra. Then Eq. 2.30
does not allow any unambiguous identification of the peak position and width. This
shows the advantage of momentum distribution curve (MDC) analysis over energy
distribution curve (EDC) analysis [50]. The peaks measured by MDC’s are directly
related to the inverse lifetime (I') by the following relationship

Ak =T/v, (2.31)

where I' = h/T, 14 is the bare velocity at the Fermi level with 77! being the scattering
rate.

All scattering mechanisms (electron-electron, electronphonon, electron-impurities)
contribute to 77!, i.e., Im¥. In a first approximation the three terms are additive:

=Y e+ Yeph + Zimp (2.32)

First, the impurity term is purely imaginary and nearly constant in the small energy
range of interest. In case of a 3D Fermi liquid, phase space considerations (47] show
that the electron-electron self-energy ¥._. must have the asymptotic form (for w — 0):

Sewe = aw +ifw? + (tkpT)?). ©(2.33)

In a typical ARPES experiment, the temperature dependent term is always very
small and can be neglected with respect to the w? and other T-dependent terms.
Lifetime broadening due to electron-phonon scattering becomes rapidly predominant
with increasing temperature. The imaginary part of the e-ph self-energy is given by

Im¥,_pn(T\w) = Tr/dya2F(1/)[2n(1/) + flv+w)+ flv—w)l. (2.34)
0

Here n{w) and f(w) are, respectively, the Bose-Einstein and the Fermi-Dirac (FD)
distributions, and o?F(w) is the Eliashberg coupling function.

Scattering on impurities and crystalline defects generates a linewidth proportional
to the defect concentration d. In a mean-field approach and neglecting any possible
energy dependence for quasi-particles near the Fermi surface,

Cimp = 1Dimp(d) (2.35)

which is independent of k.
Therefore, under these assumptions, the total imaginary part of the self-energy is
independent of k and it is possible to calculate each contribution to Im¥ individually.



Chapter 2. Angle Resolved Photoemission Spectroscopy (ARPES) 13

This can be used to find out what type of interactions are most dominating in our
system at a certain temperature.
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Chapter 3

X-ray Absorption Spectroscopy
(XAS)

The X-ray absorption process is a photon induced excitation of a core electron to
an empty state above the Fermi level. In X-ray Absorption Spectroscopy (XAS) the
absorption of x-rays due to this excitation process is measured as a function of pho-
ton energy, close to a core level binding energy. This probes the unoccupied states
and is therefore complementary to photoemission. XAS has become a very pow-
erful technique in the investigation of the unoccupied states above Er after highly
monochromatic, linearly polarized, easily tunable intense light from synchrotron ra-

a) Relaxation processes: b) X-ray absorption and
Particip ft o mumplg electron scattenng:
1 low ener
Auger x-ray )\ x-ray Zlecﬁt:ngy
Y ) /'~ photon
¥ & Spectglor photon /o P ?
E\{ﬂ{,:.‘ i “‘\- - ‘% - v / \ \ ‘
CB T — ‘
BRI
S il el o e i X AT AT L AFR
VB | | ;1 : ‘ T Yo Y Y'Y Y
; B B ASA 4 A A A A _A
| | || B YR Y Y Y Ye Y5
h-‘ bl L el | A ASAT A A A A
Vi ‘\E ‘ "’ % YE Ye YR Ys Ye Ye Y Yy
\ | ||
v | |
I(g:l . ML;«;*A B sample atoms
@Electron o Hole = electron mean free path

Figure 3.1: Schematic description of the x-ray absorption process: an electron is ex-
cited from the core level to the unoccupied states in the conduction band
by absorbing a photon with energy hv, leaving a hole in the core level.
Such an electron-hole pair may decay through either x-ray fluorescence
or emission of Auger electrons. Adapted from Ref. [22].
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diation sources became available. Near-edge x-ray absorption fine structure spec-
troscopy (NEXAFS) covers an energy range from the absorption threshold to the
point at which the extended x-ray absorption fine structure (EXAFS) begins (nor-
mally a few tenths of eV above Ef).

3.1 X-ray absorption process

When the energy of an incident x-ray photon exceeds the binding energy of a par-
ticular core level, the photon can be absorbed, and the core electron is excited to
an unoccupied state, leaving a hole in the core level. This process is illustrated in
Fig. 3.1. Such a core hole may decay through x-ray fluorescence or Auger electron
emission. The ionized atom may relax by occupation of the core hole with an electron
from the valence band (VB), while the generated energy will normally not be used
for the emission of a flourescence photon (probability 1%), but will be absorbed for
the vaccum emission of an Auger electron (probability 99%) from the valence band.
In case of a non-sufficient energy for the emission of the primary electron, it may be
excited into a conduction band (CB) level, so that a similar relaxation process be-
comes possible. This spectator process then results in the emission of only one Auger
electron. Alternatively the core hole may be reoccupied by the core level electron it-
self, so that the excitation energy is finally used for the emission of a valence electron.
As the final state of this participator process is comparable to a direct photoemission
process and as both mechanisms may happen concurently, the participator excitation
is also called resonant photoemission. The number of generated secondary electrons
is thereby directly proportional to the x-ay absortion cross section. On their way to
the crystal surface these electrons undergo multiple scattering processes with other
electrons (Fig. 3.1(b)), so that their number is multiplied while their averaged energy
is reduced. Consequently, from the atomic layers near the surface up to 50 A depth
low-energy photolectrons are emitted.

The absorption coefficient is given by the convolution between the density of states
(DOS) of the core level and that of the unoccupied states. In first approximation, the
DOS of the core level can be approximated as a d-function. The absorption coefficient
is then proportional to the DOS of the unoccupied states. In this thesis we discuss soft
x-ray-absorption spectra (i.e. hw < 1 keV) of the O-2p and O-1s absorption edges,
which show well-resolved features due to the relatively small life time broadening.
For this case, the spectrum consists predominantly of the unoccupied local DOS of
oxygen 2p character. A comprehensive review of theoretical approaches to soft-x-ray-
absorption spectroscopy is given in Ref. [18].

Two very important aspects of the XAS technique are the site and symmetry
sensitivity. The site selectivity is due to the specific binding energy of the core
electron and the localized character of the excitation. Because the lifetime of the
core hole is short compared to its delocalization time, the technique is not only site
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selective but also a local probe. And, because the excitation is localized, the dipole
selection rules are applicable, which gives the symmetry dependence of the spectra.

3.2 XAS matrix element

Most generally, the x-ray-absorption cross section is given by Fermi’s golden rule

m
o(fw) = 47r2e2? > s Himsl ) *6(By — Ei — Fw), (3.1)
i, f
H,,; is the Hamiltonian for the electron-photon coupling defined as {17]:

N
e .
Hip = —-'h—AE eTie V) 3.2
t 1 c e € j ( )

j=1

where A represents the intensity of the radiation field, € is a unit vector in the direction
of the polarization, and r; and —iAV; are the position and momentum operators of
the jth electron respectively. But now we have variable photon energy Aw.

In the simplest independent particle approximation, if we assume that the other
(N — 1) passive electrons are unaffected by the hole in state %;, then the matrix
element reduces to

Mp=(lHulf) . . (33

~ which can be calculated giveri a band structure.

In XAS, the matrix elements are more important than in ARPES because of the
localized final state. The electric dipole approximation H;,; = e.r can be assumed
just like the ARPES Hamiltonian. The dipole selection rules AJ = £1 (or AL = %1
and AS = 0 if spin-orbit coupling is not important) make the spectrum extremely
sensitive to the symmetry of the ground state atomic-like wave function. This leads to
a powerful capability of XAS: if due to a phase transition the ground state symmetry
changes, this can be observed experimentally, even if the change in the ground state
energy is much smaller than the spectral resolution {19]. Because synchrotron light
is polarized, one can also make use of the dipole selection rules for the change in
z-component of the angular momentum (linear and circular dichroism). If € || z, i.e.
the polarization vector is parallel to the z axis, Am; = 0. For ¢ L z and circular
polarization, Am; = —1 for left and Am; = +1 for right polarized light; with linear
polarization, Amj = £1.
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3.3 Angular dependence of XAS spectra

For the photon energies used in XAS, e.g., 500-600 eV for O 1s, the wavelength (20-25
A) is much larger than the atom size. Hence the dipole approximation can be applied,
i.e., the exponential factor in Eq. (3.2) is set to unity. In spherical coordinates, in
Wthh the unit vector is expressed as n = (sin 6 cos ¢, sin 6 sin ¢, cos §) the perturblng
Hamiltonian can be written as [17):

Hin = —ihEA [sin@cos ¢—a— + sin € 'sin ¢—8— + cos 9(—?—
z
= —zh A Z (=)™Y1,m(6, 8)Y1,-m(V) (3.4)
m=-1

with Y7,,(6, ) being the spherical harmonic function, and the operator Y (V) are
defined by

1[8 .0
Yll(v) __2 [8.’1} +28y]

1 (8 .0
]

)
Yio(V) = 5,

. Thus the matrix element in Eq. (3.3) can be written as

My = -mf‘l—”A Z )™ Yim(8, ) Lal Vi (V) Iy L) (3.5)
m=-1

where n; and n; are the principle quantum numbers of the initial and final states,
respectively. The inner product in the right hand side of Eq. (3.5) can be broken
up into radial and angular parts with the angular part calculated according to the
usual angular momentum coupling scheme in which the coupled angular momenta
(1,m) and L; are projected onto L;, which produces a Clebsch-Gordan coefficient
(Limi; 1, —m|lymyg):

_1)li—lf—mi—mf
2, +1

(L Y1,-m(V)IngLg) = (lima; 1, —=mllpmg) (nili| [Ya]Ingly)  (3.6)

where (n;l;]|Yi||nsls) is the reduced matrix element derived from the radial integral.
The condition under which the angular integral is non-vanishing gives the selection
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rules for dipole-induced transitions:

ly=lL;£1,mp=m;+m. (3.7)

In case of linear polarization, the matrix elements with initial s states are then given
by

(nis|Hine|nsps) = —M i sin 6 cos ¢
(ni8|Hins|nspy) = —M s; sin f'sin ¢
(nis| Hipengp,) = —M;cosf (3.8)

with the reduced matrix element calculated using the tabulated values of the Clebsch-
Gordan coefficients [17]:

— edm 1
M = —th- —A————={n;[;||V] L:). 3.9
! h- 2lf+1<n |Yallmsls) (3.9)

Due to selection rule in Eq. (3.7), the electrons from the O 1s core level can only
be excited to O 2p-orbitals or higher p-orbitals. Moreover, acording to Egs. (3.8),
only the transition from O 1s to the unoccupied O 2p, orbitals is allowed in case of
the linear polarization vector perpendicular to the sample surface (6 = 0°). Similarly,
the transition from 1s to 2p,, is possible only if the linear polarization is oriented
parallel to the sample (8 = 90°).
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Chapter 4

Strontium Ruthenate: Physical
Properties

Structural and transport properties play a very important role in determining the
physics of the low-energy electronic structure of the ruthenates. Therefore any at-
tempt to understand the surprising behaviors of Sr,RuO, and SrsRu;07 should begin
with a thorough discussion of the crystal structure and transport properties. Most of
the transport data presented here are taken from Ikeda et. al. [25] whose samples (of
residual resistivity 3 puf-cm) had the highest purity before our samples (of residual
resistivity 0.25 uf2-cm [9]) were grown. .

Figure 4.1: SroRuOy crystal structure showing two non-equivalent oxygen sites [32].
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@ Sr

Figure 4.2: Sr3Ru,07 crystal structure showing three non-equivalent oxygeﬁ sites [41].

4.1 Crystal structure

SroRuOy has the K,NiF, structure, with /4/mmm body-centered tetragonal space-
group symmetry. It is isostructural to the Mott insulating compound La;CuOy.
There is no evidence for structural distortion in SroRuQy, in comparison with other
compounds that approximately adopt this structure.

The lattice parameters are a = b = 3.87 A and ¢ =12.74 A at T=300K. A detailed
description of the change in the lattice parameters and bond lengths as a function
of temperature and pressure are given in Ref. [43]. The bond lengths between Ru
and different Oxygens are as follows: Ru-O(1) = 1.934 A, Ru-O(2) = 2.062 A where
O(1) and O(2) are defined in Fig. 4.1. Also, no structural phase transitions have
been observed between room temperature and 100 mK. Like the CuOg octahedra in
La,CuQy, the RuOg octahedra are also elongated along the c-axis.

SrsRu,O7 is the n = 2 member of the Ruddlesden-Popper series of layered per-
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Figure 4.3: The supercell used in the present work following. The corresponding lat-
tice parameters are V2ay % v/2a0 X ¢, rendering a volume which is twice
the volume of the undistorted I4/mmm unit cell (Fig. 4.2). The large ra-
tio of the ionic radii of Ru (center of octahedron) to Sr (spheres) places the
Ru-O(3) planes under compression. To relieve some of this pressure, the
crystal structure responds by rotations (arrows) of the octahedra around
the ¢ axis. Taken from Ref. [24].

ovskites Srp41Ru,0s,41. The double layered perovskite SrsRusO7 is regarded as
having an intermediate dimensionality between the systems with n = 1 (2D) and
n = oo (3D) [11]. The properties of this material are dominated by layers of ruthe-
nium oxide octahedra where Ru occupies the center of an octahedron of oxygen atoms
and Sr is located in the cages formed between these octahedra.

The lattice parameters are: a = b = 5.5006 A c=20725A [23]. The bond lengths
between Ru and different Oxygens are as follows: Ru-O(1) = 2.012 A, Ru-0(2) =
2.039 A, Ru-O(3) = 1.9582 A where O(1), O(2) and O(3) are defined in Fig. 4.2 which
shows the undistorted crystal structure of SrsRu,O-. Initially, SrsRuyO7 was reported
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Figure 4.4: The electrical resistivity of FZ crystals of SrsRu;O7 above 0.3 K. Both
pas and p. are shown. The inset shows the low-temperature electrical
resistivity against the square of temperature T [25].

to be tetragonal, I4/mmm, similar to Sr;RuO,. However, subsequent measurements
revealed rotations of the octahedra due to the ionic sizes of Sr** and Ru**. Shaked et.
al. [23] have shown that the distortions are ordered and refined the crystal structure
into space group Bbcb with a rotation of approximately 7°. We can get a picture of the
distortion by considering one bilayer of RuOg octahedra, where every octahedron is
rotated about the ¢ axis, and in each bi-octahedron the sense of rotation is reversed
across the shared apical oxygen atom (Fig. 4.3). The room temperature neutron
diffraction data [23] were indexed with respect to a V2a9 x V2ay % ¢q supercell.
This supercell (Fig. 4.3) corresponds to a unit cell in the (nonstandard) space group
F'4/mmm of the undistorted lattice and is twice the volume of the standard /4/mmm
unit cell shown in Fig. 4.2. This small distortion has major effect on the band
structure and subsequently alters the Fermi surface which is discussed in the next
chapter. '

4.2 Resistivity

The temperature dependence of the electrical resistivity p(T') is shown in Fig. 4.4
above 0.3 K as measured by Ikeda et. al. [25]. Both p.(T") and p.(T') are metallic
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(dp/dT > 0) in the whole region. The ratio of p./pas is about 300 at 0.3 K and
40 at 300 K. This anisotropic resistivity is consistent with the quasi-twodimensional
Fermi-surface sheets obtained from the bandstructure calculations [41) With lowering
temperature below 100 K, a remarkable decrease of p.(T') is observed around 50 K.
This has been explained as a consequence of the suppression of the thermal scat-
tering with decreasing temperature between quasiparticles and phonons as observed
in SryRuQ,4. Thus, below 50 K, interlayer hopping propagations of the quasiparticle
overcome the thermal scattering with phonons. This hopping picture for p.(T') is well
consistent with the large value of p,(T') and nearly cylindrical Fermi surfaces. pus(T')
shows a change of the slope around 20 K. Such a change in pq.(7T") has also been
reported for SraRuQ, under hydrostatic pressure (= 3 GPa).

As shown in the inset of Fig. 4.4, the resistivity yields a quadratic temperature
dependence below 6 K for both p.(T) and p.(T), characteristic of a Fermi liquid as
observed in Sr,RuOy4 [26]. lkeda et. al. [25] fitted puu(T") by the formula pa(T) =
po+ AT? below 6 K and obtained py = 2.8 uf2cm and A = 0.075 uQem /K2, Since the
susceptibility is quite isotropic and temperature independent below 6 K, the ground
state of SrsRus O~ is ascribable to a Fermi liquid.

Tkeda et. al. also calculated the Kadowaki-Woods ratio A/v?. Assuming that
electronic specific heat v = 110 mJ/(K? Ru mol) is mainly due to the ab-plane
component, they obtained A/y% = Au/v? = 0.6 x 1074 cm/(mJ/K? Ru mol)?
close to that observed in heavy fermion compounds.
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Figure 4.5: The magnetic susceptibility of FZ crystals of Sr3RusO7. The inset shows
the low temperature magnetic susceptibility against tmeperature T' [25].
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4.3 Magnetic susceptibility and specific heat

Ikeda et. al. [25] has found that the floating zone (FZ) grown crystal of Sr3RuyO-
with very low residual resistivity (3 p§2-cm for in-plane currents) is a nearly FM para-
magnet (enhanced paramagnet) and a quasi-two-dimensional metal with a strongly
correlated Fermi-liquid state. SrzRu,O; shows a magnetic susceptibility maximum
around 15 K with Curie-Weiss like behavior above 100 K and a metallic temperature
dependence of the electrical resistivity. No hysteresis was observed between zero field
cooling and field cooling sequences and therefore, it was concluded that there is no
ferromagnetism ordering. The nearly isotropic susceptibility of SrsRu,0O; was found
to be qualitatively similar to that of the enhanced Pauli paramagnetic susceptibility.
For an applied field of 0.3 T, there is no in-plane anisotropy of the susceptibility for
the whole temperature range (2K < T < 300K).

The susceptibility for both H || ab and H || ¢ exhibits Curie Weiss behavior
above 200 K. lkeda et. al. [25] have fitted the observed x(71') from 200 to 320
K with x(T) = xo + xcw (T), where xo is the temperature independent term and
xew (T) = C/(T — Ow) is the Curie-Weiss term. Around Ty, = 16K, x(T') shows
a maximum for both H || ab and H || ¢. The Floating Zone (FZ) crystal shows
nearly isotropic x(T") for all crystal axes below T;,,,. Hence, the maximum cannot
be accredited to the long range AFM order. Therefore, it can be concluded that
SrsRuy07 is a paramagnet. Concerning x(7) under high fields, T}, is suppressed
down to temperatures below 5 K above 6 T. Such a maximum in x(T') and a field
dependent T, are often observed in a nearly ferromagnetic (enhanced paramagnetic)
metal like TiBe, or Pd.

NQ400 | 1 1 1

S 300} T max Lt S

=3 P

CE 200 o *® °* -

E oe® ® .

=100f SrzRu0; -
§ 0 i 1 1 ]

O 200 400 600 800 1000
T 2(K®

Figure 4.6: The specific heat divided by temperature, Cp/T of FZ crystals of
SI‘3R,UQO7 [25]

The specific heat coefficient of the FZ crystal of Sr3Ru,O7 is v = 110 mJ/(K?
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Ru mol). This is somewhat larger compared to other ruthenates (y = 580 mJ/(K?
Ru mol) for CaRuQj, 30 mJ/(K? Ru mol) for StRuO; and 38 mJ/(K? Ru mol) for
SroRuQ4 [26]. This suggests that SrsRuyO7 is a strongly correlated metallic oxide.

4.4 Our sample

The samples that we used for our our experiments were grown by R. S. Perry at
the University of Kyoto [9]. There they used a very systematic procedure that was
optimized to grow high quality single crystals of SrgRu,O; using an image furnace.
The procedure made it possible to grow the samples at an unprecedented level of
purity with a residual resistivity as low as 0.25 p-cm (Fig. 4.7). Asruthenate physics
depends so much on the level of disorder present on the sample, these highly pure
single crystals of SrsRu,O7 gave us the much needed confidence that the experimental
results are not arising from disorder effect.

..-..,.-.....,...’.

Resistivity (uQcm)

Temperature (K)

Figure 4.7: Resistivity versus temperature for two SrgRuyO7 crystals. The upper
curve is a crystal grown under 100% O atmosphere and the lower curve
is our sample grown under optimised conditions (10% O, + 90% Ar).
The dotted lines are Fermi liquid 72 fits to the data between 4K and 8K

[9].
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Chapter 5

Strontium Ruthenate: Electronic
Structure

In this chapter we want to explore the hybridization between orbitals in the RuOg
octahedra and the Fermi surface of SryRuO, and SrzRu,O,. It is still controversial
how strongly the 4d electrons are correlated in these metals and investigating the
hybridization between different orbitals in and between RuQOg octahedral layers will
tell us about the important interactions present in the material, to what extent the
electronic ground state is affected by structural changes. The hybridization picture
can also be used to find out the changes in the orbital population as a function of
external perturbations, e.g., temperature, magnetic field etc.

eg orbitals

X
37272 x2-y2
tpg Orbitals y

2x yz xy

Figure 5.1: In the octahedral crystal field, the fivefold degeneracy of d orbital is lifted
to two ey orbitals (d2_y2 and ds,2_,2) and three ty, orbitals (d,y, d,, and
d.). Taken from Ref. [28].

ARPES lineshape analysis has entered a new era with the recent efforts [50, 51]
to understand the nature of interactions in Sr,RuO4. In the final section we shall
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outline the future direction of this project in the light of the recent trend in lineshape
analysis.

5.1 Quantum chemistry and magnetism

Let us consider a transition-metal atom in a crystal with perovskite structure where
it is surrounded by six oxygen ions. The fields due to oxygen ions give rise to the
crystal field potential which restricts the orbital angular momentum by introducing
the splitting of the degenerate d orbitals. Wave functions pointing toward the sur-
rounding ions have higher energy in comparison with those pointing between them.
The former wave functions, d,2_,2 and ds,2_,2, are called e, orbitals, whereas the
latter, dyy,dy, and d,,, are called t,, orbitals (Fig 5.1).

The nominal electronic configuration of Ru** is 4d*. That means, in both SroRuOy4
and Srz3Ruy07, the formal valence (or oxidation state) of the ruthenium ion is 4+,
which leaves four electrons remaining in the 4d shell. The Ru ion sits at the center of
a Ru-O octahedron. Under the crystal field of the O?~ ions in the Ru-O octahedron
the degenerate Ru 4d level is split into triply degenerate to, and doubly degenerate
ey levels. There is covalent p — d m—bonding of the Ru 4d zy, yz, 2z and the oxygen
2p orbitals.

In the presence of octahedral crystal field splitting (with a d* configuration),
there are two possible states for compounds: high spin (¢3,e}) and low spin (tj,e€3).
Depending on the system, high spin or low spin may be favored. Among other things,
the number of unpaired electrons determines the magnetic properties of a material.

According to Hund’s rule, one electron is added to each of the degenerate orbitals
in a subshell before a second electron is added to any orbital in the subshell. Since
there is also crystal field splitting between ty, and e, orbitals, while we are gaining
Hund’s energy by putting the fourth electron in the e, orbital, we have to pay extra
energy to cross the energy gap between tp, and e,. To find out the choice between
high-spin and low-spin configurations all we have to do is compare the energy it
takes to pair electrons with the energy it takes to excite an electron from tz, to €4
orbitals. If it takes less energy to pair the electrons, the complex is low-spin. If it
takes less energy to excite the electron, the complex is high-spin. Since 4d orbitals
are much more extended than those of 3d transition metal oxides, they hybridize
more strongly with neighboring orbitals, e.g., oxygen 2p orbitals, than 3d orbitals.
This makes SrsRu,O7 a ”strong-field” case where the crystal field splitting parameter
is large compared to the exchage-energy (pairing energy). Therefore, crystal field
wins in the competition with Hund’s coupling and the toq orbitals (day, dy. and d.z)

are occupied by 4 electrons giving us a low spin configuration, tgyeg. The fact that

Ru** ion is in a spin 1 state means that the ground state multiplet has two electrons
- in one orbital in a spin singlet state and one electron each in the rest of the two
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orbitals in a total spin 1 state. Naively, a spin 1 ground state should give us a
magnetic moment of 2 pg/Ru but as we mentioned in Sec. 4.3, Sr3Ru;O; does not
show any long range magnetic order and, therefore, has no net magnetic moment
at room temperature and pressure. But there is a rather sharp changeover from
paramagnetism to ferromagnetism under applied pressure [25]. The remnant moment
at 2 K under 1.1 GPa is about 0.08 pg/Ru, much smaller than that expected for S=1
of Ru**. This suggests the existence of a substantial ferromagnetic instability in the
Fermi-liquid ground state of SrsRuyO-.

5.2 Calculations and experiments

X-ray absorption coefficients are proportional to the the Density Of States (DOS) of
the unoccupied states (Sec. 3.1) and, therefore, DOS plots can serve as an extremely
useful guide to analyze XAS data. To calculate the partial DOS we have used TB-
LMTO-ASA (tight binding-linear muffin tin orbital-atomic sphere approximation)
program written by O. Jepsen, G. Krier, A. Burkhardt, and O. K. Andersen [34].

The X-ray absorption measurements were recorded in the total electron yield
(TEY) mode at the beamline for advanced dichroism (BACH) at the ELETTRA
Synchrotron Radiation Source in Trieste, Italy [44). The radiation source, based on
two APPLE-II helical undulators, is designed for high photon flux and high resolving
powers. We used the SG4 grating that operates in the 400-1600 eV range to provide
a higher flux, 10'? photons with a resolving power (10000 — 2000). We collected the
emitted electrons with a channeltron. The resolution for the O 1s XAS spectra taken
at BACH was about 150 meV. Both SroRuQO4 and Srz3Ru,O7 samples were cleaved in
air at room temperature and immediately put into a vacuum of about 10~° mbar.

ARPES data were taken at the Stanford Synchrotron Radiation Laboratory (SSRL)
and Prof. Z-X Shen’s lab at the Department of Applied Physics, Stanford Univer-
sity. At SSRL the data was taken on the normal incidence monochromator beam line
equipped with a SES-200 electron analyzer in angle-resolved mode. With this config-
uration it is possible to simultaneously measure multiple energy distribution curves
(EDCs) in an angular window of 12°, obtaining energy-momentum information not at
one single k point but along an extended cut in k space. The angular resolution was
0.3° along the cut, corresponding to a k resolution of 1.5% of the Brillouin zone (BZ),
with 28 eV photons. The energy resolution was 14 meV, for high-symmetry cuts and
photon energy dependence, and 21 meV, for the F'S mappings. SraRuQ, single crys-
tals were oriented by Laue diffraction and then cleaved in situ with a base pressure
better than 5 x10~! torr. The only difference at Stanford Physics Department was
the use of He lamp with beam energy 21.2 and 40 eV.
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5.3 XAS on strontium ruthenate

We begin with the partial DOS of the Ru orbitals in SroRuO4 (Fig. 5.2, Panel (a))
and SraRuyO7 (Fig 5.2, Panel (b)). From the DOS plots it is hard to determine any
exact value for the crystal field splitting between orbitals with ¢;, and e; symmetry
but an estimation can be made by noting that Fermi energy is roughly in the middle
of the relatively sharper t5,. Taking 4eV as the midpoint of the broad e, band the
splitting is between 3.5 to 4 eV. The splitting between t5, and e, is much more clear
in SrsRu,;,O7 than in SryRuO,.

Figure 5.3 shows the O 1s x-ray-absorption spectra of SroRuO4 taken in Total
Electron Yield (TEY) mode for three orientations of the sample surface towards the
polarization vector. Our data agrees well with the published data (Fig. 5.4)[29].

The relative energies of the O 1s core levels provide information regarding the
Madelung potentials and ionic charges. Although the LDA gives core-level positions
with significant absolute errors, it can reliably predict the relative positions of the core
levels. Now, in Sr,RuO,4 we have two possible non-equivalent positions for oxygens
in the Ru-O perovskite structure as indicated in Fig. 4.1, denoted by O(1) (in-plane)
and O(2) (apical). At the same time according to our and previous calculations
(30, 41] these oxygens have different core level (1s) energies and the difference is 1.33
eV (Singh et. al [30] reports it to be 1.45 eV). Therefore contributions of O(1) and
O(2) to the ty, part of the spectra should, ideally, be splitted by 1.33 eV into two '
parts. Also, our and previous [30, 31, 41, 42| band-structure calculations show that
the crystal field splitting between orbitals with ¢o, and e, symmetry is about 4 eV.
We observe that separation between peak A and C (also peak B and D) is about 3.5
eV. These results and the observed spectral weight and angular dependence of the
peaks A to D lead Schmidt et. al. [29] to assign these peaks as follows: peaks A and
B correspond to orbitals with ¢y, (since we see a separation of 1.33 eV between peak
A and B) symmetry and peaks C and D to orbitals with e, symmetry (since A, B are
separated by 3.5 eV from C, D respectively). Since the in-place oxygen (O(1)) has
a higher core level energy than the apical oxygen (O(2)) by inspecting the 6; = 0°
spectra, we can also conclude that peak A and B are originated from the apical and
in-plane oxygens respectively.

Now, XAS matrix elements also depends on the sample orientation (Section 3.3)
which is evident from the spectra in Fig. 5.3 where 6; denotes the angle between the
incident beam and the surface normal. At 6; = 0° the light polarization is parallel to
the RuO, plane; in this orientation electrons are excited from the O 1s core level, due
to the dipole selection rule, only into unoccupied O 2p, , orbitals. At an orientation
of §; = 80° most of the electrons are excited from the O 1s core level to unoccupied
levels with O 2p, symmetry with a small component into unoccupied O 2p; , orbitals.
The 6; = 50° spectra represents something in between ; = 0° and 80°.

Our DOS simulation of the XAS confirms the following hybridization picture. The
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Figure 5.2: Panel (a): Density of states plot of Ru in SroRuQOy4. Panel (b): Density
of states plot of Ru in Srz3Ru,O7.
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Figure 5.4: O 1s NEXAFS of SroRuO4. The spectra labelled TEY are taken using
the total electron yield method, while the spectra labelled FY were taken
using the fluorescence yield mode [29].

hybridization of the apical oxygen (O(2)) p, holes with Ru 4d,, and 4d,, orbitals,
which according to the band-structure calculation has very few unoccupied states just
above Er (Fig. 5.5, Panel (b)), could explain the low intensity of feature A compared
to feature B. The contribution of feature B in the §; = 0° spectra is caused by Ru
4d,, hybridized with in-plane oxygen (O(1)) 2p,,, orbitals. The large contribution
of holes for peak B in the 8; = 90° spectra is due to O(1) 2p, orbitals hybridized
with Ru 4d,,,4d,,. The bands with Ru 4d,,, 4d,, character should cross Er and are
therefore the main contribution to peak B perpendicular to the plane. Peak C may
be explained by Ru 4d e, (4ds,2_r2, 4d,2_,2) states hybridized with O 2p states, since
it has contribution in both 6; = 0° and 90° spectra. Spectral weight at higher photon
energies is more difficult to assign to certain orbitals.

Feature A at a photon energy of 528.5 eV is very pronounced at §; = 0° in
comparison to §; = 50° and §; = 80°. However, the spectral weight of this peak is
very small in comparison to the other features. Peak B is much more intense than A
at 6; = 0° and very rapidly becomes the only t5, contribution as we go to higher angle.
The origin and angular dependence of peaks A, B, C and D can be clearly explained
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Figure 5.5: Panel (a): Density of states of in-plane oxygens (O(1)) in SroRuOy4. Panel
(b): Density of states of apical oxygens (O(2)) in SroRuOy.

by our band structure calculations. Fig. 5.5 shows that both in-plane (O(1)) and
apical (O(2)) has unoccupied states of p, and p, character available close to the Fermi
energy. This explains the observation of both A and B peaks at 6; = 0°. On the other
hand, unoccupied states of p, character near the Fermi energy are only available for
the in-plane oxygen (O(1)) which happens to be in the same energy position as the
apical p,,. This explains the gradual decay of peak A and the growth of peak B as
we go to higher 6; .

All the features of the DOS calculations mentioned above are presented together
in Fig. 5.6. Here we added the p, and p, DOS of both O(1) and O(2) (purple line) to
simulate the 6; = 0° XAS. We also added the p, DOS of O(1) and O(2) to simulate the
other extreme situation 6; = 90°. We should note two important points in the figure:
first, as we already mentioned, there is a 1.33 eV core level shifts between the in-plane
(O(1)) and apical (O(2)) oxygen core level energies which splits the t5, contribution
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Figure 5.6: Sum of the densities of states of oxygen. p,, sum denotes the sum of p,
and p, DOS of the in-plane (O(1)) and apical oxygens (O(2)) multiplied
by a step function that is zero below Er. p, sum denotes the sum of p,
DOS of O(1), O(2) also multiplied by a step function that is zero below
Ep. The inset zooms into the region of our interest. It is important to
note that according to the core level shifts, O(1) has been shifted by 1.33
eV.

into two parts. Therefore, we had shifted the DOS of the in-plane oxygen (O(1)) (one
with higher core level energy) by 1.33 eV before adding them to the apical oxygen
DOS. Secondly, the states below the Fermi energy do not contribute to our spectra.
We have, therefore, multiplied all the DOS data with a step function that is zero
below Er. This explains the sharp steps we have at 0 and 1.33 eV in Fig. 5.6.

We notice two peaks in the purple line (simulating the 6; = 0° spectra) approxi-
mately at 0.25 and 1.6 eV that can be identified as the peak A and B of Fig. 5.3. In
the pink line (simulating the 6; = 90° spectra) peak A has disappeared and we only
see substantially larger peak B at 1.6 eV. Also a peak appears and another one dis-
appears at approximately 3.25 and 5.25 eV respectively as we go from purple to pink
line. This simulates the gradual increase and decrease of peaks C and D respectively
as we go from 0° to higher 6;. Also between 5 and 10 eV we notice a substantial
decrease in the densities of states that is also reflected by the intensity drop of the
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Figure 5.8: Sum of the densities of states of oxygen. p,, sum denotes the sum of
p. and p, DOS of O(1), O(2) and O(3) multiplied by a step function
that is zero below Ep. p, sum denotes the sum of p, DOS of O(1), O(2)
and O(3) also multiplied by a step function that is zero below Er. The
inset zooms into the region of our interest. It is important to note that
according to the core level shifts, O(1) and O(3) has been shifted by 0.68
eV and 1.17 eV respectively. Therefore, steps are visible at 0 eV (due
to Fermi function), 0.68 eV (due to core level shift in O(1)) and 1.17 eV
(due to core level shift in O(3)).

higher energy region in the XAS spectra.

We can apply the same line of analysis to Srz3RusO;. Fig. 4.2 shows that there
are three different oxygen sites in SrsRuyO; (we have only two in case of SroRuQOy)
denoted by O(1), O(2) and O(3). According to our calculation there are differences
in energy between the core levels (1s) of the three oxygen sites and therefore we
should, naively, expect the ¢, peak (contribution from oxygen 2p hybridized with Ru
tog) to split into three individual peaks. From the value of the core level energies we
have extreme-apical (O(2)), between-plane (O(1)) and in-plane (O(3)) oxygen peaks
respectively as we go from the lower to higher energy in the ¢, region. O(2) will lie
0.68 eV lower in energy than O(1) and O(1) will be 0.49 eV lower than O(3).

Let us examine the simulated XAS spectra Fig. 5.8 obtained by adding (with core
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level shifts and step function cut-off) p, ,, (purple line) and p, (pink line) DOS of O(1),
O(2) and O(3). In the energy range where we expect to see XAS peaks originated
from O 2p-Ru ty, hybridization (0 to 3 eV), we notice three clear peaks approximately
at 0.25, 0.7 and 1.5 eV in the purple line (simulating the 8, = 0° spectra) denoted
by A, B and C respectively. In the pink line (simulating the 6; = 90° spectra) we do
not see the A and B peaks but peak C becomes much broader shifting slightly to the
higher energy and becomes slightly more intense. We also see an entirely new peak
appearing at approximately 2.7 eV. Therefore we should expect to see three Ru 23,
originated peaks in the §; = 0° degree spectra and as we go to higher 6; we should
see the first two peaks gradually disappearing and the third one becoming broader
and slightly more intense (shifting slightly towards the higher energy). An entirely
new peak should appear about 1 eV higher in energy than the third 6; = 0° peak.

If we now look at our X-ray absorption measurements done on SrsRu,O7 (Fig.
5.9), at §; = 0°, we only see two clear peaks (denoted by AB and C in Fig. 5.9)
instead of three in the to, region. Thesé two peaks are 0.45 eV away from each other
and therefore appears to be originated from O(1) and O(3) 2p., hybridized with Ru
to, respectively. As we go to higher 6;, peak AB gradually disappears and a new
peak (D) emerges at 522.5 eV and peak C height also increases. Hence there are two
discrepancy between the simulated and actual spectra. One being the absence of the
first 5, peak and the second one being the absence of broadening of the third ty
peak and the emergence of a new peak at 0.7 eV higher in energy from it.

Let us go back to Fig. 5.8 and we immediately notice that both of the first
two peaks are on the Fermi cut-off, i.e., the full DOS peak was on the Fermi edge
and therefore part of it is lying below the Fermi energy and not contributing to the
spectra. Due to uncertainly in the absolute value of the core level energy shift it is
entirely possible for the Fermi energy to shift slightly towards higher energy. This
would have drastic effect on the first two peaks but very little on the third one since
it is away from the Fermi energy. If this is the case then both of the O(2) and O(1)
peaks would lose intensity in the §; = 0° spectra. Another very important point to
note that DOS plots does not represent all the features of the XAS spectra. In a first
attempt to make the DOS plots to mimic the XAS we should convolute the former
with gaussian to introduce necessary broadening arising from instrument resolution,
thermal motion inside the solid etc. Since the first two peaks are only 0.45 eV away
from each other and if they lose intensity due to Fermi cut-off we can expect to see
them as one broad peak like the peak AB in Fig. 5.9. The sharp peak at 522.5 eV
is arising solely from from the hybridization between O(2) p, and Ru ds.2_2 (eg)
orbitals (compare Fig. 5.7 (Panel (b)) and 5.2 (Panel (b))) and does not carry a lot
of weight. Therefore, the emergence of peak D can be attributed to the combined
effect of weight gained from broadening of peak C and new peak at 522.5 eV in the
"p, sum” DOS curve (Fig. 5.8). Higher energy region of Fig. 5.8 indicated a decay
of the broad peaks F and G which can be clearly seen in Fig. 5.9.
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Figure 5.10: Panel (a): in the quadrant of the 2D BZ, the «, 3, and v sheets of FS
are indicated. Panel (b): Ep intensity map. Primary «, 3, and v sheets
of 'S are marked by red lines, and replica due to surface reconstruction
is marked by yellow lines. All data were taken on SroRuQy cleaved at
10 K. Panel (c): Ep intensity map. All data were taken at 10 K on
SroRuOy cleaved at 180 K [33].

To end with, we should note that the distance between first two to, peaks in
SroRuOy is about 1 eV and in case of SrsRuyO5 it is 0.45 eV. This confirms the validity
of our hybridization picture because the site O(1) is an entirely new oxygen position
unique to the bi-layered Sr3Ruy,O7. Therefore, it is expected that we would have a
new peak in SrgRu,O7 between the two ty, peaks of SroRuO, due to the presence
of new oxygen site O(1). This new peak is expected to reduce the energy difference
from 1t0 0.45 eV. The vivid hybridization picture obtained from our investigation will
help us to understand the evolution of orbital ordering near the field-tuned quantum
critical point point observed in SrgRu,O7 (7, 8] and also the effect of Ca, Mn doping
on the orbital population.

5.4 ARPES on strontium ruthenate: the Fermi
surface

In the layered perovskite SroRuQOy, the d-band region controls the basic physics, be-
cause d—d hopping across the insulating SrO layer is virtually nonexistent. The highly
planar structure of SroRuO, prevents substantial energy dispersion from developing
along the z-axis due to the large interplanar separation of the RuOg octahedra. In-
stead, in the ab plane, neighboring RuOg octahedra share O ions, which, in turn, are
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Figure 5.11: Panel (a): Fermi surface of Sr3RuyO7 in the ideal tetragonal structure.
Panel (b): Fermi surface of SrsRu;O7 in the ideal tetragonal struc-
ture folded into the orthorhombic zone. Panel (c): Fermi surfaces of
Srz3Ru07 in the experimental orthorhombic structure. Note that in
Panel (b) and (c) the zone is rotated 45° with respect to the tetrago-
nal and folded. Panel (d) Same as in Panel (c¢) but with filled areas
indicating the effect of 5 meV upwards and downwards shifts of E [30].

m-bonded with the Ru ions. The zy orbital acquires a full 2D energy dispersion due
to the O ions that lie along the z- and y-axes, whereas the zz and yz orbitals have
only a restricted one-dimensional energy dispersion. As a result three bands crossing
Er along the ' — X and Z — X lines that have antibonding characteristics of the Ru
tyg and O p 7 orbitals. Two also cross along the long I' — Z direction. These give
rise to three large cylindrical sheets of Fermi surface arising from the three Ru 23,
orbitals. The d,, orbital gives rise to a round cylindrical electronlike sheet centered
at T'(Z) and the d,, and d,, orbitals provide flat sheetlike sections perpendicular to
k, and k,, respectively, that after reconnection become square cylindrical sections
around X and I’ along with strong nesting. Fermi surfaces are composed of three
warped cylinders, originating from the 4d t,, orbitals in the RuO, planes [31]. The
a and (8 Fermi surfaces arise from 1D chains of d,,,d,, orbitals while the v sheet
originates from a 2D network of planar d,, orbitals. The « sheet is holelike, while Jé]
and « are electronlike (Fig. 5.10, Panel (a)).
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Figure 5.12: A comparison of the measured Fermi surface to the one calculated by
Singh et. al. [30].

The calculated band structure and Fermi surfaces of tetragonal 14 /mmm SrgRu, O
by Singh et. al. [30] are shown in Fig. 5.11. To a first approximation, the Fermi
surfaces of tetragonal SryRuO4 may be thought of as deriving from the six bands,
three from each RuO, layer, with bonding-antibonding (odd-even) splittings due to
the interaction between between the RuO, sheets comprising the bilayer. However,
as may be seen from the lack of fourfold symmetry around the X point in Fig. 5.11
(Panel (a)), there is more k, dispersion in tetragonal SrsRus,O; than in SraRuQj.

As a reference point, we show in Fig. 5.11 (Panel (b)) the Fermi surfaces of
the tetragonal structure, but folded into the Bbcb orthorhombic zone. This zone is
half the area of the tetragonal zone due to the cell doubling and is rotated by 45°.
However, the actual distortion is a rotation of approximately 7°, which is not so
small, and considerably changes the band structure and, therefore, Fermi surfaces
beyond the naive zone folding picture. In fact, significant differences between the
folded tetragonal and calculated orthorhombic Fermi surfaces are found, as shown
in Fig. 5.11 (Panel (c)) where we should note that hybridization gaps open where
folded bands cross. Therefore it is a very non-trivial job to measure and map this
Fermi surface. In Fig. 5.12 we have compared our measured Fermi surface map with
the calculated one and we can very easily identify square section of the Fermi surface
around the X point.
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5.5 Outlook: ARPES Lineshape Analysis of
Strontium Ruthenate

To outline the future direction of this project, we begin by noting that it is not at all
clear that how strongly the 4d electrons in the double RuO layer compound SrsRu;O7
are correlated. We first want to device a careful ARPES lineshape analysis that can
answer the question of how close is the electronic ground state of SrsRuyO7 to a Fermi
liquid system.

To do our lineshape analysis properly we need to do measurements in a place on
the Fermi surface where we can observe one band dispersing and crossing the Fermi
energy. It is evident from the measured Fermi surface of SrsRu,O- (Fig. 5.12) that
there are not many place like this. One possible momentum cut is shown in Fig. 5.12
that is suitable for this purpose. Previous works done on SroaRuO, [33] has shown that
going to the second Brilloin zone (higher angle) helps to find clearer Fermi energy
crossing of the bands. This shall also be tried.

Sr3RuyO; has the uniqueness to be somewhat in between a 3D and 2D systems
and has all the potentials to bridge and help understanding the measurements done
on these families of layered materials. Also the problematic surface issue that make
ARPES measurements very difficult to analyze on SroRuO, seems to be a bulk issue
in SrgRuyO; due to the presence of the small but ordered rotations of the RuOs
octahedras. It is very important to investigate the contribution of these bulk bands
in determining transport and magnetic properties of the system. A similar idea on
Sr,RuOy has only been presented in a recent work by T.E. Kidd et. al. [51]. A very
precise way to handle these intricate issues has been addressed by N. J. C. Ingle et.
al. [50]. This work serves as an inspiration for our future endeavor on the lineshape
analysis of SrsRuyO7. :
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