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Abstract

Ruthenium oxid metals are part of the vast perovskites family and exhibit a rich variety

of interesting ground states, such as p-wave superconductivity, field induced electronic

nematicity and Mott physics. Amongst this group Ca3Ru2O7 has been of great interest

for over one decade and remains an attractive candidate due to its outstanding char-

acteristics such as giant magneto-resistance and spin-valve properties. Here we present

high-resolution angle resolved photoemission data in order to solve its puzzling electronic

structure at low temperatures. The Fermi surface was found to show a clear change in

features before and after first-order structural transition at T=48K, which is in very

good agreement with resistivity measurements. The approximate four-fold rotational

symmetry of the Fermi surfaces was found to change into a two-fold symmetry across

the structural phase transition, which also is in context with resistivity differences when

measured along the crystaline a and b axis.
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1 Introduction

Humans can be distinguished from other animals by their use of tools to make their life

easier. The quality and use of those tools changed with the time in dependence of the

employed material. The development of human can be characterized by the material

used for those tools: Starting from the stone age, over bronze age towards iron age.

Following this scheme we can call modern times the silicon age. The reason for this

is that a lot of major components of computer technologies depend massively on the

usage of silicon. Today we live in a time which can be considered as the dawn of a

new age. With the improvement of computer efficiency and the reduction in size a

limit is approached where George Moore’s law [1] cannot be satisfied anymore. On the

nanomenter scale of modern technology the influence of local defects on the behavior

is massively increased, in addition to quantum confinement in structural sizes in the

magnitude of Bohr’s radius. This in addition to the loss of magnetic properties for

ferromagnetic material on the atomic scale enforces us to search for new materials to

further improve our technologies.

1.1 Oxides and perovskite oxides

Oxides are materials which contains at least one oxygen atom in its lowest chemical

compound. Oxide materials have many interesting physical properties. For example,

manganite oxide compounds have giant magnetoresistivity (magneto-resistance refers

to the increase of resistivity with magnetic field). Cobalt oxide compounds have huge

Seebeck effect (phenomena in which temperature difference creates an electric potential).

Furthermore cuprate oxides have superconducting properties. These materials have

perovskite-like crystal structures and their properties make them interesting candidates

for further investigation.

The perovskite structure is adopted by many oxides that have chemical formula ABO3.

In general, perovskites proved themselves to exhibit many interesting and intriguing

properties from both the theoretical and application point of view, such as colossal

magnetoresistance, ferroelectricity, charge ordering, superconductivity, spin dependent

transport, high thermopower and the interplay of structural, magnetic and transport

properties. These compounds are used as sensors and catalyst electrodes in certain

type of fuel cells and are candidates for memory devices and spintronic applications
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(Wikipedia: perovskite). In this study we focus on Ca3Ru2O7, a ruthenate which also

belongs to the family of perovskite-like oxides. The general properties of the ruthenates

(particularly Ruddlesden-Popper type ruthenates) and Ca3Ru2O7 is explained from next

sections in more detail.

1.2 Ruddlesden-Popper type ruthenates

Ruddlesden and Popper verified in 1957 crystallographic series of transition metal ox-

ides with the general formula (Sr,Ca)n+1MnO3n+1 (and are called Ruddlesden-Popper

(RP) type series), where n= 1, ..,∞ is the number of layers and M is a transition metal.

Among these series layered Ru oxides are one of the most interesting system. The n = 1

compound has single Ru-O planes separated by 2 (for n planes n + 1 number of) Ca

or Sr series perpendicular to the plane. For an increasing number of layers n the Ru-O

planes are connected with oxygen atoms and separated by single Ca or Sr interlayers.

The Sr and Ca compounds show a different structural alignment: While for the case of

Sr compounds no rotation or tilt of the RuO6 octahdra was observed, all Ca compounds

exhibit rotation and/or tilt of the RuO6. This structural difference is also reflected in

dramatic difference of the physical properties.

As G.Cao et al. proposed, because of the crystal structure, that the ruthenates show ex-

change interactions and conductivity within the Ru-O layers rather than perpendicular

to the plane direction. This feature impacts the spin coupling and the charge transport,

giving rise to the remarkable systematic changes in magnetic and transport properties

in these ruthenates [2].

The Ca compounds are characterised by electronic instabilities, e.g. the metal-to-

nonmetal transition (except for CaRuO3, which is paramegnetic and metallic through the

whole temperature range, although it is unstable against small perturbation to antifer-

romagnetism) and an antiferromagnetic ground state, while Sr compounds (or replacing

Ca by Sr, Ca is isovalent but smaller in radius) show metallic and ferromagnetic ground

states [2]. The general phase diagram between 0 and 300K are compared between all Sr

and Ca ruthenate compounds in figure 1.
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Figure 1: A general phase diagram of (Sr,Ca)n+1MnO3n+1 series with n =
1, 2, 3 and ∞. [2]

These nature engineered layered systems show an incredibly wide variety of n-dependence

of their physical properties including metal-insulator transition, superconductivity, giant

magnetoresistance, ferromagnetism, antiferromagnetism, metamagnetism and possible

spin or charge density wave behavior [2]. Some examples of these series are: Single-layer

Sr2RuO4 is metallic and is believed to host p-wave superconductivity under Tc = 1.5K [3],

while bilayer Sr3Ru2O7 shows field-induced electronic nematicity. Single-layer Ca2RuO4,

the sister compound of Ca3Ru2O7, displays unconventional Mott physics and its para-

magnetic metal to paramagnetic insulator phase transition occurs at 357K [2]. Addi-

tionally this compound becomes antiferromagnetic below 110K. As we see here, despite

having similar crystal structure, Ca2RuO4 and Sr2RuO4 compounds have contrasting

physical properties. The reason for that is in the following. The Ca2RuO4 member

shows drastical structural distortion: RuO6 octahedra is rotated by 12o around the c-
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axis and tilted about an axis in the plane 11o, while the average Ru-O bond length for

both Sr and Ca compounds remains nearly unchanged. Thus, the Mott phase is caused

mainly by this distortions and the resulting decrease in the 4d band width that open up

the Mott-Hubbard type gap in the Ca2RuO4. Furthermore it is worth to mention that

for the Mott-Hubbard insulators the antiferromangetic coupling is favorable due to its

higher degree of degeneracy in the ground state than the ferromagnetic case. [4]

The bilayer Ca3Ru2O7 compound exhibits giant magneto-resistance, which is also com-

pletely different physical property compared with the similar structured bilayer Sr3Ru2O7

compound. The physical properties of Ca3Ru2O7 are introduced in the next section in

more detail.

1.3 Backgound studies of Ca3Ru2O7

Crystal and magnetic structure of Ca3Ru2O7

The crystal structure is a distorted RP type structure with an orthorhombic space group

Bb21m (No. 36), where RuO6 octahedra is rotated around the c axis and tilted. Re-

searchers think that magnetic and electronic properties of Ca3Ru2O7 might be influenced

by such distortion. [5]

(a) (b)

Figure 2: (a) Crystal structure of Ca3Ru2O7. Here 4 unit cells are shown.
[5] (b) Possible ferromagnetic structures. The first was proposed as the
magnetic structure of Ca3Ru2O7. [5]
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One unit cell consists four Ca3Ru2O7 and two RuO2 planes [6]. The lattice constants

are below 48K approximately a = 5.36Å, b = 5.53Å and c = 19.53Å.

This material is under TN = 56 K antiferromagnetic (AFM). In the ground state, the

magnetic moments align ferromagnetically within the double layer, while antiferromag-

netically between the double layers (A-type AF structure, please refer to the figure 1b-a)

as Y.Yoshida et al. proposed. [5]

Observed phase transitions

Ca3Ru2O7 has two phase transitions at lower temperatures. One is paramagnetic to

antiferromagnetic phase transition at TN = 56K and the other is a first-order structural

phase transition at TS = 48K.

Figure 3: Temperature dependence
of resistivity along a and c axis. First-
order structural phase transition oc-
curs at 48K. We have paramagnetic
to ferromagnetic phase transition at
56K. Between 48K and ≈30K we have
still metallic material as we observe
still Fermi surface.

The space group symmetry is not affected

by the structural phase transition(or by

distortion) at 48K [6]. In the temperature

dependence of resistivity graph (see Fig-

ure 3) we can see these phase transitions.

Lattice parameters jump and as a result

a and b become longer by about 0.07%

and c becomes shorter by about 0.1% as

seen in Figure 4 (b). Below TS, the ap-

plied magnetic field along the easy b axis

would induce spin-flop first-order phase

transition (see Figure 4 a). When the (in-

creased) external magnetic field applied

perpendicular to the b direction (or in

the a direction) there would be second-

order phase transition to the paramag-

netic phase as the antiferromagentic mo-

ments continiously rotate to the magnetic

field direction. Above TS, transition the

roles of a and b directions would change, e.g. as first-order phase transition is expected

when the magnetic field is applied along a axis and second order if the magnetic field is

applied along b axis. [6]
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(a) (b)

Figure 4: (a)Magnetic moment (violet arrow) of Ruthenium flips by 900 as
first-order transition below TS under external applied magnetic field along b
axis. AFM-a structure is before applieng magnetic field and AFM-b is under
applied magnetic field. [6] (b) Temperature dependence of lattice constants
of Ca3Ru2O7. At 48K we observe a first-order structural phase transition
as the lattice constants suddenly changes its magnitude. [5]

What happens at 48K?

As I mentioned above, resistivity exhibits an intriguing jump across the structural tran-

sition at TS=48K. Structural transition and resistivity jump thus coincide. Below ap-

proximately 30K, the material becomes again ohmic metallic. This resistivity change

suggests a dramatic change in electronic band near the Fermi level. One of the powerful

experimental techniques which can prove such band structure change is angle-resolved

photoemision spectroscopy (ARPES). The principle of this technique is explained in de-

tail below in the ”Experimental principle” chapter.

Additionally, under TS the resistivities along a and b axes are different, whereas was

above this temperature they are the same. Along the a axis, the resistivity is higher

than along b axis. [7]
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Figure 5: The temperature dependent (normalized) resistivity measure-
ments along a and b axes. [7]

Previous ARPES study

I introduce in this part the only ARPES study of Ca3Ru2O7 before ours by F.Baumberger

et al. In this study, the ARPES spectra of Ca3Ru2O7 and Sr3Ru2O7 are compared.

Figure 6: Valence band spectra
of Sr3Ru2O7 and Ca3Ru2O7 along
ΓM. In (c) the spectra of the two
materials are compared and in (d)
these are zoomed near to the Fermi
level and normalized to the total
spectral weight of the valence band.
hν = 21.2eV , T = 10K [8]

Sr3Ru2O7 and Ca3Ru2O7 show similarities in

the electronic structure of lower valence states.

Despite these facts there is a strong difference

near the Fermi level EF . Sr3Ru2O7 shows at the

Fermi level intense quasi particle peaks (QP)

and has several bands across the Fermi level,

while the spectral weight of Ca3Ru2O7 is much

suppressed and only a weak tail can be ob-

served (see Figure 6). We should focus on this

tail, since this is responsible for the transport

and thermodynamic properties on the lowest

lying excitations. Well-defined quasi-particle

peak can be observed on that faint tail under

the temperature of ≈ 30K with an onset of

metallic transport in the ab plane.
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(a) (b)

Figure 7: (a) Fermi surface map of Ca3Ru2O7. In the top left the spectral weight is
integrated with the energy range of EF ± 12meV , while in the left bottom the spectral
weight is integrated with the energy range of EF ± 3meV . (b) In the left the dispersion of
quasi particle states along ΓM displayed as false colour plot. In the middle stack of equally
spaced EDCs. [8]

The momentum distribution of the spectral weight near the Fermi level are shown in

Figure 7(a) in the left (two false colour images). The maps integrated over the spectral

weight with the typical energy range of EF ± 12meV is normally called Fermi surface

map. So the map of Figure 7(a) in the left top is integrated over this energy range. They

observed two dominant structures, one ”big square” with rounded corners and inside it

another square with intense triangular corners. This is summarized in Figure 7 (a) in

the top right. However, this result is not consistent with the data of quantum oscillation

(QO) measurements, which indicate only carrier pockets with average volume of 0.5% of

the Brillouin zone (BZ). For this reason the spectral weight is then integrated over the

energy range of EF±3meV , which is shown in the Figure 7(a) in the middle. As a matter

of fact, in this integration the inner square contour is suppressed, indicating that the

constituting states are gapped and do not contribute to the Fermi surface. Taking the

energy distribution curves from the same data comfirms that finding, shown in Figure

7(b) in the middle. [8]

F.Baumberger et al. postulate the formation of a commensurate density wave below

48K and suggests that Fermi level crossing around 0.88(π/a) near M forms closed nearly

square (square shape with rounded edges) contour. The postulate of a density wave in
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Figure 8: Temperature and momentum dependence of the gap. In (a)
the EDC is compared for the different temperatures 9K and 52K, which
correspond to well below ST and above ST temperatures. These spectra
are along the red line on the image on the corner of the image (b). In (b)
Temperature series of spectra at point 3.

Ca3Ru2O7 introduces new periodicity of (π/a,π/b). Additional metallic states are found

near M’, but the band topology is less clear.

1.4 Motivation for our study

It is important to perform complementary investigations to complete the picture of

Ca3Ru2O7’s properties. While the previous study focused on temperature dependent

EDC’s, temperature evolution of global band structure remains unclear. In the previous

study they expect a roughly square electron pocket centered on M with concave edges.

But that kind of closed Fermi contour is not measured. Only Fermi arcs beside the M

point are detected. The metallic state on the M’ is less clear [8].

1.5 State-of-the-art ARPES

In the twenty-first century, the study of rising phenomena in quantum materials will

be the leading theme of solid state physics. To achieve better controlled systems the

understanding of the universality and diversity of these quantum materials is genuinely

important. For understanding these novel quantum phenomena, both progress in the

theory of solids and progress in the experimental techniques are crucial. Angular resolved
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photoemission spectroscopy (ARPES), due to its unique capability to directly probe

the momentum-resolved electronic structure, plays a major role in investigating these

complex phenomena where momentum dependent anisotropy is important. [9]

The development of ultrahigh-resolution electron spectrometers has revolutioned the

ARPES techinique in the past decade. The improvement of energy and momentum

resolution not only allows us to map out the electronic structure (band dispersion and

Fermi surface topology) but also gives us possibility to obtain essential information on

the electronic self energy. Thus it turns into a sophisticated tool to investigate the

strongly correlated systems.

The revolution in this experimental techinique was mainly evident in the study of high

temperature superconductivity, Mott insulators and topological insulators (Topological

insulators are electronic materials that have a bulk band gap like an ordinary insulator

but have protected conducting states on their edge or surface. This was first predicted

by theory [10]). ARPES has played a leading role in the investigations of these materials,

due to its advantage of probing both surface- and bulk- related electronic states. Toward

the goal of understanding the mechanisms of these materials, ARPES makes it possible

to address numerous key issues. [9] Among them are:

• Energy gap structure related with the symmetry of superconducting order param-

eter;

• Extraction of electronic self-energy for investigating many body correlations effects;

• Characterization of the doping evolution from one phase to the another phase;

• Understanding the nature of the competing electronic phases and their relations

to superconductivity and Mott physics (etc); [9] and

• Characterization of the phase transitions in various kinds of materials.

In this study, we present the ARPES experimental results of Ca3Ru2O7 to investigate

the unknown electronic structures before and after the phase transitions, thereby to

find corresponding order parameter and to achieve better understanding of its emerg-

ing magneto-resistive character. The experimental principle is explained from the next

chapter in detail.
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2 Experimental Principle

Photoelectron spectroscopy (PES) is the general term which refers to all techniques

based on the photoelectric effect which was explained first by A.Einstein in 1905 using

a concept first put forward by Max Planck that light consists of tiny bundles of energy

called photons or quanta (Planck relation: Eγ = hν is the energy of the photon, h is the

Planck constant and ν is frequency.) [11]. The electron inside the solid absorbs energy

and momentum from the incoming photon and is ejected in vacuum. According to this

explanation of photoelectric effect the kinetic energy Ekin (in vacuum) of a photoelectron

is given by:

hν − EB − φ = Evacuum
kin (1)

here hν is the energy of the incident photon, φ is the surface work function and EB is

the binding energy of electron. Knowing the energy of photon, surface work function

and measuring the final kinetic energy of electron one can determine the binding energy

of electron. The energetics of photoemission process is sketched in figure (9).

Figure 9: Energetics of photoemission. Density of state against
energy plot; φ is the surface workfunction, hν is the photon energy,
Ekin is kinetic energy of the electron, Evackin is the kinetic energy of
electron in vacuum [12].
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2.1 Photoemission process

ARPES experiments are usually done in the photon energy interval between 20 to 100

eV and this allows high energy and momentum resolution. Thus the photon momentum

can be neglected due to this low photon energy [13]. So in the photoelectron-exciting

process the momentum and energy conservation yields:

kf = ki + G and Ei + hν = Ef (2)

Note that the momentum is p = ~k according to the de Broglie hypothesis. Here ki is the

initial wavevector in the solid, ki is the final wavevector in the solid, Ei is the total initial

energy and Ef is the total final energy of the system. G = (2nxπ/ax, 2nyπ/ay, 2nzπ/az)

is the reciprocal lattice vector. By free electron approximation the photoelectron is

approximately free electron in the solid and after passing through the surface the electron

is a free electron. Thus the dispersion relation is:

Ekin =
~2k2

2m
(3)

Therefore the dispersion relation of the electron in the solid and vacuum can be written:

kvac =

√
2m

~2
Evac
kin ksolid =

√
2m

~2
Esolid
kin k = |k| (4)

Esolid
kin = hν − EB − φ+ V0 = Evacuum

kin + V0 using equation (1) (5)

kf =
1

~

√
2mEsolid

kin · (sin θ
′ cosφ, sin θ′ sinφ, cos θ′) (6)

here V0 is the inner potential. The equation (6) is the final state electron wavevector

and θ′ is the polar angle in the solid. [14]

If the energy and momentum (thus wavevector) are conserved we get high intensity in

the detector. The wavevector of the electron k can be decomposed into k‖ parallel com-

ponent and k⊥ perpendicular component to the surface of sample. The perpendicular

component of the wavevector k⊥ is not conserved due to the lack of translational sym-

metry along the surface normal [13]. The electron momentum ~k is conserved up to a

reciprocal lattice vector G in the crystal:
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ksolid‖ = ksolid · sin θ′ ⇒ kvac‖ = ksolid‖ ⇒ kvac‖ = kvac · sin θ (7)

From the emission angle, e.g. the detecting angle of detector θ and φ we can determine

the parallel component of the wavevector. Since our material 2D (similar to the cuprate

superconducting materials) we can completely determine the Fermi surface and the band

structure using k‖ and EB.

In a band structure plotted in the reduced zone scheme the conservation of wavevector

up to a reciprocal lattice vector means that an electron is excited vertically, that means

at constant crystal momentum an electron in the initial state band can be excited to the

final state band, the energy levels separated by photon energy hν: hν−EB(ki) = EB(kf )

(please refer to figure 6), here EB binding energy of a band. If the final state of the

electron is not bound, by the free-electron approximation the final state can be written

as: Ef (kf ) = ~2k2
f/2m, m is the rest mass of the electron. [15]

Figure 10: The first image is dispersion relation from a free electron. The
second image is a reduced zone scheme of electron band in the crystal. [14]

The data can be mapped directly onto a k‖ scale by assigning each measurement point

P1 in each of the spectra to a point P2

P1 = (EB, θ) → P2 = (EB,
1

~
√

2mEvac
kin sin θ) (8)

where Evac
kin is related to EB by equation (1).
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Figure 11: Visualization of the photoelectron emission process. In that
image the capital K is the wavevector of the electron in the solid (in my
notation ksolid) and the small k is the wavevector in the vacuum or the
final state electron wavevector (kvac). In the image (a) we can see that
electron in the band is excited(surpassing the binding energy EB) into the
bulk (over Fermi level) by photon (this state can be approximated as a free
electron in the bulk) and ejected into the vacuum. Therefore the kinetic
energy Ekin in the bulk is bigger than the Evackin in vacuum. The refraction
of the wavevector can be well seen in the image (b) [12]

One should calculate the transition probability for the formal description of the photoe-

mission process. There are two photoelectron escaping models: 1-step model and 3-step

model. Within the one step model the photon absorption, electron removal and electron

detection are treated as a single coherent process. But because of complexity of one step

model, photoemission data are usually discussed in three step model (three step model

is sketched in figure 2) [13].

2.2 Three step model

This model is rather phenomenological but describes successfully the photoemission pro-

cess. In the three step model the photoemission process is divided into three independent

processes: (1) The electron wave packet is excited by incident photon and (2) the wave

packet travels in the solid to the surface and finally (3) transmits through surface into

the vacuum. Therefore the intensity of photoemission is a product of 3 terms: The
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total probability for the optical transition, the scattering probability for the traveling

electrons, and the transmission probability through the surface potential barrier. Step

1 contains all the information about the intrinsic electronic structure of the material.

Step 2 contains the probability of electronic mean free path in the bulk (see Figure 12),

e.g. probability of electron propagation to the surface without scattering. This mean

free path is universally given by the ”Universal curve” for all materials dependent on the

electron energy. The Universal curve diagram is shown in the Figure 13. Step 3 contains

the transmission probability through the surface and this depends on the energy of the

photoelectron and the material work function [13].

Figure 12: Visualization of the 3 step model. (1) electron ejected into the
bulk by the photon energy, (2) propagation of the electron in the bulk as a
free electron (3) transmission into the vacuum.
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Figure 13: Universal curve for electron escaping depth from solid. This diagram is
approximately universal for all materials. For our material electron mean free path
is approximately 6 angstrom

2.3 Photoemission intensity function

Evaluating step-1, the photoemission intensity function is given by:

I(E,kf ) ∝
∑
G,ki

∫
dω
∣∣〈φk

f |A · p|φk
i

〉∣∣2A(ki, ω)f(ω)δ(ω − (E − hν))δ3(kf − ki −G)

Note that here I used different notations from the beginning part for the initial state

and final states accordingly i and f indices, since i am explaining about initial and final

states but not electrons in the vacuum state and solid state. ~ is taken to be 1 as usual.

Below every term(at the bullet points) in the intensity function is explained:

•
∣∣〈φk

f |A · p|φk
i

〉∣∣ is the matrix element for the one electron interaction with the

photon: here p is electronic momentum operator and A is the electromagnetic

vector potential. This is a transition probability matrix element and the interac-

tion Hamiltonian is simplified using Coulomb gauge (A is constant over atomic

dimensions and ∇·A = 0, which holds in the ultraviolet, in the range of few eV to

about 100 eV.) The transition matrix element
∣∣〈ΨN

f |A · p|ΨN
i

〉∣∣ for the N particle

system can be simplified using sudden approximation, which is extensively used in

many body calculation of photoemission specra from interacting electron systems

and which is in principle applicable only to electrons with high kinetic energy (that

means the photoelectron suffers no interaction or post collision with the remaining

system.) [13]. The N-particle final state ΨN
f can then be written as product of



17

photoelectron wavefunction and the remaining N − 1 particle wavefunction:

ΨN
f = Aφk

fΨN−1
f

the curly A is antisymmetrization operator for the whole wavefunction, since elec-

tron is fermionic particle. Of course this sudden approximation can not be applied

for the electron with low kinetic energy, due to the screening of photoelectron

and photohole. But there is evidence this approximation can be justified for the

cuprate high temperature superconductors. [13];

• A(ki, ω)f(ω) is the spectral part and here spectral function multiplied by the

Fermi-Dirac distribution function.

Green's function G(r, t; r′, t′) describes the time correlation (propagator) of the

photohole added at time t and removed at time t′ at positions r and r′ respectively.

Applying 2 times Fourier transform respectively to spatial term and time term we

get the Dyson equation:

G(k, ω) =
1

ω − E(k)− Σ(k, ω)

here Σ(k, ω) = Σ′(k, ω) + iΣ′′(k, ω) is called electron proper self energy and this

contains all the correlations of the many body system. Its real and imaginary parts

contain all the information on the energy renormalization and lifetime, respectively,

of an electron with band energy εk and momentum k propagating in a many-body

system. [13]; Using Dyson equation we get the spectral function:

A(k, ε) = − 1

π
Im (G(k, ε)) =

1

π

|Σ′′(k, ε)|
(ε− E(k)− Σ′(k, ω))2 + (Σ′′(k, ε))2

By fixing the energy we can plot the spectra. If the full spectral function is available

from photoemission and inverse photoemission then the real and imaginary part of

the self energy can be calculated. However, due to the lack of high quality inverse

photoemission data, this analysis is usually performed only using ARPES spectra

by taking advantage of certain approximations. [13]

• δ(ω − (E − hν))δ3(kf − ki −G) is the energy and momentum conservation terms

and this is the kinematical description of the photoemission process. Here i and f
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correspond respectively to initial and final states of electron for photon interaction

process in the crystal [15]

2.4 Constant energy contour maps

In ARPES experiment parallel component of the wavevector k‖ can be measured (please

refer to the equation (8)). Constant energy intensity can be plotted as a function of mo-

mentum ~k‖ and this distribution is then called momentum distribution curve (MDC).

Similarly, constant momentum (~k‖) intensity distribution can be plotted as a function

of energy. This curve is accordingly called energy distribution curve (EDC). In figure 10

the MDC and EDC are demonstrated for the case of Bi2Sr2CaCu2O8+δ (cuprate super-

conducting material. These materials have similar crystal structure as Ca3Ru2O7).

Figure 14: Energy (ω) vs momentum (k‖) image plot of the pho-
toemission intensity from Bi2Sr2CaCu2O8+δ along (0, 0)-(π, π).
This k-space cut was taken across the Fermi surface (see sketch of
the 2D Brillouin zone upper left) and allows a direct visualization
of the photoholespectral function A(k, ω) (although weighted by
Fermi distribution and matrix elements). The quasi particle dis-
persion can be clearly followed up to EF , as emphasized white cir-
cles. Energy scans at constant momentum (right) and momentum
scans at constant energy (upper right) define EDCs and MDCs,
respectively. After Valla, Fedorov, Johnson, Wells, et al., [13].
This Fermi surface structure (upper left) is characteristic for the
cuprate superconducting materials.

The instensity distribution at fixed energy against kx and ky translated from θ and φ

photoemission angles is called constant energy contour maps. The constant energy maps

at the Fermi level is called Fermi surface map.



19

3 Experimental Method

The experiments were performed at the SIS beamline, located at the Swiss Light Source

synchrotron at the Paul Scherer Institut in Villigen, Switzerland.

3.1 Exprimental setup

The experimental set up consists of synchrotron beamline and endstation. The endsta-

tion consists of UHV vacuum chamber with manipulator and Scienta electron spectrom-

eter (analyzer).

The synchrotron beamline is a source of monochromatized light. A beam of white radi-

ation is produced in an undulator. After the undulator a plane grating monochromator

is positioned to monochromize the beam so that only the desired photon energy can

pass the following electron optics. The last optical element acts as a focussing mirror to

obtain a small spotsize on the sample surface. Monochromatized light source can also

be created using a gas-discharge lamp (if properly monochromatized), but this allows

us only unpolarized light at a few discrete energies. The advantages of synchrotron

radiation are: it covers wide spectral range of light with highly polarized continuous

spectrum. [13]

The experiments were performed in Ultra High Vacuum (UHV) at a base pressure of

10−11 torr. Positioning and motion was achieved using a 6-axis cryo manipulator with

a goniometer to rotate the sample surface in polar (θ) and azimuthal (φ) direction in

order to access k-resolution as discussed above (see Figure 15) [13].

The photoemitted electrons are then collected by the analyzer (Scienta electron spec-

trometer). The analyzer consists of a multielement electrostatic input lens, a hemispher-

ical deflector with entrance and exit slits, and an electron detector. The electrostatic

lens decelarates and focus the photoelectrons onto the entrance slit. The hemispherical

deflector consists of two concentric hemispheres of radius R1 and R2. These hemi-

spheres act as a capacitor with the potenital difference ∆V in which it descriminates

electrons of a selected velocity and thus kinetic energy. The electrons reaching the en-

trance slit of the capacitor with a kinetic energy within a narrow range centered around

Epass = e∆V/(R1/R2 − R2/R1) will pass through the exit slit and reach the actual de-

tector, e.g. this gives us energy resolution. [13]

The electrons hit the position sensitive multichannel plate (MCP) after passing through
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Figure 15: Manipulation axis. hν is the incident photon, e is the
photoelectron. The blue dashed lines correspond to the sample’s
resting reference frame, where kz is parallel to the sample surface
normal and kx and ky are parallel to the surface plane of the sam-
ple. The analyser axis is inclined by α = 20o. The analyser axis
and the horizontal incident photon beam form the measurement
plane (MP). The analyzer slit can be oriented either in the MP or
perpendicular to it, θA and φA being the angles along the analyzer
slit in these two cases.

the hemisphere. The MCP amplifies the electron signal and these electrons hit a fluo-

recsence plate. The light of this fluorecsence plate is then recorded by a charge coupled

device (CCD) camera. [13]

Selection of slit size, pass energy and number of channels per channelplate detector de-

termine the resolution of the measured spectra. The momenta are indicated in Å−1 and

energies are given in eV.

3.2 Sample preparation

Single crystals of Ca3Ru2O7 were grown by the floating- zone technique. The sample

was mounted using silver epoxy glue to ground the sample onto the sample holder (the

set up sample, including cleaving post, can be seen in Figure 16 on the right bottom),

where a post is glued on the sample surface using Tow Seal. Removal of the pin in the
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vacuum breaks the loosly bond layers of the sample and this results in a highly clean

surface that never was in a contaminating environment.

Figure 16: On the left, Laue X-ray diffraction pattern. The c axis of the sample is in
the direction of the image plane. The blue line axis corresponds to the orthorhombic
axis and the purple line corresponds to the tetragonal axis of our sample. On the
right the sample on the sample holder from above (top) and from the side (bottom).
Sample is mounted using silver epoxy on a sample holder. Clearly visible is a post,
glued to the top of the sample. Cleaving itself is performed by removing the post
together with the topmost layers, which are glued to the pin. The four white marks
on the sample holders are the marks of the a and b direction of the sample, which
was determined by Laue X-ray diffraction.

The crystal orientation was determined by using X-Ray Laue diffraction pattern as

shown in Figure 16 on the left.

Further important is to determine the domain distribution in the sample. As the crystal

is orthorhombic, thus two kinds of domains are expected. While these domains can not

be seen by naked eyes as in the first image of the Figure (17), we can see them using

polarised light as in the second image of the Figure (17). Here we can see the two main

domains as in brighter and darker shade. The purple arrow indicates one of the crystal

axes (a or b) on the brighter part of the sample - the exact direction, whether a or b,

can not be distinguised in this case. On the contrary, the darker domain (with the green

arrow), the crystal axis is expected to be rotated by 900. The typical domain size is

300-400 µm, which is larger than the spat size of the synchrotron light (∼100 µm). It is
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thus possible to conduct ARPES measurements only on single domain.

Figure 17: Enlarged photo of the sample, glued to the sample holder. Here the dark
metallic surface is the sample, surrounded by silver epoxy. Left: as seen by naked
eye. Right: as seen by polarized light and here we can distinguish the domains of the
sample. Assuming that the green arrow on the dark area corresponds to a-crystal
axis, then the purple arrow would correspond to the a-axis of the 900 rotated domain.
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4 Results

ARPES measurements were performed in order to probe the electronic states at the

Fermi level and the electronic band structure at different temperatures. Of main inter-

est was to investigate the changes in the valence band during a transition from ”normal

state” above Néel temperature (T1=80 K), over an intermediate temperature between

structural transition and Néel temperature (T2=50K) and finally below the structural

transision temperature (T3=20 K). Additionally the orbital character of the bandstruc-

ture is discussed by comparing the features measured with horizontal (p photon polari-

sation) and vertical (s photon polarisation) polarized light.

Figure 18: Fermi surface at above Néel temperature, between Néel and ST and below ST
temperatures (the temperatures of the measurements are noted on the left and top of the
images.), respectively. From figure (d) to (f) the dispersion relations along ky = 0 with s
and p photon polarisations. The used photon energy is hν = 115eV .

At a temperature of T1=80 K, Ca3Ru2O7 is well above the Néel temperature and thus

in the normal state. The Fermi surface measured with p polarised hν = 115eV photons

is plotted in Figure 18 (a). The Fermi surface consists of octothorp-like straight sections

and the Γ point can be clearly identified. Comparing the intensity variation between

the BZs, the intensity is significantly suppressed in the second BZ.

Around the Γ point, a hole-like band dispersion is observed. While p polarized light
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reveiled sharper features that appears to reach the Fermi surface, with the s polarized

light, the dispersion is not only broader, but also slightly shifted towards the M’ point.

This could be an indication of different bands positioned close-by, having different orbital

character.

While the data taken at the intermediate temperature T2 = 50 K (Figures 18 (b, f, g))

display very similar features as the data taken at T1=80K, clear changes appear after

cooling the sample below the structural transition temperature of T=48K, as shown in

Figures 18 (c, h, i).

Figure 19: Fermi surface with s and p photon polarisations on figures (a) and (b). On
figures (c), (d), (e) and (f) it shows dispesions along the coloured lines on figure (a). These
are marked with the colours.

The Fermi surface map taken at T3=20K clearly shows a dramatic change. At the M’

point, a pocket appears as a new feature indicating that an additional band is emerging

below the structural transition temperature. This band with extremely steep dispersion

can be identified in the ARPES spectra along the red arrow (Figure 18 (h, i)). As this

feature can be visible both s and p polarized light, the band seems to have a mixed
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orbital character.

All the new features can be reproduced at a better resolution at a photon energy

hν=75eV, taking advantage of higher cross sections. Figure 19 shows the Fermi sur-

face maps, taken at T=20K with p and s polarized light.

In clearly visibility, in addition to the dispersion around the M’ point, ”Boomerang” like

arcs appeared in the Γ-M direction. This feature again is clearly visible irrespective of

photon polarizations.

For better visualization of the features, ARPES spectra, taken along distinct directions

of the BZ are shown in Figure 19 (c-f). Here the color code of the frame corresponds to

the color code indicated of lines in Figure 19 (a).

The inequivalent features near the M and M’ points strongly indicates the rotational

symmetry breaking: Ca3Ru2O7 is a nearly tetragonal material, e.g. a ≈ b. Thus the

material is around c direction approximately four-fold rotational symmetric, so we would

expect four-fold symmetry in k-space as well. However the material is in k-space two-

fold symmetric. This two-fold symmetry in the electronic structure appearing on a

four-fold symmetric lattice is called electronic nematicity. This nematicity can be seen

with different photon polarizations and repeatedly in the different BZs as we see in the

Figures 19 (a) and (b).

Discussion

A large drop in the measured intensity is found to occur for signals originating from the

neighboring BZs, what can be explained due to a vanishing matrix element. Below the

structural transition temperature at T=48K, the repeated nematicity in the different

BZs indicates that it is not due to the matrix element effects. The observed two-fold

symmetric band structure is consistent with the in-plane anisotropic resistivity found in

this compound. Additionnally, new features within the band structure were observed,

such as appearance of an electron pocket at the M’ point and broadening of the bands.

Polarisation dependent measurements showed slightly different features for the main

bands which can be taken as an indication for orbital dependence.
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5 Conclusions and Outlook

The electronic properties of the Ca3Ru2O7 ruthenate were for the first time resolved in

temperature dependent manner.

Below the second phase transition into a metallic system (below 48K), a sharp cone-

like band at the M’ point that appears to cross the Fermi level could be identified. This

state proves the semi-metallic nature of Ca3Ru2O7 at temperatures below this transition

point. Additionally, a symmetry change was found to occur during the phase transition

into a metallic state: The approximate four fold symmetry, as observed at temperatures

above T=48K takes a drastic change towards a two-fold symmetry as clearly visible in

the Fermi surface maps. This finding is in very good agreement with prior temperature

dependent resistivity measurements as reported by H. Xing, et al. (please refer to the

”Introduction” section and Figure 5), where they described a crystal direction depen-

dent resistivity which turned out to be higher along the a direction than the b direction.

Comparing the semi-metallic conduction bands along kx and ky direction suggests that

the change of the cone-like structure (in width and opening) might play a key role in

this matter.

Further experiment focusing on the unoccupied electronic structure above the Fermi

energy might contribute to solve this question (for example inverse photoemission study).

Additionally, as this cone-like structure at the M’ point quite resembles the findings at

graphene, we could not definitely conclude whether the band closing occurs below or

above the Fermi level. Measurements using left and right circular polarized light could

give additional information on a possible spin surface structure, possibly leading to spin

resolved measurements.
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