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.

Success is the ability to go from one failure to another with no loss of

enthusiasm.

Sir Winston Churchill British politician (1874 - 1965)



Abstract

This thesis presents studies on how photoexcitation disturbs the ordering of the elec-

tronic degree of freedom located at the manganese 3d orbitals. Throughout the thesis

the model compound La0.5Sr1.5MnO4 has been studied. This material exhibits two di-

mensional ordering of the charges and the orbitals (COO) and at a lower temperature

also a three dimensional antiferromagnetic spin order.

In the first approach the sample was photoexcited at 560 nm and the ensuing

dynamics was probed through the optical anisotropy at 630 nm. To this end two

independent tunable noncollinear optical parameteric amplifiers (NOPA) were used.

The cross correlation between them was measured to be 16 fs, much shorter than

what previously has been used. The majority of the COO signal at 25 K was found

to disappear with a time constant limited by the time-integral of the cross correlation

between pump and probe pulse. This hints towards an electrically-driven melting of

the COO.

To be more sensitive to the photo-induced changes in the COO, the technique of

resonant soft x-ray diffraction was transferred from the static to the time-resolved

domain. A diffractometer has been designed, built and comissioned which allows

time-resolved experiments on the single-layered manganite La0.5Sr1.5MnO4. In this

way it was possible to separate the dynamics of the orbital from the spin ordering by

measuring the intensities of the associated diffraction peaks.

The time resolution was as good as 10 ps. On this timescale the orbital peak

responded profoundly differently compared to the magnetic ordering peak. It was

found that it is possible to melt the magnetic peak completely within the time resolu-

tion, while the orbital ordered peak was much less affected. Through calculation and

careful comparison with static data a temperature-driven effect could be excluded.

Therefore, the experiments suggest that the quenching of the magnetic order is an

electrically-driven process.
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Chapter 1

Introduction

The central aim of solid state physics is to describe the macroscopic properties of

materials, such as the electronic conductivity or the magnetic state, from a micro-

scopic point of view. This is truly a daunting task especially when one considers

1023 electrons and nuclei per cm3! In the absence of exact solutions, many successful

approximations have been developed that reduce the complexity of the microscopic

interactions. A prime example is the independent electron approximation from Drude

and Sommerfeld [1] that explains simple metals. These early approaches led to band

theory, where independent electrons occupy predetermined ‘states’. Band theory pre-

dicts the conduction properties in a wide variety of condensed matter systems and

provides the understanding of semiconductors which has driven the electronic revo-

lution and to the widespread use of transistor based devices.

The central theme in the above theories is based on the assumption that the

kinetic energy term is the dominating energy scale and that other interactions, like the

Coulomb interaction between electrons is weak enough to be included via perturbation

theory. These are far reaching approximations, but they carried the understanding so

far that some scientist rendered the field of solid state physics mature [2]. Effects that

were not understood, like the insulating behaviour of nickel oxides, were attributed
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to chemical effects or to sample impurities.

However, there are many materials where these assumptions are invalid. Band

theory and the perturbative approach will fail to predict the properties, like in the

transition metal oxides. A prototypical example is the discovery of High Tc Super-

conductivity in 1986 by Bednorz and Mueller [3]. In these strongly correlated electron

systems the complex interplay between spin [4], orbital [5], charge, and the lattice

degree of freedom leads to exotic and competing phases.

In some of these materials, for example Pr1−xCaxMnO3, band theory predicts

metallic behaviour but in reality an insulating phase is realised. Switching between

these phases is possible by applying an external magnetic field, triggering resistance

changes of many orders of magnitude - the colossal magneto resistance effect [4, 6].

This strong sensitivity to external stimuli is a basic characteristic of the strongly

correlated electron system. The variety of phases in transition metal oxides makes

them candidates to replace conventional semiconductor based devices [7]. However,

the lack of real understanding of the microscopic physics inhibits further development.

Conventional theories, like band theory, do not reflect the complexity present in these

materials, hence new approaches are needed.

One experimental approach to study the complex interplay between the degrees of

freedom is to excite one while looking at the response of others. An external stimuli to

this end are visible light pulses. A strong ‘pump’ pulse perturbs the delicate balance

and in some cases leads to a phase transition [8, 9, 10]. The evolution of the system can

then be mapped by a temporally delayed ‘probe’ pulse. This time-resolved approach

offers the possibility to disentangle the strongly intertwined degrees of freedom on

the ultrafast timescale [11].

Currently the technical limits are moving forward in three directions. The first

endeavour is to increase the time resolution to the few femtoseconds or, in some cases,

the attosecond range [12]. The second goal is towards selective excitation of a single
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degree of freedom, for example by using intense Terahertz radiation resonant to a

phonon [13, 14]. Finally, different probe techniques are transferred from the static

into the time domain. For example changes in lattice structure (using time-resolved

hard x-ray diffraction [15, 16]) or maps of the Fermi surface (using time-resolved

photoelectron spectroscopy [17]) have been measured after excitation with visible

light pulses.

This thesis aims to measure photo-induced changes of the real space ordering of

the electronic degrees of freedom using the prototypical compound La0.5Sr1.5MnO4.

In this material, the low temperature insulating state exhibits long range ordering

of charges, orbital orientations, and spin orientations. By exciting the system with

a short laser pulse, the interaction between these degrees of freedom, their dynamics

and evolution of the non-equilibrium state can be followed in the time domain. In

the present thesis these dynamics are studied from two sides: first the speed of the

dynamic is assessed, by measuring changes of the optical anisotropy with a time

resolution of a few femtoseconds: then time-resolved resonant soft x-ray diffraction

(TR-SXRD) is used to study the dynamics of order located at specific degrees of

freedom, here the time resoultion reaches 10 ps.

The thesis is structured as follows: In the next chapter basic concepts of solid state

physics are explained which are important in the field of strongly correlated systems.

In chapter three the structure of the manganites is presented and concepts are intro-

duced which can be used to predict the magnetic coupling effects and some of the

observed ordering phenomena. Chapter four then deals with the mathematical back-

ground of resonant x-ray diffraction. In chapter five the compound La0.5Sr1.5MnO4

is explained, this compound is used exclusively throughout the thesis. In chapter

6 a short motivation and explanation of the time-resolved approach prepares the

experimental section, which starts with chapter 7. This chapter presents the optical

birefringence measurements in the ultrafast time domain. In chapter 8 the TR-SXRD

3



chamber is presented followed by the highlight of this thesis (chapter 9), the time-

resolved resonant x-ray diffraction measurements. Chapter 10 then will summarize

the findings and conclude with an outlook.
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Chapter 2

Correlation effects in Condensed

Matter Physics

2.1 Band theory

Band theory is used to describe the energy states an electron can or can not occupy in

a solid. It is tremendously successful in predicting electronic and optical properties of

vast classes of materials like metals, semiconductors or insulators. It can be arrived

at by either considering free-electrons or a tight-binding picture. Both approaches

can give similar results but the former highlights the delocalized, and the later the

localized, character of the electron.

Starting in the free-electron picture: electrons are treated as plane waves inter-

acting with the weak periodic potential of the underlying lattice, but not with one

another. This leads to a modification of the free-electron dispersion relation, depicted

in figure 2.1 (a). This approach is justified when the kinetic energy, given through

Ekin = (~k)2/2m, is the dominating energy scale and when the electronic wavefunc-

tions have a large extension compared to the lattice spacing. The ground state of the

system will be given through a minimum in the kinetic energy leading to the occupa-
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Figure 2.1: (a) Nearly free electron model: Thick red lines show the diversion from the
free-electron dispersion curve which arises through interaction with the lattice. (b) Tight
binding model: energy bands are formed between the single atom energy levels when the
spacing is reduced.

tion of states with a small k vector (i.e. delocalized states). This nearly free-electron

approach successfully predicts the properties of simple metals as done by Drude and

Sommerfeld.

In other cases, like the transition metal oxides studied here, it can be more ap-

propriate to calculate the band structure starting from the perspective of the isolated

atom. In the tight-binding approximation energy bands are formed through hybridi-

sation between neighbouring atomic orbitals (see figure 2.1 (b)). When the hybridis-

ation is strong the formed bands are wide; when it is weak the bands are narrow. For

example, different spatial extension of the s- and p- orbitals results in different band-

widths. The atomic orbitals also pass some of their symmetry properties over to the

bands. The energy reduction of the band state compared to the atomic energy state

(given by α in Figure 2.1 (b)) is due to Coulomb interaction between neighbouring

ions.

Once the band structure of a crystal is calculated, electrons occupy the energy
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energy

energy
gap

metal semiconductor insulator

kT EF

Figure 2.2: Shows a simplified diagram of the electronic band structure of metals, semi-
conductors and insulators. The Fermi energy EF separates filled (grey shaded) from unfilled
electronic states.

states independent from another up to the Fermi energy (EF ). At zero temperature

the Fermi energy is identical to the chemical potential of the electron gas. Depending

on the position of the Fermi energy relative to the bands it is possible to classify

materials into insulator, semiconductors or metals (see Figure 2.2). When the Fermi

energy lies in a band (as is always the case for an uneven number of electrons per unit

cell) the application of a DC electric field will allow free propagation of the electrons

in the crystal (left picture in 2.2). When the Fermi energy lies between bands, in

an ‘energy gap’ then an applied DC electric field cannot give the electron enough

energy to promote it over the gap into free states. The solid is then referred to as

an insulator. In between these two scenarios lies the semiconductor. It has a gap

small enough so that electrons can be excited thermally into the conduction band,

exhibiting an increase in conductivity with temperature. Another way to change

the conductivity in a semiconductor is by replacing one element with another one of

different valency. In this way free states are induced in the valence band, and can be

used to taylor the conductivity very precisely.
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Band theory also allows the incorporation of weak correlation between electrons

through perturbation theory; as in the description of excitons. This requires the

kinetic energy to be the dominating energy scale in the system. If this is not the

case other theories have to be used that include the different interactions on an equal

footing.

2.2 Correlation effects

In contradiction to band theory, materials with a partially filled 3d shells can be

insulating [18]. Nickel Oxide for example has a ground state with an unfilled valence

d-shell. According to band theory calculations the Fermi energy lies in the middle of

a band and, therefore, is expected to be metallic. However, experimentally it is found

to be insulating with a very high bandgap of 4.3 eV. This is because the electron-

electron interaction in elements with partially filled d-shell is strong. Such strong

correlation effects can be illustrated by considering the Wigner crystal [19].

The consideration is based on the interplay between potential and kinetic energy

for a varying electron separation a. The potential energy of the electrons can be

formulated as EP ∝ 1/a. For a large distance between the electrons (i.e. at small

density, n ∝ a−1/3) one might think that the Coulomb interaction between the elec-

trons can be disregarded or approximated as a small perturbation. Taking account

of the kinetic energy changes the picture. The kinetic energy of the electrons is given

by Ekin = p2/2m. Quantum theory states that the momentum depends on the Fermi

surface and, therefore, also on the electron density. Using Heisenberg’s uncertainty

principle the momentum can be written as pF ∝ ~/a. This results in a kinetic energy

of Ekin ∝ ~
2/(2ma2) which falls off more strongly than the potential energy. There-

fore, at low densities the Coulomb interaction leads to electron localization. They

form a strongly correlated electron system, the Wigner crystal. Upon decreasing the

8



electronic separation (increasing the density) the kinetic energy dominates the poten-

tial energy and at a critical distance the Wigner crystal melts. This example shows

that even in a simple system, strong correlations do occur and are of fundamental

importance.

The Mott-Hubbard Model is a simple model which treats the kinetic energy and

the electronic Coulomb repulsion equivalently. It was initially formulated by Mott

and further investigated by Hubbard [20, 21]. The Mott-Hubbard Hamiltonian has

two terms:

H = −t
∑

c+IσcIσ + U
∑

n↑σn↓σ (2.1)

c+Iσ/cIσ is the creation/annihilation operator of the electrons with spin σ, ni,j is the

occupancy operator.

The first term describes the kinetic energy of the electrons, as already used im-

plicitly in the tight binding model and describes the tendency of the electrons to

delocalize (HT ). It depends mainly on the size of the hopping amplitude which is

given as

t = 〈Φ(r)|V (r)|Φ(r + a)〉 . (2.2)

Here Φ is the atomic wavefunction and V is the Coulomb potential of the core, r is

the coordinate of an electron and a the distance between nearest neighbours. In the

case of a strong overlap between neighbouring wavefunctions the hopping amplitudes

will be large. This results in a large bandwidth given by W = 2nt where n is the

number of nearest neighbours1.

The second term describes the on-site electrostatic Coulomb interaction between elec-

trons (HU), where U gives the energy of the Coulomb repulsion between two electrons

on a single site, illustrated in Figure 2.3a.

1Bands are formed between atomic orbitals and, due to the Pauli exclusion principle, different
orbitals cannot have the same energy. Therefore, the band width linearly increases with the number
of interacting neighbours. The factor 2 is because the hopping can occur in either direction.
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Figure 2.3: Due to the on-site Coulomb interaction U a band is split into two, separated
by the energy U . In the case of half filling the lower lying band (lower Hubbard band, LHB)
is completely filled while the higher lying one - the upper Hubbard band (UHB) - is empty.

The model has two extreme cases depending on the relative strength of the two

energy scales present:� in the limit of t ≫ U this model becomes identical to the tight binding model

and describes a system where the electrons are delocalized over the whole crystal� in the limit t ≪ U the electronic Coulomb interaction dominates. If an electron

hops between sites it gains the energy t but the double occupancy costs the

Coulomb energy U . In a simple model system of one energy level per site and

at half filling, e.g. each energy state is only occupied by one electron, the

original band splits into two bands separated by the energy U . In Figure 2.3b

this scenario is shown, the energetically lower lying Hubbard band is completely

filled while the upper Hubbard band is empty. Both bands are separated by an

energy gap given by U .

When the hopping amplitude and the electronic Coulomb interaction are of similar

strength they competes with one another. Whether a system is insulating or metallic

depends on the interplay between t and U and the filling n, see Figure 2.4 for an
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Figure 2.4: Phase diagram of a Mott insulator the ratio U/t is plotted over the filling n.
A metal insulator transition (MIT) can either occur through controlling the ratio of U over
t (band controlled filling BC) or through a change in the filling (FC) [22].

illustration. It is possible to reach the Mott Insulating region from two distinct

directions. In the band controlled (BC) transition, the filling n is held constant and

the ratio U/t is varied, like in the Wigner crystal discussed above. On the other hand,

the filling can be changed by adding or removing electrons through chemical doping.

This is seen as a horizontal cut through the diagram in Figure 2.4 and called filling

controlled (FC) transition. Mott insulators have many interesting properties when

compared to band insulators. Unlike in band theory, the local spin and orbital degree

of freedom of the electron survives as an independent degree of freedom. A common

consequence of this is the ordering of charge and orbitals. This ordering is stabilized

by complex interactions between the electronic degree of freedom and the lattice.

For example electron-phonon or electron-spin interactions can lead to new and very

complex phases [5, 23]. These interactions are especially pronounced in transition

metal oxides like manganites.
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Chapter 3

Introduction to Manganites

Manganites are transition metal oxides with a varying concentration of trivalent and

tetravalent manganese ions. Their collective electronic properties are dominated by

the d-electrons which are located between the full valence and the empty conduction

band of the s and p-orbitals. The wavefunction of the manganese 3d-orbitals is spa-

tially more confined compared to the s and p-orbitals, limiting the hybridisation with

the neighbouring oxygen p-orbitals and resulting in a narrow bandwidth. Further-

more, the bandwidth is so narrow, that correlation effects can lead to the localization

of electrons and the creation of novel ground states completely unexpected from a

non-interacting electron picture. The different degrees of freedom of the electron

(charge, spin and orbital) can form new phases inside the solid, leading to very rich

phase diagrams.

Some of these phases occur with similar energy scales and a small external pertur-

bation can favour one phase over the other. For example, a magnetic field can be used

to favour a metallic over the preferred insulating phase, as realized in Pr0.6Ca0.4MnO3

shown in figure 3.1. Related to this, insulator-to-metal transition, is a change of resis-

tance of more then nine orders of magnitude, the colossal magneto resistance effect [4].

These ‘colossal’ changes have generated interest from the data storage and computer

12



Figure 3.1: Left: Resistivity for the material Pr0.6Ca0.4MnO3 [24]. Right: Resistivity,
lattice parameter and magnetization for the medium bandwidth system Nd0.5Sr0.5MnO3,
from [25]

industry for their potential application as spintronic devices.

In the following sections the electronic and crystal structure of the manganites

will be explained.

3.1 Crystallographic and electronic structure

The manganites are represented using the perovskite AMnO3 structure. The per-

ovskite A-site is occupied by a mixture of trivalent rare earth (RE) ions such as La,

Pr, Nd and divalent alkaline earth (AE) ions such as Sr, Ca, Ba and can be written

as A=RE1−xAEx. By controlling the parameter x it is possible to form a solid state

solution composed of Mn3+ and Mn4+ over a wide doping range.

The geometrical structure can be described using a cube with the A-site ions

occupying the corners while the manganese ions are located in the centre. The oxy-

gen ions are situated in the face-centred positions, forming an octahedra around the

manganese ions, see figure 3.2.

Alternatively, the perovskite structure can be described as a system of alternating
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Figure 3.2: The figure shows the unit cell on the left side. Starting with n=1, the beginning
of the Ruddlesden Popper series is shown, with the special case, n=∞ to the right.

MnO2 and AO planes, where the AO planes are acting as charge reservoir layers

for the Mn3+/Mn4+ mixture. The parent cubic perovskite phase can be generalized

through the Ruddlesden Popper series to include layered systems that have more then

one charge buffer layer [26], see figure 3.2. These layered systems are characterized

through a strong anisotropy perpendicular to the near two-dimensional MnO2 planes

[27].

When the manganese ion is placed in an octahedral environment the fivefold

degeneracy of the d-orbitals is lifted. This crystal field splitting is due to an increased

(decreased) electrostatic interaction when the Mn 3d-orbitals point towards (away

from) a higher electron density. Orbitals with lobes pointing in between the oxygen

ligands have a lower energy and form the t2g (xy, yz, zx) subset; orbitals with lobes

pointing towards the ligands form the higher energy eg subset (x2-y2, 3z2-r2). The

energy separation between the two subsets is given by the crystal field energy, ∆CF,

also called 10Dq and can be estimated to be around 1 eV [28, 29].

As mentioned above, the ratio of the dopant atoms RE/AE completely determines

the manganese valency (Mn3+/Mn4+). The on-site spin orientation is determined

from the first Hund’s rule1; the first three electrons are placed with parallel spin into

the t2g orbitals and can be treated as localized. The fourth electron (from Mn3+

1maximization of the total spin in the case of more energy levels than electrons
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Figure 3.3: The figure is showing the influence of the crystal field onto the d-orbitals of
the manganese ions.

sites) has to overcome the crystal field energy 10Dq to obey Hund’s rule. In most

cases the Hund’s energy is bigger than the crystal field energy (JH ≥ 10Dq) and a

high spin state is maintained, leaving a single electron in the eg orbital, spin polarized

parallel to the t2g. Estimation of the strength of the Hund’s coupling energy gives

values between 1-2 eV, as shown by photoemission [30] and by optical conductivity

measurements [31, 32, 33].

Further stabilization of the electronic configuration can be accomplished by a

structural distortion of the lattice, known as Jahn-Teller distortion. Such a distortion

is shown in figure 3.4 where the apical oxygen atoms undergo a displacement, in this

way they reduce the energy of the eg orbital further.

It is worth noting that the Jahn-Teller theorem predicts the existence of the dis-

tortion but not its strength. A tetragonal distortion of an octahedron can either

increase the apical direction while simultaneously decrease the size of the basal plane,

or the reverse can occur. To first approximation, the lattice distortion increases the

energy, while the reduced electrostatic energy with the oxygen ions lowers the energy

15



E~ , lattice
deformation

ξ2

E~- , energy
splitting

ξ
eg

Figure 3.4: Illustration of the Jahn-Teller effect

of one of the orbitals, see equation 3.1.

EJT (ξ) = −gξ +Bξ2 (3.1)

Systems, in which the overall energy gain is positive, are Jahn-Teller active and a

small distortion ξ is realized, shown in Figure 3.4.
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3.2 Chemical doping and tolerance factor

The mixture of Mn3+/Mn4+ can be controlled by changing the ratio x between the

rare earth and the alkaline ions (RE1−xAEx) on the A site of the perovskite struc-

ture. By adjusting the charge carrier concentrations the magnetic and transport

properties are altered, thus phase control is possible. Simultaneous to the filling

Re Re Re
Ae

3
+

3
+

3
+

3 or
+

2
+

MnMn

Mn Mn

ideal x=0 distorted x>0

Figure 3.5: When the ratio x between the
rare earth and the alkaline earth ions on the
A side is changed the Mn-O-Mn will start to
deviate from the ideal 180deg bond, due to
the different size of the dopants.

the different radii of RE and AE ions

leads to a modification in the Mn-O-Mn

bond angle, as illustrated in figure 3.5.

A deviation of the Mn-O-Mn bond angle

from the ideal 180◦ decreases the over-

lap between manganese d- and oxygen

p-orbitals. This is because the spatial

shape of the oxygen p-orbital prevents

it from pointing simultaneously to both

manganese orbitals. As a result, the one-

electron bandwidth (W ) will decrease with increasing mismatch of the dopants on the

A site. This change can be quantified with the tolerance factor f :

f(x) =
rMn + rO√

2(rA(x) + rO)
. (3.2)

where rMn-radius of manganese ion, rO-radius of the oxygen and rA is the average

radius of the A-site ions. The resulting lattice structure change often has the form of

a rotation, or buckling, of the MnO6 octahedron.

Both effects are intertwined strongly. For small concentrations x of dopants the

filling effect dominates: the insulating ground state is replaced by a ferromagnetic

metallic (FM) phase. At some level of doping the different sizes of the ions alters

the crystal structure fundamentally and modifies the overlap of the wavefunction.
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Figure 3.6: The Magnetic and electronic phase diagram for a high (La1−xSrxMnO3),
medium (Nd1−xSrxMnO3) and low (Pr1−xCaxMnO3) bandwidth system is shown, [25]. The
PI, PM and CI denote the paramagnetic insulating, paramagnetic metallic and spin-canted
insulating states, respectively. The FI, FM, and AFM denote the ferromagnetic insulating
and ferromagnetic metallic, and antiferromagnetic (A-type) metallic states, respectively.
At x=0.5 in Nd1−xSrxMnO3, the charge-ordered insulating (COI) phase with CE-type spin
ordering is present.

For certain doping levels the one-electron bandwidth is reduced to a point where the

kinetic energy is weaker then the Coulomb interaction between the electrons. This

can lead to an antiferromagnetic insulating phase (AFI) and in general to a complex

phase diagram, see figure 3.6.

A particularly interesting region in the phase diagram is at half doping: when

there are equal amounts of Mn3+ and Mn4+ ions. This can be seen for example in the

manganite Nd0.5Sr0.5MnO3 shown in Figure 3.6, where the antiferromagnetic charge

ordered insulating phase (AFI) coexists with the ferromagnetic phase. This AFI state

is characterized by an antiferromagnetic ordering of the orbitals and the spins in a so-

called CE type pattern. Along one dimensional ‘zig-zag’ chains the spins are aligned

ferromagnetically and coupled antiferromagnetically in the perpendicular direction.

Experimental observation of this electronic ordering can be achieved with neutron or

resonant x-ray scattering.
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3.3 Magnetic interaction

A basic understanding of the different phases present in the manganites can be

achieved by looking on the magnetic interaction. It is always between neighbouring

manganese ions which are bridged by the non magnetic oxygen ligand, see figure 3.3.

Thus the exchange interaction is strongly dependent on the hybridisation between

oxygen p- and manganese d-orbitals. Additionally it also depends on the number of

electrons (or the filling) in the manganese eg orbital. The two dominant magnetic

interactions are superexchange and the double exchange.

3.3.1 Superexchange

Superexchange is active in compounds where the spins of the magnetic ion are coupled

through bridging anions such as oxygen. Consider two nearby Mn3+ ions separated

by a O2− ion. The strong Hund’s rule forces the on-site eg and the t2g electrons into

a high spin configuration. The three atom configuration Mn3+-O-Mn3+ can reduce

their energy by virtual hopping processes of the single highest lying electron. For the

ferromagnetic ground state the virtual hopping processes involve the occupation of a

higher energy orbital (on the O site) due to the Pauli exclusion principle. Therefore,

the magnetic superexchange interaction favours an antiferromagnetic ground state

when the nearest Mn sites are half filled. Alternatively, the superexchange can be

understood as a covalent bond where only one spin direction takes part in the bonding.

Goodenough used the term ‘semi-covalent’ to explain this effect [34].

3.3.2 Double exchange

The second important exchange interaction between two manganese ions is the double

exchange, illustrated in figure 3.7. It occurs between Mn3+ and Mn4+ ions and favours

a ferromagnetic ground state. The name double exchange derives from the idea that
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Figure 3.7: Double exchange mechanism leads to a delocalisation of the eg electrons when
the core t2g electrons are ferromagnetically aligned.

the transfer from the first manganese ion to the oxygen happens at the same time

as the transfer from the oxygen to the second manganese ion, thus involving two

simultaneous hopping stages. It can be derived by using the single orbital model:

Single orbital model The single orbital model, also called the double exchange

model, captures one of the most important interactions in the manganites. It rests

on several approximations [35]:

(a) neglect the coupling with phonons:

(b) neglect the Coulomb interaction between eg electrons:

(c) the Jahn-Teller distortion is assumed to be static:

(d) assume only one active orbital.

The model can be used to explain the competition between metallic ferromagnetism

and insulating antiferromagnetic behaviour, the most important aspects in the CMR

mechanism. It is used to describe the movement of the conduction electrons in a

background of frozen t2g spins [36]. The corresponding Hamiltonian can be written

as:

H = −
∑

<i,j>

tij(c
†
iσcjσ + h.c.)− JH

∑

i

siSi + JAF

∑

<i,j>

SiSj (3.3)
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where < i, j > indicates the summation over the nearest neighbours only, ciσ is the

creation or annihilation operator and tij is the transfer integral of the conduction elec-

trons. JAF describes the interaction between the localized t2g spins. JH is the on-site

Hund’s coupling energy. A double occupancy of a single orbital requires an antiferro-

magnetic spin alignment, which is penalized by Hund’s energy. Therefore, neglecting

the electron-electron interaction is justified as JH is strong enough to make the double

occupancy of a single site unlikely. The spin state of the eg orbital is given by s while

S symbolizes the combined spin of the three electrons occupying the t2g orbital. For

simplicity, the model assumes that there are only two sites (labelled 1 and 2) and

that the classical spin direction of site 1 defines the z-axes, while the spin of site 2 is

arbitrarily aligned in the xz-plane, S1 = S(0, 0, 1) and S2 = S(sin(t), 0, cos(t)). In the

case of strong Hund’s coupling only the projection of the conduction-electron’s spin

along the direction of the background t2g spins is energetically favourable. Therefore,

the system can be described using a basis set defined by the spin of site 1. Rotating

the creation and destruction operators at site 2 gives

c↑,2 = cos
θ

2
c̃↑,2 − sin

θ

2
c̃↓,2 (3.4)

c↓,2 = cos
θ

2
c̃↓,2 − sin

θ

2
c̃↑,2 (3.5)

Inserting this into the kinetic energy term and dropping the energetically unfavourable

states where the spin is anti-parallel to the combined t2g spin, the kinetic energy or

hopping term becomes

HT = −teff (c̃
†
↑,1c̃↑,2 + h.c.) (3.6)

with teff = t cos( θ
2
). From this effective Hamiltonian it can be seen that the

ferromagnetic alignment of the neighbouring t2g spins (θ = 0) results in a positive

hopping integral, whereas antiferromagnetic alignment (θ = 180 deg) results in a
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Figure 3.8: Goodenough Kanamori rules for a) two half-filled orbitals b) one filled, one
half-filled c) both filled or empty

vanishing hopping amplitude and hence no energy gain.

3.4 Goodenough-Kanamori-Anderson rules (GKA)

Based on the consideration above, the GKA rules predict magnetic ordering phe-

nomena in manganites. The GKA rules predict the sign of the exchange integral J,

between two cations, bridged by a O2− ion, depending on the filling of the cation. The

bonding occurs between the full oxygen 2p- and the unfilled manganese d-orbitals.

The Goodenough Kanamori rules can be summarized as follows (also figure 3.8):

1. the exchange is antiferromagnetic when both orbitals are either half-filled or

when both are empty, see figure 3.8 a) and c)

2. the exchange is ferromagnetic when either (i) one orbital is full and the other

half-filled or (ii) when one orbital is half-full and the other empty, see figure 3.8

b).
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3.5 Orbital ordering and its origin

Orbital ordering is the tendency for the occupied eg orbitals to form long-ranged or-

dered patterns. This order breaks the local symmetry and gives rise to

a

b y  -z
2 2d

3x  -r
2 2d

Figure 3.9: Depicted is the A type orbital
order in the ab plane of LaMnO3. In the ab
plane the GKA rules predict ferromagnetic
coupling, along the c direction the coupling
is of the antiferromagnetic type, the spins are
pointing along the c direction (out of the pa-
per plane).

the directionality of the electronic-

transfer interaction. Depending on the

directionality of orbitals on neighbour-

ing sites, the GKA rules predict either

a ferromagnetic or an antiferromagnetic

ground state. This leads to complex

coupling between the spin and the or-

bital degree of freedom. For example the

A-Type order in the prototypical com-

pound LaMnO3 shown in figure 3.9. In

the MnO2 plane (ab plane) half-filled or-

bitals are pointing towards empty or-

bitals, this gives rise to ferromagnetic

coupling according to the GKA rules.

Along the c direction the superexchange

between two unfilled eg orbitals is of the antiferromagnetic type.

There are two possible origins of the orbital order: It either can be a consequence

of the Jahn-Teller effect or it can arise from an exchange mechanism.

The Jahn-Teller distortion leads to a preferred occupancy and orientation of a

specific orbital. This process is driven by a reduced electrostatic interaction when the

orbital is aligned along the direction of the Jahn-Teller distortion.
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Figure 3.10: The Jahn-Teller distortion
leads to the occupation of a specific orbital
due to a reduced electrostatic interaction of
the manganese wavefunction with the oxygen
ligands.

Neighbouring manganese ions share their

oxygen ligands and a deformation of one

oxygen cage will couple to the neighbour-

ing one, giving rise to a symmetry reduc-

tion of the whole crystal, see figure 3.10.

In doped manganites, where the va-

lencies of the manganese ion alternates

between Mn3+ and Mn4+, the degree of

Jahn-Teller distortion varies. As there

are no electrons in the eg orbital of Mn4+

ion, the octahedron is distorted less than

the octahedron that surrounds the Mn3+

ion.

Electronic exchange interaction Or-

bital ordering can also be explained purely by electronic exchange effects and therefore

can occur without a change in the crystal symmetry [37, 38]. In figure 3.11 (b) differ-

ent spin configurations for a double degenerate system are shown. When the spins are

parallel (case (i)) the electrons cannot delocalize due to the Pauli exclusion principle.

In case (ii) the electrons have antiparallel spin and can reduce their energy through

virtual hopping processes (given by t) in both directions. The energy in case (iii)

is further reduced because ferromagnetic alignment causes the electrons to occupy a

higher lying orbital. They can delocalize over the bond and due to the alternating

occupation of orbitals (‘antiferro’ orbital structure), the electron-electron repulsion U

is reduced by the Hund’s coupling energy JH .

Both origins (electronic and lattice driven) can lead to macroscopic distortions,

therefore it is difficult to asses what the microscopic cause is. Local density calcula-
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Figure 3.11: (a) The Jahn-Teller driven distortion of the oxygen Octahedron favours the
occupancy of a specific orbital to minimize the electrostatic energy. (b) Energy diagram of
electronic exchange effects that will lead to orbital ordering due to the Hund’s energy.

tions (LDA+U) [39] predict the observation of orbital structure in a symmetric lattice

(no Jahn-Teller distortion) [40, 41]. The simulations also predict that 60-70% of the

energy gain in the orbital ordering can be explained only by the exchange mechanism.
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Chapter 4

Experimental technique

Measuring the orbital and spin order in manganites is difficult but crucial. These

ordering patterns, sometimes of less then one valence charge per atom, are a key

factor in explaining the properties of most manganites [5]. A technique to investigate

them has to be able to discriminate between effects originating from a single electron

(or less) against the larger background composed of all the other electrons. In the

static regime resonant x-ray diffraction (RXD) has proven to be a valuable tool [42,

43, 44]. This chapter will build the necessary theoretical fundament to understand

this approach. It will show that RXD can be understood as a combination of real

space sensitive absorption spectroscopy with k-space sensitive diffraction. As a first

step the main ideas behind x-ray diffraction are introduced. This is then followed by

discussing the effects near elemental absorption edges.

4.1 X-ray diffraction

When x-rays, with wavevector k0, are incident upon matter they are either absorbed

or scattered. If k0 is chosen correctly then the scattered radiation from the individual

atoms constructively interacts along certain directions. An intensity pattern is ob-

servable in the far field. The scattering process can be understood with the following
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Figure 4.1: Left: Scattering from a single electron Right: Geometrical structure factor

assumptions: the x-rays are diffracted from individual particles (located at ∆rs) and

the incident x-rays are described by plane waves E(∆rs) = Ae · exp[i(k0∆rs − ωt)].

The intensity observed at a position B(r) in the far-field (r ≫ ∆rs, the point at which

x-rays are scattered) is thus given as:

AB = f · E(∆rs)

rs
· exp[ikrs] (4.1)

with rs = r −∆rs, see also figure 4.1. The atomic form factor, f , is the fraction of

the incoming amplitude Ae that is radiated from the scattering site. In the limit of

scattering from a single electron, the far field pattern resembles the one generated by

a dipole. This is due to the oscillation that the electron performs in the electric field

of the incoming electromagnetic wave.

In the current discussion, it is assumed that the x-ray energy is far from any

resonances of the scattering system. Later it will be shown that the atomic form

factor is crucial in understanding the effects that occur near elemental absorption

edges. Using the abbreviation C = Ae/rs · exp[i(k0∆rs − ωt)] and the relationship
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Figure 4.2: Schematic of the Bragg diffraction

∆k = k − k0 between incoming and outgoing wavevector, equation 4.1 becomes:

AB = C · f · exp[i∆k∆rs] (4.2)

This form can be used to discuss scattering from multiple particles arranged in a

lattice (see figure 4.1). The position of the atoms within the lattice can be expressed

as T = m1a +m2b +m3c, where a,b and c are the unit vectors and m1, m2, and m3

are integers. Thus ∆rs in equation 4.2 can be replaced with T . At the observation

point in the far field, the total scattering amplitude can be written as the sum of the

individual scattering sites:

Atotal = C · f ·
∑

m

e[i∆k·(m1a+m2b+m3c)]. (4.3)

The exponent in the sum is a phase factor that describes the interference of the waves

scattered from the individual atoms in the crystal. The phase factor and therefore the

sum will give a maximum when the exponent in equation 4.3 is an integer multiple

of 2π or:

T ·∆k = m · 2π (4.4)
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Figure 4.3: The Ewald sphere in the reciprocal space illustrates the Laue condition.

This is the condition for positive interference between waves that are reflected from

planes separated by a lattice vector. This vector set of equations is called Laue

equations [45]. It can be shown that this set of equations is identical to the Bragg

equation [46].

d · sinθ = m
λ

2
(4.5)

where the distance between the crystal planes, d, for crystals with orthogonal axes

can be expressed as:

d =

[(
h

a

)2

+

(
k

b

)2

+

(
l

c

)2
]−1/2

(4.6)

m is the scattering order, λ is the wavelength of the x-rays.

When scattering is considered in the reciprocal space the Laue condition (equation

4.4) can be formulated to include the reciprocal lattice vector (G), which is defined

as G · T = m · 2π:

G = ∆k = k − k0. (4.7)

This fundamental equation can be visualized using the Ewald sphere (or Ewald circle

in the two dimensional projection) shown in figure 4.3. The Ewald sphere is con-

structed by placing the toe of the incoming wavevector k0 on a reciprocal lattice

point. In the case of elastic scattering, the radius of the Ewald sphere is given by
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the wavevector of the incoming x-rays. In this construction a diffraction spot occurs

when the Ewald sphere intersects with two reciprocal lattice points. Changing the

direction of the incident radiation moves the origin of the Ewald sphere and different

diffraction spots will become visible.

Atomic form factor A simple introduction to scattering and the origin of the

atomic form factor has been given by Attwood [47]. The cross section for scattering

is defined as the total scattered power, P, normalized to the incoming power, S.

σ ≡ PScatt

|S| (4.8)

The incident average power is given through the amplitude of the electromagnetic

field and Poynting’s theorem

|S| = 1

2

√
ǫ0
µ0

|E|2 (4.9)

where ǫ0 is the permittivity and µ0 the permeability of free space, E is the amplitude

of the electromagnetic field and the magnetic field component can be disregarded.

The radiated power PScatt of a free electron can be found by integrating S over a

distant sphere

P =
1

2

8π

3

(

e2 |a|2
16π2ǫ0c3

)

(4.10)

here a is the acceleration of an electron and c the speed of light. The interaction

of the electric field with the electron leads to an accelaration according to Newton’s

law, F = ma, where F is the Lorentz force on the electron with mass m. When the

magnetic field is neglected, the instantaneous acceleration of the oscillating electron

is given by a(r, t) = −e/mE(r, t). This allows to express the scattering cross section
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(the Thomson scattering cross section) for the free electron as:

σe =
8π

3
r2e (4.11)

where re ≡ e2/(4πǫ0mc2) is the classical radius of the electron.

When more then one electron is present and the charge is spread out over a volume

as shown in figure 4.4 it can be shown that the scattering factor in the continuous

limit can be written as:

σe =
8π

3
r2e

∫

n(r′)ei∆k·r′ · dr′
︸ ︷︷ ︸

f

(4.12)

r′ is the distance from the scattering centre and n is the charge density per volume.

The factor ei∆k·r′ accounts for the phase shift of the scattered wave due to the varying

position of the scattering sites. In the limit that all the charge (Z) is located in the

centre of the scattering region, the atomic form factor reduces to f = Z. Therefore,

it describes how the scattering cross section deviates from the point charge. It is

worth noticing that the form factor has the form of a Fourier transformation. This

leads to the interpretation that the diffraction pattern is the Fourier transformation

of the real space charge distribution. The crystal periodicity is encoded into the

arrangement of the spots while the intensity depends on the type of scatterer present.

For diffraction to be possible the wavelength of the x-rays has to be of the order of

the lattice periodicity, see equation 4.5.

4.2 Resonant x-ray diffraction

Resonance effects can have a dramatic effect on the x-ray scattering signal. This can

be easily shown by considering a bound electron, interacting with the electromagnetic

wave. The electron is bound by the restoring force of the nucleus (∝= −kx) and
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Figure 4.4: Semi classical model of multi electron scattering

dissipates energy to the rest of the system through a damping term γ. The bound

electron is driven by the external electromagnetic field of the x-rays E = E0e
−iωt,

leading to an equation of motion similar to the driven harmonic oscillator:

m
d2x

dt2
+mγ

dx

dt
+mω2

0x = −eE (4.13)

ω is the frequency of the incoming x-ray radiation and ω0 =
√

k/m is the resonance

frequency. Following the same approach as for the unbound case (see equation 4.12),

the scattering cross section can be written as:

σe =
8π

3
r2e

ω4

(ω2 − ω2
0)

2 + (γω)2
︸ ︷︷ ︸

f

(4.14)

and the cross section is a function of the incident x-ray energy, which is peaked at

ω = ω0.

Scattering from multiple electrons at a distance ∆rs away from the nucleus, can

be included by assuming that the charge distribution of equation 4.12 can be written

as n(r, t) =
∑Z

s=1 δ[r −∆rs(t)]. The different positions of the scattering sites within

the atom gives an additional phase factor (ki · ∆rs), which enters into the equation

of motion, resulting in an acceleration of the form:
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as(t) =
−ω2

ω2 − ω2
s + iγω

e

m
Eie

−i(ωt−k
i
·∆r

s
) (4.15)

Summing up over all the electrons within the atom the scattering field in the far

field becomes

E(r, t) = −re
rs

Z∑

s=1

ω2Eisinθ

ω2 − ω2
s + iγω

e−i[ω(t−rs/c)−k
i
·∆r

s
] (4.16)

with rs ≡ r − ∆rs and rs = |rs|, θ is the angle between the acceleration and the

observation direction k0. For r ≫ ∆rs, rs can be approximated to rs ≈ r − k0 ·∆rs.

This simplifies equation 4.16 to E(r, t) = −re
r
f(∆k, ω)E0sinθe

−iω(t−rs/c) where the

factor f(∆k = k − ki, ω) is defined as:

f(∆k, ω) =

Z∑

s=1

ω2e−ik
i
·∆r

s

ω2 − ω2
s + iγω

(4.17)

Pure quantum field treatment yields a similar form for the scattering factor, for

example shown by Blume and Blume and Gibbs [48, 49]:

fj(ω) =
me

~2

1

~ω

∑

n

(En − Eg)
3 〈Ψn |O|Ψg〉 〈Ψg |O∗|Ψn〉

~ω − (En −Eg)− iΓn

2

(4.18)

where ~ω is the photon energy, me is the electron mass and Ψg,Eg and Ψn,En

indicate the wavefunction and energy of the ground and the intermediate state, re-

spectively. Γ denotes the inverse lifetime of the excited state and O is the operator

of the light field. The dependency on the resonant term leads to an enhancement of

the scattering cross section that is unique for elemental transition edges.

Resonant x-ray diffraction requires two conditions. Firstly, the incoming photon

energy has to be resonant to an absorption edge and secondly the corresponding

Ewald sphere has to intersect with a reciprocal lattice point, see figure 4.3. Fulfilling

both conditions simultaneously can be difficult, like at the L-edge of the manganites.
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The resonance condition limits the size of the Ewald sphere, this allows an intersection

with a reciprocal lattice point only in special cases. One of the materials with a unit

cell large enough in the charge and orbital ordered phase is La0.5Sr1.5MnO4.
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Chapter 5

The compound La0.5Sr1.5MnO4

The material La0.5Sr1.5MnO4 has become a benchmark material to study charge,

orbital and spin ordering in the manganites. The electronic order has been extensively

studied using x-ray [42, 50] and neutron scattering [51, 52].

The size of the electronic ordered unit cell makes it possible to perform resonant

x-ray scattering in the soft x-ray range as is shown in [43, 53]. This enables the direct

measurement of ordering patterns in the 3d orbitals of the manganese ions. Due to the

layered structure the orbital order is confined in the ab-plane. Macroscopic probes,

such as optical birefringence, can thus be used to meausure orbital order. This allows

their study on the ultrafast timescale, see chapter 7 and [54].

Furthermore, theoretical simulations exist that allow interpretation of the energy-

resolved soft x-ray diffraction spectra. Based on this firm foundation the compound

emerges as a prime candidate to study the interplay of photo excitation with electronic

order.

5.1 Properties

Through the Ruddlesden Popper series the three dimensional perovskite system

La1−xSrxMnO3 (n = ∞) can be related to the quasi-two-dimensional compound
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Figure 5.1: Charge and orbital ordering pattern in the ab plane of La0.5Sr1.5MnO4, along
the direction of the orbitals the GKA rules predict ferromagnetic coupling while it is anti-
ferromagnetic in the perpendicular direction.

La1−xSr1+xMnO4 (n = 1). The reduced dimensionality leads to a smaller electron

bandwidth and hence the electron tendency towards delocalisation is reduced1. This

is for example reflected in the larger resistivity [55]. Unlike the three dimensional

parent compound, La1−xSr1+xMnO4 does not have a ferromagnetic metallic phase,

for any doping value.

Particularly interesting is the behaviour at half doping, La0.5Sr1.5MnO4. Below

T ≤ TCO/OO = 220 K a special charge/orbital order has been observed in neutron

[56, 57] and resonant hard x-ray diffraction [42]. Originally this pattern has been

described as alternating Mn3+/Mn4+ ions with a wavecetor of (1/2 1/2 0) as shown in

figure 5.1 [34, 56]. This full charge separation picture of one charge per site requires

a strong lattice distortion which was not observed [58, 59]. Therefore, it seems more

appropriate to describe the order as Mn+3.5+δ/ Mn+3.5−δ. Some experiments allowed

an interpretation based on a charge separation of 0.01e [60]. From theoretical first

1The single electron bandwidth is given by the relationship W = 2nt, where n is the number
of nearest neighbours and t is the hopping amplitude (equation 2.2). In a three dimensional cubic
lattice the bandwidth is W = 12t which reduces to W = 8t in a two dimensional square lattice.
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Figure 5.2: Three dimensional crystal structure. The ab plane with the MnO2 ions is
separated by a (La,Sr)2O2 charge buffer layer.

principle calculations a charge separation of 0.09e was predicted [61].

The orbital and spin coupling occurs along ferromagnetic ‘zigzag’ chains that

show antiferromagnetic coupling to the neighbouring chains. This CE-type pattern

is described by a new unit cell (a’,b’) that is rotated by 45◦ relative to the original

one (a,b), as shown in figure 5.1. The dimensions of the new, orbital ordered, unit

cell is given by 2
√
2a×

√
2b×c (a’×b’×c).

A prediction of the sign of the exchange constants can be achieved using the GKA

rules. Along the chain direction a full Mn3+ orbital faces an empty Mn4+ one, this

gives a ferromagnetic coupling. The inter-chain coupling is between empty orbitals

and therefore of the antiferromagnetic type. An alternative explanation of this CE

type pattern was given by Daoud-Aladine et. al. [62, 63]. They used a Zener-
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Figure 5.3: (a) Optical conductivity for the different principal axes, from [65]. (b) Optical
anisotropy at 1.96 eV over temperature.

Polaron motif were the charge is mainly localised on the Mn-O-Mn bond instead of

on the manganese ion. It is currently debated how well this picture, derived from

Pr0.6Ca0.4MnO3, can be generalized for all the manganites [64]. However, in the

presented work the description will be based on the site centered description.

When the system is cooled below TN = 110 K the magnetic moments associated

with the manganese ions couple antiferromagnetically along the c direction to form a

unit cell of the size 2
√
2a×2

√
2b×2c [51, 57].

5.2 Optical properties

At elevated temperature (such as room temperature) La0.5Sr1.5MnO4 has a perfect

tetragonal structure in contrast to the three dimensional manganites. Upon cooling

below the ordering temperature (T<TOO/CO) this tetragonal symmetry is broken.

As previously discussed, the layered structure confines the ordering pattern into the

MnO2 plane. The ordering pattern involves the orientation of the Mn3+ eg electrons

along chains in the [110] direction. Along those chains the electrons are more strongly

delocalised then perpendicular to them. Thus cooling leads to the evolution of an

anisotropic electronic structure in the material. Ishikawa showed that this can be
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Figure 5.4: X-ray absorption spectrum at the manganese L2,3-edge

probed optically [65]. In figure 5.3 (a) the optical conductivity spectra is shown. At

room temperature a broad peak at 1 eV is visible, which is due to the hole doping, it

is absent in the undoped case LaSrMnO4 [66]. Upon cooling this peak shifts to higher

energies, which is consistent with the more insulating nature of the material at lower

temperature. The shift is anticipated to arise from changes in the d-p hybridisation.

Additionally, the peak also splits, an optical anisotropy develops, as expected from

the ordering pattern. Figure 5.3 (b) shows the optical anistropy over temperature.

It shows the same temperature behaviour as resonant x-ray diffraction measurements

[42] and therefore was attributed to orbital ordering.

5.3 Resonant scattering in La0.5Sr1.5MnO4

5.3.1 Sample preparation

The single crystals were grown at the Department of Physics at the University of

Oxford and at the Laboratoire de Physico-Chimie de l’Etat Solide, Université de
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Paris-Sud (LPCES).

The crystal growth was carried out using the floating zone technique in a quadruple

ellipsoid infrared image furnace equipped with four halogen lamps as heat sources,

for samples grown at the LPCES a double ellipsoid infrared image furnace and only

two halogen lamps where used. Feed rods were prepared by solid state reaction:

stoichiometric mixtures of La2O3 (dried at 900◦C for 24 h), SrCO3; and MnO2 (purity

≥99.99% for all compounds) were calcined at 900◦C for 30 h. With intermediate

grinding, heat treatments were performed at 1100◦C (30 h), 1300◦C (30 h), and

1410◦C or 1500◦C (50 h) before isostatically cold pressing the obtained powder under

2.5 kbar, and sintering it at 1410◦C or 1500◦C (50 h). The resulting compact material

was again thoroughly reground and then cold-pressed (2.5 kbar) into rods of ≈6mm

diameter and 7-10 cm length before repeating the sintering procedure [67, 68].

After the crystal growth the rods were aligned using Laue diffraction with either

[110] or [112] direction surface normal. Then slabs with a thickness of 1-2 mm were

prepared using a diamond saw. The surface was polished to a mirror-like finish with

a succession of diamond polishing wheels. First, a rough polishing wheel with a grain

size of 8µm was used. Then, the grain size was reduced in steps down to 100nm, the

best results were achieved using the following sequence of diamond wheels: 8, 2, 0.6

0.3 and finally 0.1 µm.

The base temperature of La0.5Sr1.5MnO4 was held at 25 K unless otherwise stated.

5.3.2 Resonant scattering

Equation 4.18 shows that the scattering factor depends on the final states available

to the atom or ion. This provides a contrast mechanism which can be exploited to

measure the ordering of the charges and the orbitals. Besides the sensitivity to the

final state, the denominator in equation 4.18 also has a resonant term. Therefore,

when the photon energy is tuned to an absorption edge resonant enhancement occurs.
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Figure 5.5: Charge and orbital ordering pattern in the compound La1.5Sr1.5MnO4. The
Bragg planes of the ordering structure are indicated by the dashed red lines.

At the L-edge electrons from the 2p level are directly promoted into empty orbitals

in the orbital ordered 3d shell, 2p → 3d see figure 5.52.

At the manganese L-edge the limited size of the Ewald sphere only allows the

detection of ordering with periodicities that are long enough. One of the few com-

pounds where the detection of charge, orbital and spin order is partially possible is

La0.5Sr1.5MnO4. The orbital order can be described through a wavevector of (1/4 1/4

0), the corresponding Bragg planes are shown in figure 5.5 with dashed red lines. The

constraints due to the limited size of the Ewald sphere can be visualized at the orbital

order peak when the full angle range is scanned, shown in figure 5.6. For angles below

30 degree the sample reflection dominats the detected intensity. At higher angles the

sample fluorescence is stronger; with the exception of when the diffraction condition is

fullfiled, then the (1/4 1/4 0)-peak becomes visible3. Comparing the incoming number

of photons with the photons detected in the scattering peak reveals that the efficiency

is of the order of 10−6.

2The splitting into L3 and L2 is due transitions from the spin-orbit split p1/2 and p3/2 core levels.
3In order to detect the (1/4 1/4 1/2)-peak the sample has to be cut differently.
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Figure 5.6: Scan over the full angle range. Up till 30 degree the sample reflection dominates
the measured x-ray intensity. Above 30 degree only fluorescence of the sample is measured.
When the radiation is on resoncance (E=642 eV) the orbital scattering peak is visible.

42



photon energy (eV) photon energy (eV)

(a)

a

b

c (b)

a

b

c

Figure 5.7: Static energy dependent diffraction peak, when the sample is cut along the
(a)[112] or (b)[110] direction.

The azimuthal dependency4 of the scattering intensity is regarded as the proof

that the scattering arises from the orbital order [42, 69, 53]. Qualitatively this can be

seen by looking at the occupied orbitals. The eg state on the Mn3+ side is composed

of a filled 3dz2−r2↑ orbital and an empty 3dx2−y2↑ orbital. On the Mn4+ the eg orbital

is empty. In the case of a filled 3dz2−r2↑ orbital the transition can be expressed as

2p → 3dx2−y2↑. From this it can be seen that depending on whether the polarization

of the x-rays is parallel or perpendicular to the local z axes a different scattering rate

will be observed.

It is worthwhile looking at the intensity changes of the diffraction peak with

the photon energy. Figure 5.7 shows the superlattice reflections at T = 25 K. By

tuning the x-ray photon energy over the L-edge strong changes in scattering intensity

are observed, the experimental procedure is explained in appendix A. Statically

4Rotation of the sample around the scattering vector.
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Figure 5.8: Theoretical spectra for the diffraction signal are shown. Figure a) presents
spectra based on atomic multiplett calculation, for different strength of the Jahn-Teller
distortion (top: no Jahn-Teller)[71, 43]. Figure (b) compares experimental and theoretical
spectra. The simulation is based one a cluster calculation and reproduces the different
peaks as well as their relative strength [72, 44].

this material has been extensively studied in the soft x-ray range [43, 44, 70]. The

spectral features arise from the splitting of the d-levels, caused by a combination

of Coulomb and Jahn-Teller interaction. In the former case the Coulomb repulsion

between orbitals with the same spatial distribution splits the unoccupied 3dz2−r2↓ and

3dz2−r2↑ level. The Jahn-Teller effect, on the other hand, would lead to a splitting of

the t2g orbitals. This is due to their single occupancy according to Hund’s rule [71].

This qualitative discussion implies that the Jahn-Teller and the Coulomb effect

influences the energy spectra in a different manner. Attempts have been made to

compare theoretical spectra with experimental ones and to attribute the features to

their microscopic origin [71, 43] and [72, 44, 53]. In figure 5.8 they are reproduced

from their respective publication. Static experiments and simulations suggests that

the features at L3 are strongly influenced by the Jahn-Teller distortion. This can be

seen in figure 5.8 a) where the energy spectra is calculated for different strength of

the Jahn-Teller distortion, measured by the parameter δ.

Time-resolved experiments could help to clarify the situation more; when a specific
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degree of freedom is selectively excited the corresponding changes of the spectral

features could be monitored on the ultrafast timescale. It would be expected that

spectral features depending on the Jahn-Teller distortion have a response time limited

by the phonon frequency, while features caused by the electronic degree of freedom

react promptly.
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Chapter 6

Time-resolved technique

6.1 Introduction

The study of dynamics is an important direction in science. Initially, time-resolved

experiments where performed mainly on macroscopic objects. The first reported

experiments of a ‘fast’ dynamical process was performed in the 1870’s by E. Muybridge

[73]. It aimed at solving the question of whether a horse had all four hooves above

the ground at any time during the gallop. Muybridge used an array of cameras along

the path of the horse. The horse triggered mechanical shutters on the cameras while

passing by. In this way Muybridge achieved, at the time, an unprecedented time

resolution. Later, the technique was advanced using flashes of light synchronized to

the investigated dynamic. This stroboscopic recording technique was developed by

Edgerton in the 1920’s at the Massachusetts Institute of Technology [74] to study

synchronous motors, it allows to ‘freeze’ dynamical events in time. Edgerton later

became famous for his studies on more lively objects, such as the dynamics during a

golf swing shown in figure 6.1.

Almost hundred years after Muybridge, in 1967 the Nobel Prize was awarded

to Eigen, Norrish and Porter [75] for a new type of spectroscopy, that studied the
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dynamics of a chemical reaction. Dynamics where initiated by depositing energy

into a chemical compound at equilibrium with a strong ‘pump’ light pulse. The

dynamics triggered in this way were subsequently measured with multiple, delayed,

probe pulses. The great innovation was to start at equilibrium and to initiate the

dynamics at a well defined point in time. The temporal resolution of such an approach

is then only limited by the duration of the pulses (pump and probe).

Figure 6.1: Example of a time-resolved experiment using the stroboscopic technique. In
contrast to the pump-probe technique the dynamic here is only initiated once and then
mapped using many synchronized light flashes, taken from [74].

In contrast to the stroboscopic approach, where many synchronized light flashes

interrogate with the ensuing dynamics, most pump-probe experiments to date only

use one pair of pump and probe pulse, see figure 6.2. When a single pair of pulses

is used the evolution of the dynamics is recorded many times, while only the relative

delay between the two pulses is adjusted.

Using a strong pump pulse allows to drive systems out of their equilibrium condi-
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Figure 6.2: Pump and probe pulse are shown on the time axes. In (a) one probe pulse
is used, different temporal delays are recorded consecutively, (b) shows the stroboscopic
approach where many probe pulses are used to sample the dynamic at once.

tion instead of only measuring how a system reaches a new equilibrium state. In this

way the scope of this pump-probe technique could be expanded greatly, for example

into the area of solid state physics. Furthermore, it lifts the restriction of measuring

as fast as the process occurs. This made the measurement independent of the reaction

speed and in principle it enables the ultraslow measurement of ultrafast processes.

Weak signals can be measured by integrating at a give delay for many hours (given

the stability of the setup). In order for a pump probe experiment, utilizing a sin-

gle probe pulse, to deliver reliable information, different pump pulses have to find

the sample in the same ground state. Due to great technical improvements Shank

extended the pump-probe technique into the femtosecond range [76]. Using these

technical advances Zewail was able to measure reaction times with a resolution in the

range of the fundamental timescale of the atomic motion (femtosecond) [77]. The

race for shorter pulses is still ongoing and the limit is now in the attosecond range

[12]. This allows experiments that measure the motion of electrons during a chemical

48



reaction. For example, an electron wavepacket completes a single revolution around

the hydrogen core within 152 attosecond [78].

In addition to the search for ever shorter pulses, another area of research is to

tailor the pump and probe pulse to specific properties of the material. The aim here

is to selectively deposit energy into specific degrees of freedom and then probe how

other degrees of freedom are affected. An ideal experiment for example would be to

selectively excite a specific type of lattice vibration in the system [13] and then use

femtosecond x-ray diffraction [15] to probe the response of the lattice or resonant soft

x-ray radiation to measure the evolution of the ordering phenomena of the electronic

degrees of freedom.
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6.2 Photo-stimulated dynamics in manganites

Some of the properties of manganites can be changed through chemical doping. A

more versatile approach to phase control is the application of external stimuli, such

as magnetic fields [79], pressure [80], electric currents [81] and x-ray [82] radiation.

In this way the properties can be controlled reversibly. Especially interesting for

the high-speed data processing and storage industry is to probe dynamics following

the excitation with visible light pulses. The demonstration of phase control was

successfully achieved with pulses spanning over a wide wavelength range, from the

terahertz [83] to the x-ray range [82]. The following paragraph gives a brief selection

of significant and intriguing experiments to this field.

Measuring the photocurrent between two electrodes offers an opportunity to probe

an insulator to metal transition. In this way the macroscopic parameter that clas-

sifies such a transition is directly sensed. This approach was pioneered by Miyano

et. al.; They showed that light excitation leads to the formation of a permanent

metallic state [84]. Figure 6.3 presents the voltage drop between the two electrodes

as reproduced from the original literature. In a similar way the conducting pathways

formed between the electrodes during this Insulator-Metal transition can be imaged.

Figure 6.3: Photocurrent after laser excita-
tion taken from [84].

This experiment revealed that the tran-

sient conducting path was filamentary

and lasted as long as a current flows be-

tween the electrodes [9, 10]. Still, due to

limits in the detection process, the pho-

tocurrent cannot be detected with a time

resolution better than a few nanosec-

onds.

In comparison, the use of light pulses

allows to measure changes on the ultra-
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fast timescale. When the reflectivity is probed on the ten femtosecond timescale,

oscillations from the excitation of phonons and other quasiparticles emerge. A di-

rect connection between the detected changes and their microscopic origin is not

possible. Moreover, changes in reflectivity arise from the interaction of many de-

grees of freedom. A careful analysis of the response in the time domain en-

ables a temporal filtering of changes caused by different degrees of freedom. For

example, the analysation of reflectivity oscillations showed that light excitation

can couple to the magnetic state [85], see figure 6.4. Wall et.al. irradiated

the charge and orbital ordered phase (COO) of LaMnO3 with ten femtosecond

light pulses, resonant to the charge transfer excitation between Mn3+ and Mn4+.

This modified the magnetic exchange constant J, leading to perturbation of the equi-

librium bond length. This demonstrated a complex coupling between light excitation

and the magnetic state of the material.

Figure 6.4: Reflectivity oscillation after ul-
trafast laser excitation taken from [85].

Connecting changes of macroscopic

sample properties to their microscopic

origin is also possible, to some extent,

by analysing the polarization of the re-

flected light. Isihkawa et.al. [65] showed

that the rotation of reflected, linear po-

larized, light is different for the COO

phase compared to the unordered one.

This change in optical anisotropy (or

birefringence) was used by Ogasawara et. al. to detect changes in the COO order [54].

Intense 200 fs light pulses were found to melt the electronic order in La0.5Sr1.5MnO4.

The extension of this technique into the ten femtosecond range will be presented in

chapter 7.

The polarization of the electromagnetic wave can also be used to study the mag-
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netic state of a material. In the cubic system La0.6Sr0.4MnO3 the spin dynamics was

measured with time-resolved magneto-optical Kerr spectroscopy (TRMOKE). Here,

changes in the polarization of circular light are detected, which is influenced by the

sample magnetization. This allows to separate them from reflectivity changes. Thus

it is possible to disentangle low-energy excitation from the delayed photo-induced

demagnetization [86].

Also using TRMOKE Koopman et. al. [87] disentangled the magnetical and

optical contribution on the few hundred femtosecond timescale. They investigated

the relationship between optical excitation and magnetization. In the first few hun-

dred femtoseconds after photo excitation they found a drop in magnetization and

explained this on the ground of dichroic bleaching, providing evidence for a strong

non-magneticc contribution to the magneto optical response on the femtosecond time

scale.

Especially relevant for investigating magnetic structures is second harmonic gener-

ation (SHG). Generally forbidden in systems with space inversion symmetry, it occurs

when this symmetry is broken by the distribution of charges or spins [88, 89, 90]. For

example, it is found that below the Neel temperature of HoMnO3 a second harmonic

signal appears, and due to the characteristic tensor component χijk the magnetic

space symmetry can be distinguished.

As common theme of the above, it follows that the polarisation of reflected light

can help to disentangle the different degrees of freedom, especially on the ultrafast

timescale where other suitable probes are not available yet. Still, this is not an

ideal approach as the microscopic changes are buried under the macroscopic sample

response. It is possible that different degrees of freedom influence the polarization

simultaneously, especially in a non-equilibrium condition.

A more selective way that directly accesses only the lattice degree of freedom,

is to use hard x-ray diffraction. Beaud et. al. [91] used femtosecond x-ray radi-
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ation generated by a storage ring, with a time resolution of 195 fs. The material

La0.42Ca0.58MnO3 was excited with 1.55 eV light pulses, resonant to the intra atomic

t32ge
1
g(Mn3+) → t22ge

2
g(Mn3+) transition [92]. Depending on the excitation fluence it

was possible to separate two distinctive regimes: for low fluence a displacive excitation

of Ag-phonons was observed. Above a threshold fluence the Jahn-Teller distortion is

released, evidenced by the disappearance of the superlattice peak. Thus a complete

phase transition occurs within the first picosecond.

A direct comparison between photoinduced and static phases can be achieved

through XANES1. It is a very powerful tool to measure changes in the hybridization

between for example the manganese ions and the oxygen ligands. The hybridisation

between the manganese 3d- and the oxygen 2p-states directly influences the prop-

erties of the valence and the conduction band. Rini et. al. found that transient

photoinduced XANES spectra resemble the ferromagnetic static spectra which can

be reached when cooling the sample [83].

The following chapters present new contributions in this field. First, measurements

on the ultrafast timescale of the optical anisotropy are presented. A discussion of the

time-resolved diffraction chamber follows. Finally, measurements on the orbital and

spin order in the photoexcited phase of the manganites La0.5Sr1.5MnO4 are reported.

These examples illustrated that light excitation allows to switch an insulating to

a metallic phase. Two avenues where presented: Firstly, exciting and probing the

changes on ultrafast timescales. Secondly, the use of selective probes was demon-

strated. In the following contributions in both directions are presented.

1X-ray Absorption Near Edge Structure
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Chapter 7

Ultrafast photoinduced melting of

the orbital order in La0.5Sr1.5MnO4

7.1 Introduction

As previously discussed, there are several competing explanations for the onset of

orbital order. It can arise from a Jahn-Teller driven lattice distortion or, alternatively,

it can be attributed to an electronic exchange mechanism as explained by van den

Brink [38]. However, a concensus on the matter has yet to be reached and it remains

a hotly debated topic [44, 41, 71, 70, 93], see also chapter 3.5.

For a time-resolved experiment to be able to distinguish between the two compet-

ing scenarios it is necessary to have a time resolution that is better than the speed at

which the lattice can react to an external perturbation. It was shown [94] that this is

related to the frequency of the phonons. Depending on the type of phonon present,

it can be related to the inverse of half the phonon frequency. The highest phonon

modes reported in this material are in-plane Mn-O stretching modes at 693 cm−1

[95], corresponding to a half period of 24 fs. Therefore, a time resolution better than

24 fs would be required to separate electronic from lattice driven effects, following
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the argument in [15]. On this short timescale the electron and lattice system have

not thermalized [85]. Therefore, the coherent response of the system dominates the

sample response.

In the prototypical compound La0.5Sr1.5MnO4 the charge and orbital order can

be probed using visible light [65, 42]. In this ‘all-optical’ approach the rotation of

polarised reflected light pulses is analysed. This measurement can be performed on

the ultrafast timescale, with suitable short pulses of light. Previous studies used

200 fs long pulses [54], too long to measure the dynamics on their natural timescale.

Here, ultrafast measurements of the optical anisotropy after photo excitation are re-

ported. To this end the system is disturbed with 16 fs pulses from its electronically

ordered state. Changes in the orbital order are then probed by measuring the optical

anisotropy. It is found that the sample response is limited by the integral of the cross

correlation between pump and probe pulse. Also observed is the near-complete melt-

ing of the orbital order within the first tens of femtoseconds after photo-excitation.
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Figure 7.1: Experimental setup to measure the ultrafast optical anisotropy.

7.2 Experimental setup

Figure 7.1 shows the layout of the pump-probe experiment. A Titanium sapphire

laser with a repetition frequency of 1kHz (KMLabs Dragon Series) feeds two identical

non-collinear optical parametric amplifiers (NOPA). In the NOPA 800 nm 30 fs long

input pulses are converted into shorter pulses with a tunable central wavelength. This

work used 16 fs (FWHM) long pulses with a center wavelength that could be adjusted

between 550 to 700 nm. The design of the NOPAs is taken from a paper by Cerullo et.

al.[96]. The 800 nm input pulses are split into two arms: The first one is upconverted

to 400 nm and acts later as an amplifing pulse. The second one is used to generate

a broad and stable white light continuum and acts as a seed pulse. With a delay

stage between the two arms it is possible to select a wavelength from the seed pulse

that is amplified through mixing with the 400 nm pump light in a nonlinear crystal

(BBO 1 mm thick and cut at 32◦). The amplified bandwidth depends on the angle

between the two beams inside the crystal and is adjusted to be as large as possible.
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Figure 7.2: (a) Spectra of pump (560 nm) and probe pulse (630 nm) (b) Cross correlation
between pump and probe pulse.

These amplified pulses are later compressed using several bounces on chirped mirrors

to remove the temporal chirp and to deliver short pulses at the sample position. This

pulse is used to excite the sample.

This process is repeated to generate a second, independent pulse. The pump pulse,

with a central wavelength of 560 nm, was sent over a delay stage and modulated by

a chopper. The wavelength of the probe pulse was tuned to 630 nm to maximize the

anisotropic signal in the orbital ordered phase, according to [65]. Figure 7.2 a) shows

the spectra and b) the cross correlation between pump and probe pulse.

A schematic of the experimental setup used to measure the polarization rotation

of the reflected light is shown in figure 7.3. Before the light pulse hits the sample a

polarizor fixes the polarisation state, so that it is aligned 45 degrees with respect to

the principal axes (a’, b’). After the reflection, a notch filter selects a narrow region

(10 nm) around the center wavelength. The Wollaston prism is used to analyse the
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Figure 7.3: Experimental setup to measure the optical anisotropy.

polarisation state of the light. It separates the light into a parallel (R⊥) and perpen-

dicular (R||) component relative to the incoming light vector. The light was detected

with standard silicon diodes measured in a Lock-In difference detection scheme.

The beams are focused using a mirror with a focal length of f = 200 mm. This

resulted in a spot size for the pump pulse of 90 µm and for the probe pulse of 50

µm. The maximum pumping power was measured to be P=640 nJ, which translates

into a maximum excitation density at the sample position of 9.5 mJ/cm2. The probe

arm was attenuated by replacing a mirror with a neutral density filter so that no

additional dispersion was inserted into the pulse, the power was measured to be 74

nJ. In order to measure the pulse duration and to determine time zero, the beams

were sent into the BBO crystal by placing a mirror just before the sample.

58



0 4 8

-0.15

-0.10

-0.05

0.00
0 100 200

0.00

0.05

0.10

R
p/
R

||

 

 R
/R

fluence (mJ/cm2)

 Rp/R||
 Ra'/Ra'

  

 Temperature (K)
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the static optical anisotropy.

7.3 Experimental results

Figure 7.4 shows the change in the reflectivity (open dots) and the change of the op-

tical anisotropy (filled dots) with fluence (sample temperature of 20 K). Remarkably,

there is a difference between the reflectivity along the a-axis (R′
a) and the optical

anisotropy signal (R⊥

R||
=

R
a′−R

b′

R
a′+R

b′
)). If the light is polarized along a principal axis,

the system does not show any saturation and the reflectivity decreases linearly with

increasing fluence (measured at a pump probe delay of 200 fs after time zero). How-

ever, the change in the optical anisotropy signal settles to a constant value of 0.07

above 6 mJ/cm2. This fluence corresponds to an excitation of 1 out of 10 manganese

ions, or a density of 10 %. If the fluence is decreased towards zero, the change in the

optical anisotropy follows with a near-linear behaviour. Also very small fluences are

already inducing a measurable dynamic in the system, so that no threshold could be
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observed. This observation shows that the melting of the orbital order can already

be initiated with very little activation energy. This contrasts with what has been

reported in VO2 [15, 97], in which photo excitation melts a Peierls distorted phase

and the pump induced change was found to be slower than the pulse duration. This

was interpreted to arise from the lattice relaxation as the limiting factor [94].

In Figure 7.5 the birefringence signal is plotted as a function of the time delay

between pump and probe for three different fluences. The high fluence curve was

measured in saturation as determined from Figure 7.4. The loss of birefringence (R⊥

R||
)

in saturation is strong, it drops to 30 % of the static value within the first 50 fs.

The changes due to photo-doping are shown together with the integral of the cross

correlation signal (scaled to the signal at 50 fs for each trace). This clearly shows

that the timescale for the drop in birefringence is limited by the pulse integral, which

it follows almost identically. This finding together with the threshold-less fluence
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dependence points towards an electronic effect that stabilizes the orbital ordered

phase.

These measurements show that, after photo excitation, the orbital order signal

collapses at a resolution limited rate given by the integral of the cross correlation

of the 16 fs pump and probe pulse. This is achieved for a photo-doping density

of 10 %. This fast relaxation of the order points towards an electronic mechanism

leading to the phase transition. Lattice effects such as the relaxing of Jahn-Teller

phonons could still be involed but are limited to an overdamped contribution of the

highest frequency phonons. Alternatively, the fast decline could also be explained by

a mechanism similar to photo-bleaching where the occupancy of the ordered d-orbital

system is promptly changed by the laser excitation making the system more isotropic.

Even though this could explain the fast decline of the optical anisotropy it would not

be expected that a reduction in signal amplitude of 70 % could be achieved with a

photo-doping density of 10 %.

These measurements reveal that ultrafast changes can be induced on the few

femtosecond timescale. In order to learn more about the underlying interactions

a more specific probe is needed. To address this, a time-resolved resonant x-ray

diffractometer was developed. The setup and some experiments are presented in the

next chapters.
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Chapter 8

Time-resolved resonant x-ray

diffractometer

8.1 Introduction

The theoretical background of resonant x-ray diffraction (RXD) has been introduced

in chapter 4. The current one aims to describe the experimental extension of RXD

into the time-domain. It starts with a brief introduction to the genarating principles

and to the characteristics of x-ray radiation. There follows a description of the time-

resolved x-ray diffractometer that was designed and build during this thesis.

8.2 Generation of x-rays

The primary source for x-rays was the Diamond Light Source in the United Kingdom

[98]. Operational since early 2007 it delivers high brilliant electromagnetic radiation

[99] extending from the infrared (2.4 meV) to the ultra hard x-ray range (150 keV).

The stored electrons have an energy of 3 GeV at a current of 300 mA. It operates

in the so called ‘top-up’ mode [100], where the lost charge is added regularly during

the operation. This leads to an intensity variation of the x-rays on the sample of less
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Figure 8.1: The figure shows the schematic of the beam line I06 at Diamond Light Source
in the UK.

then one percent.

8.2.1 Beamline I06

The x-ray experiments presented in this thesis were performed on the branch line of

beamline I06 (dotted boxes in figure 8.1) at the Diamond Light Source. X-rays are

generated from the electron bunch in an APPLE 2 undulator, which provide complete

polarisation control by changing the relative alignment of the magnetic poles. For

linear vertical light the energy can be varied between 130 - 1500 eV and 80 - 2100

eV for linear horizontal light. After the undulator a plain grating monochromator

spectrally filters the light, with a minimal energy resolution of 40 meV.

The spot sizes were measured using the knife edge technique. In figure 8.2 the

x-ray beam profile is shown. X-ray radiation is converted into the visible using a

phosphor screen on the sample holder and then captured with a CCD camera.

8.2.2 Camshaft mode

The Diamond Light Source storage ring allows the storage of 936 electron bunches

which are 2 ns apart. When the ring is completly filled the repetition frequency of
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Figure 8.2: The beam profile at the sample position is shown.
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Figure 8.3: Shows the bunch structure in the camshaft mode of Diamond Light Source
from different perspectives as explained in the text.
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Single bucket revolution frequency 533.82 kHz
X-ray repetition frequency (master frequency) 499.65 Mhz
Pulse duration in normal operation 80 ps
MIRA repetition rate 83.275 MHz
MIRA oscillator master clock 83.275/2 MHz
REGA repetition frequency 11 KHz - 266.91 KHz

Table 8.1: Important frequencies of the storage ring and laser.

the x-rays is 499.654 MHz. Every single electron bunch has a revolution frequency of

533.82 kHz.

In addition to the standard filling pattern, where two-thirds of the ring is filled

with equally spaced electron bunches, there are several special filling patterns. The

filling pattern used for time-resolved experiments is the ‘camshaft’ or ‘hybrid’ mode.

This special filling pattern is shown in figure 8.3:

a) schematic filling pattern of the ring in real space

b) schematic of the intensity over time

c) trace of several revolutions recorded on an oscilloscope using an avalanche photo

diode

d) a closer examination of a single revolution.

Similar to the standard fill, two-thirds of the ring is filled with electrons (the multi-

bunch) while the other third stores only one electron bunch. This individual bunch is

separated by several hundred nanoseconds on either side and is refered to as ‘camshaft’

or timing pulse. The gap is required to allow enough time for the electronics to gate

the signal generated from the ‘camshaft’ pulse. Since there is a wide gap on either

side it is possible to store ten times more charge in the ‘camshaft’ pulse (5.6 nC)

compared to the multibunch pulses (0.4 nC).
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8.2.3 Low-alpha mode

The longitudinal spatial extent of the electron bunch defines the duration of the gen-

erated x-rays. However, due to the Coulomb repulsion, electron bunches with a high

charge cannot be compressed in modern day storage rings, as the Coulomb repulsion

between the electrons limits the region in space to which they can be compressed.

Different techniques have been employed to create short x-ray pulses in storage rings.

Among them is the slicing method [101] or the ‘low-alpha’ mode [102]. Both methods

reduce the pulse width at the expense of x-ray flux. With femtosecond slicing, it is

possible to generate x-ray pulses as short as 50 fs [103, 104] but the intensity is too

weak to generate an x-ray flux that allows soft x-ray diffraction, except for materials

with exceptional high diffraction efficiency [105].

A technique that provides more flux, albeit at the expense of longer pulses, is

the ‘low-alpha’ mode. It refers to a mode where modifications to the electron filling

pattern of the storage ring are used to reduce the longitudinal width of the electron

buckets. Namely, the momentum compression factor alpha is changed, leading to

steeper electron buckets [106, 107]. The shortest pulses reported are 1.6 ps FWHM

with a charge of 4 pC from Bessy 2 [102]. Chapter 9 reports on measurements in

the ‘low alpha’ mode at Diamond Light Source, where a charge of 64 pC was used to

generate 10 ps (FWHM) pulses. This was the shortest pulse duration that allowed the

detection of a sizeable number of scattered photons. For comparison, the bunch length

in normal operation is measured to be 80 ps when 6 nC of charge is stored. In figure

8.4 the filling patterns for normal mode operation, and for ‘low-alpha’ operation, are

shown.
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Figure 8.4: Comparison of the charge in the ‘low-alpha’ mode (red) with the normal mode
filling pattern (black). In the ‘low-alpha’ mode the charge in the timing pulse is roughly a
factor of 100 less.

8.3 Time-resolved diffractometer

8.3.1 Chamber layout

A schematical layout of the excitation and scattering geometry and the experimental

chamber are shown in figure 8.5 and figure 8.6, respectively. The chamber is equipped

with a Turbo and an Ion pump, allowing a base pressure better then 10−9 mbar. X-

rays enter the chamber through a 2 mm diameter hole in a silver mirror. This ‘holey

mirror’ geometry is used to couple x-ray and visible pump light collinearly into the

chamber, reducing non-collinear temporal smear and aiding in the spatial overlap,

see inset in figure 8.5. The x-rays hit the sample at an angle θ and are diffracted

according to the Bragg equation

d sin θ =
λ

2
. (8.1)
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Figure 8.5: The diffraction geometry is shown. The inset illustrates the advantage of the
‘holey-mirror’ configuration that allows a near collinear propagation between the two beams
leading to an increased overlap depth in the propagation direction.

The diffracted photons are captured with a detector at an angle of 2θ located

200 mm away. The diffractometer is based on a θ − 2θ design and has independent

manipulators for the sample (θ) and the detector rotation (2θ). The sample is fixed

to a liquid helium flow cryostat from Oxford Instruments, allowing control of the

sample temperature between 5 and 400 K. A commercial UHV manipulator holds the

cryostat and is mounted from the top, providing 4 degrees of motion, see figure 8.6

(a). The degrees of motion are:

1. rotation (θ);

2. translation of the sample parallel to the beam (x);

3. translation perpendicular to the beam (y);

4. vertical motion (z).

The detector assembly is mounted from below and fitted with a differentially-

pumped rotation and a linear translation stage (z motion) to move the detectors up
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Figure 8.6: (a) Schematic to illustrate the degrees of motion of the diffractometer. (b)
Drawing of the diffraction chamber viewed from the top.

and down. The detector arm has a length of 200 mm and holds an array of detectors

for different purposes which will be described more thoroughly in the next section.

Downstream of the main chamber a second side chamber houses a fixed detector

array with an avalanche photodiode (C30902SH from Perkin Elmer) and a static pho-

todiode (AXUV100 from International Radiation Detectors). The avalanche photo

diode is used to measure the temporal delay between x-ray and optical pulses. The

static diode can record the intensity of the direct x-ray and laser beam, and is used

in the alignment procedure for finding the spatial overlap between pump and probe.

It is also for aligning the sample to the centre of rotation.

All rotation stages have a reproducibility of better then ±0.01 deg and the linear

motions are better then ±10 µm. Motors are controlled via the computer system

EPICS and the data acquisition is done in GDA, both developed at the Darsebury

Synchrotron and at the Diamond Light Source. Alternatively the complete system

can be controlled by a personal computer and Labview.
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Figure 8.7: Shows the detection scheme that was used for the time-resolved diffraction
measurements. In the top left corner the signal is detected in the detector and represented
in the bottom right corner as counts in the computer. See text for further explanation.

8.3.2 Detection system

In figure 8.7 the flow diagram of the detection scheme is shown. It starts at the top

left corner with the detector and finishes in the bottom right corner with a signal in

the computer.

The detector has to fulfil several conditions:� fast to resolve the bunch structure from figure 8.3;� able to detect single photons;� completely solar blind to the 1.6 eV pump photons.

A multichannel plate (MCP) naturally combines all these aspects (Photonis APD

MINITOF 8). The MCP converts the incoming x-rays into electrons with an efficiency

of 10 % and a gain of 2000. It has an active area of 8 mm. The signal from the detector

is coupled out of the chamber using a 50 Ω SMA feed-through and is subsequently

amplified. The amplifier (Ortec Instruments 9306) has a gain of 36 dB with a broad

bandwidth of 1 Ghz, this preserves the bunch structure during the amplification. The
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amplifier has two identical output ports. The amplified signal is then fed into two

identical gated discriminators, together with a gate signal that is generated from a

delay generator (DS 535 Stanford Research) synchronized to the master clock of the

storage ring. The gate signal triggers the discriminators. One discriminator measures

the laser ‘on’ signal and the other measures the laser ‘off’ channel. The signal from

the discriminator is read out with a scaler card delivering the detected x-rays per

second. The use of two discriminators allows the measurement of the signal in the

photoexcited phase and, with every other pulse, a reference signal when the sample is

in its ground state. In figure 8.3 b) this differential detection mechanism is shown. To

make this measurement possible the repetition rate of the laser has to be smaller then

half the revolution frequency of the camshaft repetition rate (νlaser <
533.82

2
kHz).

8.3.3 Laser system

The laser system is a commercial system from Coherent. Ultrafast laser pulses are

generated in the oscillator (MIRA), which is used to seed a regenerative amplifier

(REGA). Both the oscillator and the amplifier are pumped by the same Verdi V18

pump source making this system very stable and easy to use. In order to synchro-

nize the laser and the storage ring the cavity of the MIRA is matched to exactly

one sixth (83.275 MHz) of the storage ring master clock frequency. The stabiliza-

tion is achieved via an electronic feedback loop, controlled by a commercial device

(Syncrolock, Coherent). Figure 8.8 shows a flow diagram of the feedback loop.

The Synchrolock receives the frequency from the storage ring master clock (1)

and the oscillator frequency (2) from an external photodiode. The jitter between the

two pulses is minimized by adjusting the length of the oscillator cavity (3), using a

piezo element on the end mirror. The manufacturer specifications are a jitter of less

than 500 fs. Whilst the repetition frequency of the MIRA is locked the frequency

of the REGA system can be adjusted from 266.91 kHz (exactly half the revolution
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Figure 8.8: Shows a schematic of the synchronization of the Laser oscillator (Mira) with
the storage ring. The phase looking between the pulses is achieved via an active feedback
loop controlled from the Syncrolock.

frequency of the storage ring) down to 11 kHz. Depending on the repetition frequency

the maximum pulse energy of the REGA is 4-6 µJ at the sample, with a pulse width

of 200 fs.

8.3.4 Controlling the delay between pump and probe

Temporal synchronization of the optical pump and x-ray probe pulse is accomplished

by a combination of electronic and mechanical delay. Gross temporal alignment

is achieved by selecting which oscillator pulse is used for amplification. The delay

achieved in this way is an integer multiple (n) of the oscillator clock (half the repetition

frequency) tc = n · 2/83.275 Mhz ≈ n · 24 ns.

A finer delay can be generated by changing the phase delay in the synchrolock.

This allows a continous adjustment between 0 - 12 ns or between 12 - 24 ns depending

on an internal setting in the controller of the amplifier system.

The finest temporal adjustment is accomplished by using the mechanical delay. A
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Figure 8.9: Illustrates the different delays that can be used to generate a temporal sepa-
ration between the laser pump source and the x-ray probe source.

standard Newport motor is used giving a full range of 1 ns and a temporal resolution

of 1 fs, in figure 8.9 the delays are illustrated graphically.
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Chapter 9

Metastable electronic order in a

photo excited manganite

9.1 Introduction

This chapter reports on measurements using the technique of time-resolved resonant

soft x-ray diffraction (SXRD), the dynamics of charge and orbital order in the single-

layer, half-doped Manganite La0.5Sr1.5MnO4 are studied. Light excitation is found

to melt CE antiferromagnetic order non-thermally, melting spin correlations between

planes and altering the balance between super-exchange and Jahn-Teller-mediated

orbital ordering within each plane.

9.2 Experimental setup

A femtosecond laser was synchronized to trains of soft x-ray pulses from the I06

beamline at the Diamond Light Source, making it possible to perform optical-pump

resonant soft x-ray diffraction probe experiments, with a time resolution limited by

the duration of the x-ray pulses, approximately 50 ps in normal operation and 10

ps in ‘low-alpha’ operation, as explained in chapter 8. Superstructures were clearly
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Figure 9.1: Schematic of the technical layout of time-resolved soft x-ray resonant diffrac-
tion.

resolved statically as well as dynamically, despite the significant reduction in x-ray

flux caused by gating only less than one pulse per 20000. La0.5Sr1.5MnO4 was photo

excited with 200 fs laser pulses at a wavelength of 800 nm (1.6 eV), with the light

polarized in the ab plane. The x-ray radiation was set to vertical polarization and

to an energy resolution of 0.14 eV. For the measurements the x-ray spot size was

measured to be 100 µm while the laser spot size was 150 µm.

9.3 Time- and energy-resolved dynamics

Figure 9.2 a) and 9.2 c), report the time-resolved photo-induced changes in diffraction

for the (1/4 1/4 1/2) magnetic and for the (1/4 1/4 0) orbital peak. The plotted data

are relative changes between laser ‘on’ and laser ‘off’ output of the discriminators.

Measurements were performed at 641.5 eV and 640.25 eV near the Mn L-edge. Figure

9.2 a) shows the decrease in antiferromagnetic order along the c-axis, proportional

to the (1/4 1/4 1/2) scattering signal, which was completely melted for all excitation
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Figure 9.2: Photo-induced normalized change of the diffraction signal (∆D/D) for the
(1/4 1/4 1/2) (a) and the (1/4 1/4 0) (c) peak. The panels (b) and (d) are showing the amplitude
of the diffraction signal at a pump-probe delay time τ=200 ps (full red dots) in comparison
to the one the static trace (black open dots).

fluences above 5 mJ/cm2. The energy-resolved curves show a complete suppression

at all wavelengths (see figure 9.2 b), leaving a weak, structureless signal with the

same wavelength dependence as off-axis fluorescence. The off axis fluorescence signal

was collected at fixed scattering angles of θ = 45 deg, 2θ = 90 deg while the incoming

photon energy is tuned over the absorption edge. The recorded fluorescence is directly

related to the absorption of the crystal and agrees well with total electron yield

measurements [108].

Figure 9.2 d) shows the energy dependence of this (1/4 1/4 0) orbital order peak

at a time delay of τ = 200 ps after photo excitation, along with the static diffraction

spectrum taken before photo excitation. In contrast to the magnetic ordering, the

photo-induced reduction of two-dimensional orbital order was measured to plateau of

at 25%, even when the excitation was increased to 10 mJ/cm2. These results show
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Figure 9.3: Fluence dependent scans of the change in diffraction intensity (∆D/D) for the
(1/4 1/4 1/2) and (1/4 1/4 0) peak at a sample temperature of 25 K measured at a pump-probe
delay τ = 200 ps.

that photo excitation with 1.6 eV light pulses can cause a complete reduction of the

signal that arises from the antiferromagnetic inter-layer coupling in the c direction.

On the other hand, the diffraction signal due to the in-plane orbital order is only

partially reduced by the photo excitation. As the antiferromagnetic and orbital or-

dering occurs at different temperatures, a possible explanation of this data would

be that the ordering phenomena have a different dependence on the fluence. Thus

a complete extinction for the orbital ordering signal may also be possible at higher

pumping power. Therefore, as a next step the change of the diffraction signal at

different fluencies was measured.

9.3.1 Dependence on the excitation fluence

In figure 9.3 the fluence dependent signal at a particular energy (E 1

4

1

4

1

2

= 641.5 eV,

E 1

4

1

4
0= 640.25 eV) and a fixed delay of τ = 200 ps is shown. In order to reduce the

pumping power of the laser a λ/2- plate and a polarizer was placed before the focusing

mirror. This allowed the laser power to be continuously adjusted without changing

the direction of the beam.

Both peaks show a qualitative similar fluence behaviour. The (1/4 1/4 0) graph is

considerably more noisy, due to a weaker diffraction efficiency. For the (1/4 1/4 1/2) as

well as for the (1/4 1/4 0) peak a small excitation fluence is sufficient to induce changes

77



in the system. The induced dynamics level off of at a fluence of 5-6 mJ/cm2. The

similar saturation energy indicates a common origin for changes in the two peaks.

9.3.2 Low-alpha data

In figure 9.4 time-resolved dynamics are shown when the Diamond Light Source

operates in the ‘low-alpha’ mode. This is a mode of operation in which the generated

x-rays have a shorter temporal duration at the expense of a reduced x-ray intensity,

as explained in 8.2.3.

Here, measurements with a bunch length of 10 ps for the (1/4 1/4 1/2) peak are

reported. Due to the combination of the reduced x-ray intensity in the ‘low-alpha’

mode and a weaker diffraction efficiency, measurements on the (1/4 1/4 0) peak where

not possible. The measurements shown in 9.4 a) are averaged over several traces

accumulated over the course of 6 hours. The data points are the measured data

while the red curve is a fit using an error function with a full width at half maximum

(FWHM) determined to be 10 ps. This measurement compares well to the FWHM

of the electron bunch as measured with a streak camera inside the storage ring, by

the Diamond light source. Energy-resolved scans where taken at a delay of 15 ps,

similar to the one shown in figure 9.2. It is clearly visible that on this timescale the

photo-induced melting of the diffraction peak has already completely occurred and

the remaining signal is only due to fluorescence. An attempt to measure the time-

resolved dynamics with 3 ps pulses was also made. For this measurements the flux

was reduced by a factor of 50 compared to the 10 ps measurement. The count rate

for the diffracted x-rays then had a similar magnitude to the detector noise, making

a measurement infeasible.
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Figure 9.4: Time- and energy-resolved scans performed in the ‘low-alpha’ mode.

9.4 Nanosecond dynamics

At longer times we observe the relaxation back to the magnetically ordered ground

state with at least three timescales, in figure 9.5 the data for pump fluences of 2

mJ/cm2 and 5.5 mJ/cm2 are shown for the (1/4 1/4 1/2) peak. A delay of between -300

and 400 ps was introduced by the mechanical delay stage whilst longer delays were

introduced electronically, for more details see 8.3.4. In the case of a high fluence two

of these timescales could be fitted to exponential decays of τ1 = 10 and τ2 = 110 ns,

while a much longer timescale, visible as a plateau at about 7 % of the signal loss (in

the high fluence data), extends well beyond the window of our measurements. In the

low fluence data the decay times are τ1 = 5 and τ2 = 82 ns and the plateau is 4 % of

the signal at τ = 0 ps. The faster decay time τ1 is close to the thermal diffusion time

in the material τD = 5 ns. This time is calculated by using the coefficient of a related

compound (La1−x SrxMnO3) [109], D = 0.5 mm2/s (τdiff ≈ L2/D, where L = 60 nm is
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Figure 9.5: The nanosecond dynamics of the magnetic (1/4 1/4 1/2) peak is depicted.

the absorption depth). Differences might arise from the non-equilibrium conditions

after photo excitation.

The present data set does not allow a clear interpretation of the fluence dependence

of the relaxation dynamics. These are likely driven by a combination of heat diffusion

and nucleation of CE antiferromagnetic order. Other experiments are needed to clarify

the processes that occur during the relaxation of the transient dynamics. For example,

a measurement of the diffraction peak width could reveal how the relaxation takes

place, see appendix B. One possibility could be that the photo excitation reduces the

scattering strength and leaves the spatial correlation unaffected. It could therefore

be expected that the peak intensity decreases, leaving the width constant. If on the

other hand the spatial correlation is destroyed then the peak could be expected to

narrow during the relaxation process.

Another possible experiment is the measurement of x-ray magnetic circular dichro-

ism (XMCD) or x-ray magnetic linear dichroism (XMLD) signals which could reveal
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Figure 9.6: (a) Temperature dependent scattering intensity at the (1/4 1/4 1/2) peak
recorded at 641.5 eV. (b) Calculated temperature profile for a fluence of Φ= 9.2 mJ/cm2

over the distance from the surface. (c) The fluence dependent scattering intensity of the
(1/4 1/4 1/2) peak (squares), the thin lines are the calculated fraction of the probed volume
above Tc for different absorption depth of the pumped light.

the magnetic state during the relaxation process. These measurements would provide

further insight into the different relaxation times and their origins.

9.5 Laser heating effects

Before proposing an interpretation to the observations, it is important to consider

the effect of heating due to the laser power. If the temperature was raised above

TN = 110 K but remained below TOO/CO = 220 K, magnetic ordering would melt,

whilst in-plane orbital order would only be reduced. Analysis of the data excludes

this explanation.

First, we can calculate an upper limit for the laser induced heating. As a simple

first step we start by assuming that the photo-excited volume (defined by the laser
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Figure 9.7: Optical absorption spectra in La0.5Sr1.5MnO4 after Kramers-Kronig of reflec-
tivity data from [65]

spot size and the linear absorption depth) is heated once equilibrium between electrons

and lattice is reached. For now we assume that laser power is absorbed homogenously,

this will be refined later to incorporate the exponentially decaying amplitude into the

material. From literature data we extract the optical constants n = 1.29, k = 0.966

at 1.6 eV using Kramers-Kronig analysis, and find the absorption depth to be d =

λ/4πk = 60 nm and 25 % reflectivity at 10 K. At room temperature these values

change to d=65 nm, R=16 %. In the absence of diffusion, we calculate that 138

J/cm3 thermalizes into the solid for each mJ/cm2 of absorbed laser fluence.

From the temperature dependent specific heat C(T), the increase in temperature

(averaged over the absorption depth) is computed for all excitation fluences. A max-

imum of 50 K for excitation with a pump fluence of 5 mJ/cm2 is calculated. This

temperature increase is most likely overestimated, since carrier and heat diffusion will

transport a fraction of the energy into the bulk before thermalisation. In figure 9.6 a)

we report on the static changes in diffraction intensity for the (1/4 1/4 1/2) peak at an

energy of 641.5 eV. According to this, a temperature jump of 50 K could not explain

the strong reduction in diffracted intensity.

This calculation can be extended to include the absorbed intensity profile inside
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the material. The exponential absorption means that areas close to the surface are

hotter than the average temperature of the probed region. In order to see if this

could explain the observed shape for the fluence dependance, the temperature profile

over the absorption depth was calculated, shown in figure 9.6 b) for a fluence of 9.2

mJ/cm2. The dashed line shows the transition temperature, the grey area is indicating

the part of the probed volume that is above TN . In figure 9.6 c) we reproduce the

fluence dependent change of the photo-induced signal for the (1/4 1/4 1/2) peak at T

= 25 K alongside a plot that shows the fraction of the pumped volume over TN .

Both curves remain significantly different. Already for weak excitation we measure a

sizeable photo-induced drop in diffraction intensity, saturating near 5 mJ/cm2. This

is in contrast to the temperature dependance of the peak (when the laser pulses

are blocked), which is essentially constant up to TN = 110 K. This experimental

observation is strengthened by the calculation of the volume fraction over TN for

different fluencies. In a pure thermal scenario the deposited energy has to be high

enough to heat the system by more then 85 K. It is worth noting that in order

to reproduce the shape that we observed experimentally (no threshold) we need to

change the critical temperature in the calculation towards a much lower value (≈ 40

K).

Additionally, the presented calculation can be regarded as an upper limit for the

heating scenario. As mentioned earlier the electrons will propagate out of the volume

due to charge scattering and diffusion processes. This increases the effective volume

over which the hot electrons thermalize with the lattice. In figure 9.6 c) this scenario

is indicated. The lines that gradually thin out correspond to situations where the

electrons diffuse deeper into the bulk. This carrier diffusion moves the observed

fluence threshold to higher values.

Figure 9.8 shows the pump induced change of the (1/4 1/4 0) scattering intensity

43 µs after the excitation has taken place at different base temperature. This delay

83



Figure 9.8: The figure shows the relative changes of the (1/4 1/4 0) peak 43 µs after time
zero for different fluences and different sample temperatures. In the bottom left blue area
the sample has relaxed back to the ground state.

is chosen deliberately, it is directly before the next excitation pulse arrives. For low

fluences (the bottom left corner) the pump induced changes have relaxed back to

the ground state (blue areas). This contrasts with the situation observed for higher

fluences or higher base temperatures, here an average decrease in diffraction intensity

is observable and the system does not recover before the next pump pulse arrives.
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Figure 9.9: Schematic view of the photo-excitation that transfers charge predominantly
along the ferromagnetic aligned chains. Thus transforming a Mn4+/(Mn3+/Mn4+)/Mn3+

chain into a Mn4+/(Mn4+/Mn3+)/Mn3+

9.6 Interpretation

Charge order in La0.5Sr1.5MnO4 is often described as a checkerboard charge pattern

of alternating Mn3+ and Mn4+ - cations. Complete charge separation is unlikely to

have fully occured and this pattern is best understood as a charge density wave

of Mn3.5+δ and Mn3.5−δ [62]. However, for the purposes of the following discus-

sion the charge separation picture will be used. Due to the strong on-site Hund’s

coupling, excitation with linearly polarized light at 1.6 eV cannot transfer charge

between antiferromagnetically coupled sites, and corresponds only to charge trans-

fer along the Mn4+/Mn3+/Mn4+/Mn3+ ‘zigzag’ chains[110], transforming them into

- Mn4+/Mn4+/Mn3+/Mn3+ ones. Photo-excitation can be thought of as injecting

sparse charge defects into ferromagnetically coupled chains, perturbing the occu-

pancy of various orbitals (see figure 9.9). Excitation between 0.5 and 10 mJ/cm2,

corresponds to photo doping densities (excitations per manganese site) of less than
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ground state meta stable phase relaxation

Figure 9.10: The schematic is showing the free energy landscape of the metastable photo
excited state for the system in the ground state, its excited state and during the relaxation
process.

1 % and 10 %. Charge defects are likely to couple effectively to magnetic order, which

is stabilized by a short-range exchange interaction. A qualitative argument can be

provided along the following lines. If one applies the Goodenough-Kanamori rules

[34] to the new chain Mn4+/Mn4+/Mn3+/Mn3+ of the photo-excited state [85], one

notices that the exchange pattern is drastically altered. Whilst in the ground state

all 3+/4+ bonds were ferromagnetic, the newly formed Mn4+-Mn4+ bonds, as well as

Mn3+-Mn3+ should, according to GKA rules, promptly give rise to an AF/FM/AF

coupling pattern, Mn4+AF↔Mn4+FM↔Mn3+AF↔Mn3+. The coupling along the c axis, pre-

viously entirely antiferromagnetic, would also switch sign and become positive if the

photo-dopants were sparse. Whilst this picture is clearly oversimplified, it provides

a working hypothesis of how photo-excitation can couple directly to the magnetism.

The cooperative Jahn-Teller order is more robust. Its dominant interactions are, in

fact, long range and may not be affected by sparse photo-dopants. For the low flu-

ences, the mechanism observed here is nonthermal, and the sample temperature never

exceeds TN . Not even in areas close to the surface where the excitation fluence is

highest.

Figure 9.10 proposes a schematic view of the physics in play. Photo-excitation

melts CE antiferromagnetism, creating an alternative phase that may or may not

have residual spin order. This phase is, as observed by comparing different diffraction
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peaks, a two-dimensional electronic phase. This state persists for tens of nanosec-

onds, relaxing back to the ground state with a complex set of processes that combine

cooling by diffusion and nucleation of the CE state. This data goes well beyond what

was known previously of this photo-induced transition, which could only detect drop

in optical birefringence. Resonant soft x-ray diffraction is especially effective in mea-

suring antiferromagnetic and orbital couplings. However, based on the data presented

an assessment of whether the product state of the solid is paramagnetic or even fer-

romagnetic, an interesting possibility that has been raised by recent measurements

using ultrafast Magneto-optical Kerr effect in related compounds [111], cannot be

made. It is also quite possible that different forms of magnetic order characterize the

product state, which may well result in scattering peaks at wavevectors that are not

accessible at soft x-ray wavelengths. The question of whether the product phase is

magnetically ordered is crucial, and time-resolved x-ray magnetic circular dichroism

[112] may provide an answer, detecting any net magnetization that develops. Exper-

iments with femtosecond temporal resolution, now possible at Free Electron Lasers

(FEL), can also clarify the non-equilibrium path that underpins this photo-induced

dynamics.

9.7 Summary

In summary we report on time-resolved soft x-ray diffraction probe measurements

of microscopic spin and orbital ordering dynamics in the photo-induced phase of

La0.5Sr1.5MnO4. The picture that emerges shows that optical excitation destroys the

three-dimensional magnetic ordering while the in-plane orbital ordering is much less

affected. This work breaks new ground in that it allows us to see the dynamics

of complex anti-ferromagnetic order in the time domain, and while it clearly leaves

questions unanswered, it also points us in a new direction to map all degrees of
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freedom of complex solids in the time domain, a new class of experiments that is only

starting to become possible with new pulsed laser and x-ray techniques.
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Chapter 10

Summary and Outlook

This thesis has investigated the photo-induced dynamics of electronic order (orbital

and spin) in the prototypical compound La0.5Sr1.5MnO4. To this end, two different

approaches where used:

i) The orbital order was probed on the few femtosecond timescale using optical

anisotropy measurements.

ii) The evolution of orbital and spin order after photoexcitation was directly probed

with time-resolved resonant soft x-ray diffraction.

Chapter 7 presented the ultrafast optical experiment. Photoinduced changes in the

orbital order are probed through the optical anisotropy in the polarization of reflected

light at 1.96 eV. Previous measurements had a resolution of 200 fs, in the presented

work this was improved to 16 fs, faster then the period of the highest frequency

phonon. This measurement revealed a prompt drop in the orbital order that occurs

after photoexcitation, only limited by the integral of the cross correlation between

pump and probe pulses. This gives rise to the interpretation that depletion of the

d-orbital is sufficient to melt the orbital order. A lattice contribution cannot be

excluded, but it would require that an overdamped vibration drives the system in

the unordered phase in less than half a period. One caveat of this interpretation
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is that the optical anisotropy measures a macroscopic sample response and hence a

direct association with microscopic degrees of freedom is not possible, as it also can

be influenced by strain.

Therefore, a dedicated resonant soft x-ray diffractometer was designed and com-

missioned at the Diamond Light Source, as described in chapter 8. In chapter 9 the

first time-resolved resonant soft x-ray diffraction experiment on the model compound

La0.5Sr1.5MnO4 was presented. The highest temporal resolution achieved was 10 ps,

when the storage ring was operated in the ‘low-alpha’ mode. This approach is an un-

ambigous measurement of changes in the three-dimensional spin and two-dimensional

orbital order, through a measurement of the associated (1/4 1/4 1/2) or (1/4 1/4 0) super-

lattice diffraction peaks. It was found that intense femtosecond light pulses melt the

three-dimensional magnetic spin order completely, while the orbital order is affected

much less [72, 113].

It was also demonstrated that the relaxation dynamics of the melted diffraction

peak back to the ground state can be measured. The timescale of the recovery from

the (1/4 1/4 1/2) peak was found to slow down with increasing excitation fluence;

this suggests that spin frustration impedes the relaxation. Further insight could be

gained by mapping changes in peak height and width during the recovery as discussed

in the appendix B. The next step forward would be to perform x-ray diffraction

experiments on the same timescale as the optical anisotropy measurements. It seems

possible to address photo-induced changes to their microscopic origin. Also, it could

be possible to directly measure orbitons [5, 114] through oscillations of the associated

orbital diffraction peak. The generation of soft x-ray radiation with duration in

the femtosecond range is already possible. In storage rings the slicing technique is

used to generate x-ray pulses in the hundred femtosecond range [103]. The available

photon flux in combination with the weak efficiency of the diffraction signal allows

only measurements in special cases [105]. A more promising approach is to use x-
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rays generated from free electron lasers like the LCLS at SLAC (USA) or FLASH at

Desy (Germany)[115]. To date their most severe problem is the jitter between pump

and probe pulse. Different techniques can be used to measure the jitter down to the

hundred femtosecond range [116] and might reach the few femtosecond range soon

[117].

Recently it has been shown that a phase transition can be induced by using mid-

infrared or Terahertz radiation that directly couples to the lattice degree of freedom.

It was shown that radiation resonant to a phonon can drive a phase transition [13,

14]. This leads directly to the ideal pump-probe experiment: excitation of a lattice

vibration using mid-infrared radiation and probing the response of the spin and the

orbital order in the material La0.5Sr1.5MnO4 with soft x-ray diffraction.

A vast field of very interesting experiments seems possible in the near future. The

rising number of suitable pump and probe sources promise and will enable many

exciting experiments. Thus allowing resarchers to answer long-standing questions as

well as generating many new ones.
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Appendix A

Energy-resolved scan of the

diffraction peak

When the incoming photon energy is tuned over the absorption edge the wavelength

changes. This changes the size of the Ewald sphere, when the variations are not to

strong this can be compensated by rotating the sphere. Experimentally this means

that each photon energy has its unique scattering angle (θ(E)) according to the Bragg

equation. Using the unit cell dimension a = b=3.876 Å, c = 12.44 Å [53] the d-spacing

can be calculated according to equation 4.6. Together with the Bragg equation 4.5

this gives:

θ 1

4

1

4
0 = asin

(
565.96

E(eV)

)

(A.1)

θ 1

4

1

4

1

2

= asin

(
618.31

E(eV)

)

(A.2)

Figure A.1 shows the diffraction angle over the photon energy for the (1/4 1/4 0)

and the (1/4 1/4 1/2) peak.

93



630 635 640 645 650 655 660

72

76

60

62

64

 (1/4 1/4 1/2)

 

 

D
iff

ra
ct

io
n 

an
gl

e 
(d

eg
)

photon energy (eV)

 (1/4 1/4 0)
 

 

 

Figure A.1: Diffraction angle over the photon energy.
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Appendix B

Angle resolution

A paper by Thomas and co-workers [118] illustrates nicely what can be learned by

analysing the width of the diffraction peak. It was shown that the correlation length

of the magnetic peak is twice as large as the orbital correlation length, for all temper-

atures. This implies that the original theory from Goodenough that requires a direct

connection between magnetic and orbital degree of freedom is more complicated. For

the experiments presented here a measurement of the correlation length could lead to

an understanding how the melted order is re-established after laser excitation. The

k-space resolution of the diffractometer is limited by the angle resolution. As stated

above, the width of the peak in k-space is directly related to the correlation length

of the corresponding ordering (ξl =
1
∆k

). A narrow diffraction peak therefore implies

a long correlation length. Hence the coherently interacting scattering sites cover a

wider area compared to a broad peak. Even in a single crystal the correlation length

does not extend over the whole crystal but is normally much less.

The resolution in k-space, or the angular resolution, is limited by the size of the

detector and its distance from the centre of rotation. In figure B.1 the scattering

geometry is shown. In PCMO the correlation length for the orbital degree of freedom

is 37 nm (0.03nm−1)[118]. To sample this peak with a twentieth of its width it is
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Figure B.1: Shows a schematic to calculate the angle resolution of the chamber, the size
of the detector is given by a, the distance between the detector and the interaction region
is given by l, and the diffraction angle by 2θ.

necessary to have an angle resolution of 0.05 deg. This follows from Bragg’s equation

d · sinθ =
λ

2
=

π

k
(B.1)

expressing the width of the diffraction peak using the Bragg equation yields

ξl =
1

∆k
=

d

π

[
1

sinθ1
− 1

sinθ2

]−1

with θ1/2 = θB ∓∆θ

here θB is the position of the Bragg peak and ∆θ its width. The angular resolution

in our experiment is limited by the size of the detector (a) and its distance away from

the interaction region (l), see figure B.1. A straight forward geometric consideration

is revealing that the active area from our detector has to be smaller than 200µm. In

the presented experiment the MCP detector has an area of 8 mm. When a slit is

inserted in front of the detector the amount of scattered photons will get smaller thus
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increasing the integration time.

a =
b

cosδ

δ = 180− 2θ

b = l · [cos(2θ − π/2−∆α)− cos(2θ − π/2 + ∆α)]

The angle ∆α is the resolution which is used to sample the peak. For the experi-

ments presented here the width of the diffraction peak was limited by the resolution

of the instrument. Future amendments can easily be made to make these types of

measurements possible.
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Nielsen, C. Blome, S. Düsterer, R. Ischebeck, H. Schlarb, H. Schulte-Schrepping,

T. Tschentscher, J. Schneider, O. Hignette, F. Sette, and K. Sokolowski-Tinten,

“Clocking femtosecond x rays,” Phys. Rev. Lett., vol. 94, p. 114801, Mar 2005.

[117] F. Tavella, N. Stojanovic, G. Geloni, and M. Gensch, “Few-femtosecond tim-

ing at fourth-generation x-ray light sources,” Nature Photon., 2011. Private

Communication.

[118] K. J. Thomas, J. P. Hill, S. Grenier, Y.-J. Kim, P. Abbamonte, L. Venema,

A. Rusydi, Y. Tomioka, Y. Tokura, D. F. McMorrow, G. Sawatzky, and M. van

Veenendaal, “Soft x-ray resonant diffraction study of magnetic and orbital cor-

relations in a manganite near half doping,” Phys. Rev. Lett., vol. 92, p. 237204,

Jun 2004.

112


