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Abstract

In the recent years, there has been a renewed interest in magnetic materials and corre-

lated oxides due to major advance in thin-film growth technology. Materials showing

metal insulator transition with orders of magnitude drop in conductivity, have be-

come a potential candidate for novel electronics and photonics devices. While in data

storage, the discovery of Giant Magnetoresistance (GMR) effect has revolutionized

read head technology of the hard disk drives. The subsequent investigation of the

Spin Transfer Torque phenomenon, where a spin current is used to switch the mag-

netization, promises to be a good candidate for Magnetic Random Access Memory

devices.

In the first part of my thesis project I focused on the metal insulator transi-

tion (Verwey transition) in magnetite triggered by optical excitation. Magnetite,

is the first oxide where a relationship between electrical conductivity and fluctuat-

ing/localized charges was observed, with a drop in conductivity by two orders of

magnitude at TV =123 K. The Verwey transition is also accompanied by a struc-

tural change from monoclinic to cubic symmetry. Despite decades of research and

indications that charge and orbital ordering play an important role, the mechanism

behind the Verwey transition is yet unclear. Recently, three-Fe-site lattice distortions

called trimerons have been identified as the true microscopic face of electronic order

in low temperature insulating phase. I studied the real time response of insulating

magnetite to optical excitation with ultrafast soft X-ray scattering as well as optical

pump probe experiments and discovered this to be a two-step process. After an initial

femtosecond (300 fs) destruction of individual trimerons in the corresponding lattice,

a phase separation into residual insulating trimeron and cubic metallic phases on a

iv



1.5 picosecond timescale is observed.

The second part of my thesis project involves understanding spin transport phe-

nomena in spin transfer torque devices with a focus on ferromagnet-paramagnet

(Cobalt-Copper) interface. It has been predicted that near such an interface Copper

develops a small nonequilibrium magnetization due to spin accumulation. Most of

the work in the field of spintronics has been done via electrical transport which is only

a relative measurement between two ferromagnetic spin alignments and cannot yield

the spin direction of the injected current. I use x-ray magnetic circular dichroism

to determine the magnitude and the sign of this transient magnetization in Copper.

As the induced magnetization is extremely small, I employ time resolved x-ray mi-

croscopy where we can modulate the current on/off signal at MHz rates. Using this

technique we have directly imaged the transient magnetization in Copper for the very

first time and deduced its magnitude and sign.
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Chapter 1

Introduction

In today’s technological world, our lives revolve around devices, computers, laptops,

tablets and mobile phones which have become indispensable. The heart of these de-

vices is the microprocessor which is a programmable computing device that accepts

digital data as input, processes it according to instructions stored in its memory, and

provides results as output. They are used in the smallest systems and hand held

devices to the largest mainframe computers and super computers. The other funda-

mental part of these devices is the data storage (non-volatile) or memory (volatile)

which retains our digital data. This data stored in memory is directly accessible to

microprocessors for multitude of computational purposes. These two are the core

function and fundamental parts of any processing devices and in this thesis I will

introduce and discuss novel avenues for these two components.

A microprocessor is a complex arrangement of the transistors that can be put on

a chip (integrated circuits) [1]. With the advancement of integrated circuit technol-

ogy, many complexities have been added to the processor, allowing more and more

transistors on a chip. Transistor acts as a basic building block with different types

of transistors performing as a switch or as an amplifier in the processor. One such

example is a field effect transistor (FET) acting as an ON-OFF switch by controlling

the flow of electrons from source to drain [2]. This is done by electric field (voltage)

applied at the gate which affects the size and shape of the conductive channel. With

the gate length following the Moore’s law and ever decreasing in size, at present it has

1



CHAPTER 1. INTRODUCTION 2

reached sub 20 nm [3]. Further scaling has raised several challenges regarding fabrica-

tion, device performance, stability which need to be addressed. In the wake of these

challenges, looking for new alternatives has become extremely important and neces-

sary. Recently, one such alternative namely metal insulator transition in correlated

oxides has emerged in the past few decades and gained everyones attention [4].

Metal Insulator transition, where conductivity changes by orders of magnitude in

response of a trigger provide a very attractive candidate for future oxide electronics.

This trigger can be electrical, thermal, optical or strain. In these correlated systems

the various degrees of freedom charge, spin, orbital and lattice have competing in-

teractions offering an extremely rich phase diagram with very interesting physical

properties. These physical properties in competing ground states can be utilized as

an ON-OFF switch through an external trigger [4]. From fundamentals perspective

also, they offer a rich field to explore and understand the competing interactions and

dynamics associated with it [5]. Hence metal insulator transition have become an

active field of research both from applications and fundamentals perspective. The

first part of this thesis involves understanding such a metal insulator transition in

magnetite (Fe3O4), where conductivity drops by two orders of magnitude. In the

next section I lay out the details and history of this very attractive field of research of

metal insulator transitions with emphasis on magnetite and the open questions which

need to be addressed.

Now let us discuss the second fundamental component in devices which I intro-

duced earlier, i.e. data storage. Hard disk drives form the core of the data storage

devices because of their immense recording capacity, price per unit of storage, write

latency and product lifetime. The building block of a hard drive is the magnetic bits

where tiny ferromagnets are aligned from North to South or South to North. These

tiny ferromagnets generate stray field which is read out by the ‘read head’ of the

hard disk drive as ‘1’ or ‘0’ bit. By reading these bits the information stored in hard

drive is retrieved. The information can also be written by setting or aligning these

bits using magnetic field [6]. In the past decade, different ways for manipulating the

magnetization like current [7,8] or optical [9], have gained much interest as these are
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easier to confine and manipulate then fields. Also, with the ever increasing areal den-

sity of these bits and bits themselves becoming smaller and smaller, understanding

the spin dynamics and spin transport in these devices have become extremely impor-

tant. The second part of my thesis project focuses on understanding spin transport

in such devices by using imaging technique. In this chapter I lay out the details of

these devices i.e. spin transfer torque devices, based on manipulating magnetization

using current and the active areas of research in this field.

The layout of this thesis is as follows, in Chapter 1, I give a detailed introduction

and present the underlying physics of both of my thesis projects, ultrafast imaging

of phase transition in magnetite as it goes through metal insulator transition and

imaging of spin injection into copper across a Co/Cu interface in spin transfer torque

devices.

In Chapter 2, I lay out the detailed information about the samples which were

used for imaging the ultrafast metal insulator transition in magnetite and imaging

the spin injection into the copper.

In Chapter 3, I present the experimental techniques used in the course of this

thesis to investigate magnetite and the dynamics of the transition as well as to study

the spin transport across the Co/Cu interface.

In Chapter 4 and 5, I show the experimental data and results on the first part

of my thesis which involves imaging of the metal insulator transition in magnetite

proceeding through ultrafast phase separation and modeling done to describe the

ultrafast time resolved data.

In Chapter 6, I present experimental data on the second part of my thesis project

which involves imaging of spin injection across Co/Cu interface to understand the

spin transport in spin transfer torque devices.

In chapter 7, I summarize my experimental findings from both the projects and

present the future outlook and important avenues which need to be explored further.
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1.1 Introduction to Metal Insulator Transitions

Metal-Insulator transitions are a very interesting phenomenon which occur in transi-

tion metal oxides where the conductivity changes by orders of magnitude. This change

in conductivity or physical properties can be triggered by thermal, optical, magnetic,

strain or electronic perturbations as shown in fig. 1.1 [4, 5]. They offer a multitude

of phases with many interesting properties, which are currently being investigated

for future oxide electronics. With the challenge of continuing advances beyond the

conventional CMOS for information processing and storage devices, these metal insu-

lator systems offer new avenues for CMOS technology. The ultrafast nature of these

phase transition along with huge changes in the physical properties create several

possibilities for logic and memory devices. The hysteresis during these transition also

offers the possibility of nonlinear resistor circuits in future memory devices.

The field of metal insulator transitions began around 1930’s. Around 1928-1929,

during the early years of quantum mechanics, the basic distinction between metals and

insulators was already established [10–12]. The success of band theory to describe

the properties of metals, insulators and semiconductors was so impressive that in

1930’s Slater [13] announced that solid state physics is a solved problem, and that we

only need fast computers to accurately predict physicsal properties of any material. In

1937, de Boer and Verwey reported that many transition metal oxides with a partially

Figure 1.1: Metal Insulator transition as an ON-OFF switch [4].
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filled d-electron band i.e. NiO were poor conductors or insulators which could not be

explained by band theory [14].

Finally with the discovery of a metal insulator transition in magnetite by Verwey

in 1939 [15], where he observed a change in conductivity by two orders of magnitude at

120 K as shown in fig. 1.2 (taken from Ref. [16]) and through the observation of metal

insulator transitions in other materials [5], it became clear that further theoretical

developments were needed to explain these phenomenon. These observations launched

the field of strongly correlated electrons, particularly how an insulator becomes a

metal and how these two phases coexist during the transition regime.

Figure 1.2: The conductivity of magnetite drops by two orders of magnei-
tude at the TV = 120 K, taken from Ref. [16].

Mott used a simple lattice model with electron-electron correlations to explain the

insulating state [17,18]. He considered lattice sites with a single electronic orbital on

each site. Without electron-electron interactions, a single band would be formed from

the overlap of the atomic orbitals in this system. The band becomes full when two

electrons, one with spin-up and the other with spin-down, occupy each site. However,

two electrons sitting on the same site would feel a large Coulomb repulsion, which

Mott argued would split the band in two. The lower band is formed when electrons

occupy an empty site (single occupancy) and the upper band when an electron occupy

the site already taken by another electron (double occupancy).
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This can be described in a simplified model developed by John Hubbard [19],

Gutzwiller [20] and Kanamori [21] independently. The Hubbard model writes the

Hamiltonian for the ground state taking into account two competing interactions.

The first term is the hopping energy involving the motion of electrons of the same spin

between different atoms favoring de-localization or band like behavior. The second

term is the ‘onsite repulsion’, i.e. the Coulomb energy experienced by electrons of

opposite spin on the same atom keeping the electron apart, confined to different atoms

favoring localization. It is given by,

HHub = −t
∑

<i,j>,σ

(c†i,σcj,σ + c†j,σci,σ) + U
N∑
i=1

ni↑ni↓ (1.1)

Hence the ground state becomes the balancing act of these two competing energies.

In the strong correlation limit U >> t, the electrons do not move independently but

feel their pairwise repulsion suppressing the probability of finding two electrons in the

same site. This favors the formation of individual moments and material becomes

an insulatior. While for the independent electron limit t >> U , the band behavior

is described by electron hopping from site to site and the material is a metal. The

hopping term ‘t’ is proportional to the kinetic energy and is a measure of the band

width of the material.

While the Hubbard model describes the insulating or metallic ground state suc-

cessfully, description of a metal insulator transition where essentially system goes from

a hopping limit (conducting metal) to the onsite repulsion limit (insulating state) is

extremely difficult. The task is made even more tedious by competing degrees of

freedom i.e. spin, charge, orbital and lattice, as well as due to huge unit cell in real

materials with often tens of atoms in one unit cell (as in the case of magnetite). Den-

sity functional theories (DFT) [22] within the Local Density Approximation (LDA)

and including a Hubbard term (U) [23] have provided many answers in this field but

the complete understanding of spin, charge and orbital degrees of freedom and their

dynamics still remains elusive. In the next section I lay out the details of this metal

insulator transition in magnetite with the salient features of the transition and the
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open questions still awaiting answers.

1.2 Verwey transition in Magnetite

Magnetite is one of the oldest magnetic materials known to mankind and has been

mentioned in human history as early as 6th Century BC [24]. Even though it has

been used for thousands of years, the metal insulator transition in magnetite was

only discovered 70 years ago in 1930’s. In 1926, Park and Kelly were first to de-

tect an anamalous peak in the heat capacity of magnetite near 120 K of a natural

magnetite crystal [25]. In 1939, Verwey observed an increase in resistivity by two

orders of magnitude when magnetite was cooled down to 120 K, which was the first

observation of a metal insulator transition [15]. It was later observed that there is

a crystal structure change also associated with this transition [26–28] . The phase

diagram of this transition is shown in fig. 1.3. Since then there has been a rich va-

riety of research undertaken to understand this phase transition and magnetite has

been studied using various experimental techniques, including x-ray, electron and

neutron scattering, heat capacity, transport and magnetic measurements, NMR and

Mossabeuer spectroscopy and in this thesis with ultrafast time resolved techniques .

The room temperature phase of magnetite is an inverse spinel where oxygen forms

Figure 1.3: Phase diagram of the Verwey transition in magnetite: The lattice
structure changes from cubic to monoclinic with charge ordering present in the lower
temperature phase.
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a fcc lattice and the Fe atoms are located in tetrahedral (A-sites) and octahedral (B)

sites. The formula can then be written as (Fe+3)tet(Fe
+2, Fe+3)oct(O

2−
4 ) where the

subscript stands for tetrahedral and octahedral sites. The octahedral Fe+2 and Fe+3

are ferromagnetically coupled through double exchange while Fe+3 in tetrahedral and

octahedral sites is antiferromagnetically coupled through super exchange. This can-

cels out the magnetic moment from Fe+3 sites leaving only moment from octahedral

Fe+2 sites, with four uncompensated spins leading to a magnetic moment of 4µB.

Hence magnetite is a ferrimagnet with full spin polarization at the Fermi level and a

very high Curie temperature of 858 K [29]. In spite of such a high magnetic moment

present, it is now accepted that spin degree of freedom does not play any role in the

Verwey transition [30, 31]. In the next section I present the details of the low and

high temperature structure of magnetite and the role played by electronic and lattice

degrees of freedom.

1.2.1 Lattice transformation associated with Verwey transi-

tion

Magnetite is cubic above TV = 120 K and changes its symmetry to monoclinic

[26–28, 32] below the transition temperature. The lattice structure of magnetite is

extremely complicated below the transition temperature and has been a subject of

many controversies. Presence of multiple scattering, extinction and twinning effects

associated with single crystal diffraction studies has made it extremely challenging to

determine the true structure of magnetite below the transition temperature.

Verwey originally proposed an orthorhombic symmetry with charge ordering for

the low temperature phase to explain the drop in conductivity [33]. In his proposal,

the transition was caused by an electronic charge ordering, in which the random

distribution of Fe+2 and Fe+3 ions on the octahedral sites of the high temperature

cubic phase becomes charge ordered at TV . In the ordered phase Fe+2 and Fe+3 ions

occupy the the alternate (001) layers along the orthorhombic c axis which corresponds

to one of the principal axes of the cubic lattice. While Magnetic reflections obtained

from neutron scattering supported this model [34], further neutron scattering [35,
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36] and microscopy investigations [37] challenged this conclusion. The presence of

reflections at half integer indexes observed by neutron scattering indicated doubling

of the unit cell across the c-axis and showed the symmetry to be rhombohedral.

Further advancement in the understanding of the crystal structure of magnetite

was made by Iizumi et al. [26,27] by studying the low temperature phase using three-

dimensional neutron diffraction data. In the crystal refinement done by this study

it was shown that magnetite is monoclinic with space group Cc. Although large

atomic displacements for Fe and O atoms were obtained in this study, no charge or-

dered arrangement was reported. However studies done using Mössbauer spectroscopy

identified localized Fe+2 and Fe+3 present at the octahedral sites [38]. Further NMR

studies done on magnetite also revealed 16 unique octahedral sites with chemical shifts

of the octahedral cations intermediate between those of normal Fe+2 and Fe+3 [39].

Finally a detailed structure analysis performed by Wright et al. [28, 32] using

neutron and synchrotron x-ray powder diffraction was able to shed light on the lower

temperature lattice structure as well as the charge ordering present in magnetite.

They showed that the low temperature phase has Cc symmetry with axes given by,

am = −(ac + bc)

bm = (ac − bc)

cm = 2cc

Here the index m denotes the low temperature phase and the c denotes the high

temperature cubic phase. The relationship between the cubic and the Cc unit cell is

shown in fig. 1.4. Wright et al. also showed that the reduced unit cell with monoclinic

symmetry a = am/2, b = bm/2 and c = cm can account for all observed superstructure

peaks except for a few weak reflections. It can be noted that the monoclinic axis is

tilted with β = 90.23°. By calculating the bond valence sums the charge ordering

was also deduced and found to be to be split between valency of +2.4 and +2.6 for

octahedral B sites. However, for clarity we will use Fe+2 and Fe+3 for Fe+2.4 and

Fe+2.6 respectively. A very recent refinement by Senn et al. described the electronic

and lattice order using three site lattice distortions, dubbed ‘trimerons’ [40]. We will
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Figure 1.4: The relationship between the crystal structure for high temper-
ature cubic and low temperature Cc phase [28].

go into the details of this picture in the following sections.

1.2.2 Electronic ordering in magnetite

As mentioned in previous section, the charge ordering model was proposed originally

by Verwey where Fe+2 and Fe+3 in the octahedral (B) sites are disordered above

the transition temperature, TV , and are ordered along the c-axis below the transition

temperature [33]. However the observation of superlattice reflections with neutron and

electron diffraction could not be described by the Verwey model [35–37]. To elucidate

this situation another model was proposed by Yamada [35, 36], involving dynamical

instabilities of the coupled mode, between charge order described via a charge density

wave and phonon modes (∆5). Further neutron and x-ray diffraction measurements

revealed the importance of additional phonon modes in magnetite [41, 42].

The advent of resonant x-ray diffraction at synchrotrons, where x-rays can be

selectively tuned to the resonance edge of element to study the valence structure,

was finally able to shed light on the charge ordering in magnetite. This technique

is described in detail in Chapter 3. In 1999, evidence of charge ordering was shown

by Toyoda et al. [44] using x-ray resonant scattering. However in the next year, the

absence of charge ordering was shown by Garc̀ıa et al. [45] using the same technique.
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Figure 1.5: t2g orbital ordering in magnetite [43].

This lead to a long debate in the magnetite community regarding the presence of

charge ordering in magnetite.

In the recent years, further resonant x-ray studies [46–49] and theoretical models

[43,50] have been able to reveal the details of the charge ordering in magnetite. First

principle electronic structure calculations (LDA + U) done by Anisimov et al. [50]

and Jeng et al. [43] showed the presence of a charge and orbitally ordered ground state

below the transition temperature with a band gap of approximately 0.25 eV. Orbital

and charge ordering was associated with the network of corner sharing B4O4 cubes

which are electron rich or electron poor as shown in fig.1.5. In the electron rich cubes,

each of the three B Fe+2 sites has the t2g orbital pointing towards the one Fe+3 site,

resulting in a distortion of the surrounding Fe+3 atom towards the cube diagonal.
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Figure 1.6: Charge ordering in magnetite.

Resonant scattering measurements done at the Fe L-edges have directly confirmed

the presence of t2g orbital ordering with a (001/2) modulation and the presence of

charge ordering with a (001) modulation as shown in fig. 1.6 [49,51]. Studies done at

the oxygen K-edge revealed charge and orbital ordering with a (001/2) modulation

vector below TV due to hybridization of O 2p states with the Fe 3d states [47].

1.3 Magnetite in the Trimeron framework

As seen from the previous sections magnetite has been a very active field of re-

search with many controversies associated with its structural phase transition and

electronic ordering. The lattice and electronic ordering have only been completely

solved recently resulting in an amalgamation of three site lattice distortions dubbed

‘trimerons’ [40]. These trimerons are shown in fig. 1.7, where Fe+2 forms the center

of the trimeron with two Fe+3 atoms at the end points. The extra electron on the

Fe+2 is delocalized from the central donor site to the Fe+3 apical acceptor site. This

delocalizaton over three octahedral B sites with the associated displacements of the



CHAPTER 1. INTRODUCTION 13

Figure 1.7: Trimerons describe the electronic and lattice ordering for the
low temperature phase of Magnetite [40].

two apical B sites results in the formation of highly structured small polaron named

trimeron.

Fig. 1.7 shows the trimeron arrangement and the lattice displacement associated

with it. The center atom is Fe+2 is orbitally ordered with the t2g orbital pointing

towards the apical Fe+3 sites. The transfer of electron density to these neighboring

apical Fe+3 atoms results in the displacements of the Fe+3 sites towards the cube

diagonal and the shortening of the Fe+2 - Fe+3 distances. Jahn Taller distortions

arising because of this orbital ordering results in elongation of four Fe-O bonds,

also shown in the figure. These trimerons share sites in the magnetite lattice and

form end sharing connections with angles of 60 °and 120 °. These trimerons can

be mapped on the unit cell of magnetite to visualize the lattice distortions as well

as the charge and orbital order. Magnetite can then be visualized as the network of

these trimerons which describe the charge, orbital and lattice distortions in magnetite.

Hence trimerons are the true microscopic face of magnetite and the smallest entity

to describe the electronic and lattice ordering.
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1.4 Open Questions

In the previous sections I have discussed some active areas of research on the metal

insulator transition in magnetite. While many cornerstones in our understanding

of the Verwey transition, the lattice and the electronic ordering associated with it

have been covered, there are still many questions which hinder our understanding of

physics behind the Verwey transition,

� what is the exact mechanism of the Verwey transition? How does the transition

proceed, is it homogeneous or does it undergo phase separation?

� what is the driving force of the Verwey transition? Is it the lattice or is it the

electronic which drives the system over the phase transition?

� how do different degrees of freedom compete and what is the role played by

charge, orbital and lattice degrees of freedom?

� what are the time scales associated with this transition? what is the speed with

which we can switch the insulating state ON-OFF and fundamental limitations

associated with it?

The first part of this thesis addresses these questions by monitoring the nanoscale

charge order of magnetite in the time domain as it proceeds through the Verwey tran-

sition. Magnetite is excited using optical pump pulses while the lattice and electronic

system response is measured stroboscopically by x-rays. We find the transition to be

driven through phase separation of insulating and metallic regions. The time scales

associated with the transition and the role played by different degrees of freedom is

also discussed.
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1.5 Introduction to Magnetism at the Nanoscale

Now switching gears and moving to the nanoscale devices used for data storage, which

we use every time we switch on our laptops or computers. Ferromagnetism at the

nanoscale lies at the heart of these data storage devices. The parallel or anti- parallel

alignment of ferromagnet read as ‘1’ or ‘0’ bit by the read head of hard disk drive

makes it possible to read and write information [6]. Ferromagnetic materials have

always been used in various applications since ancient times in history of mankind.

Aristotle is attributed to having first scientific discussion on magnetism with Thales

of Miletus around 585 BC [24]. Around the same time, in ancient India, Sushruta,

a surgeon, was the first to make use of the magnet for surgical purposes [52]. In

ancient China, the earliest literary reference to magnetism lies in a 4th-century BC

book named after its author, the Master of Demon Valley [53]. By 12th century,

medieval chinese navigators were using it in compass needles for navigation. And in

17th century magnetic materials were used for electric motors and transformers. And

today in data storage applications, ferromagnetism is a truly remarkable phenomenon

which has been around from ancient times.

Although ferromagnetism has been around for many years, the underlying physics

behind ferromagnetism was only recently understood after the advent of quantum

mechanics in 20th century and it revolves around the property of electron called ‘spin’.

In the early 20th century, Weiss used the concept of ‘molecular field’ which aligns the

spins present in a ferromagnetic material and is responsible for long range magnetic

ordering [54]. Though the origin of this field and its huge magnitude could not be

explained. With the development of symmetrization postulate classifying electrons

as Fermions, manifested as exchange interaction between electrons provided the field

necessary to achieve ferromagnetic ordering. The exchange interaction is a purely

quantum mechanical concept originated from the fact that the electrons are Fermions

following Pauli’s Exclusion Principle [29]. This ‘exchange field’ defines the spin system

in a material and is responsible for the spin alignment, either ferromagnetic or anti-

ferromagnetic.
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In modern day, except electric motors and transformers, the most important ap-

plication of ferromagnetism as I mentioned earlier is in data storage devices. The

idea of exploiting the spin of electron in solid state devices, ‘spintronics’, emerged

with the discovery of Giant Magneto Resistance (GMR) by Albert Fert [56] and Pe-

ter Grünberg [57] in 1988. The basic idea of GMR effect is that the resistance of

two ferromagnetic layers decoupled by a spacer layer is dependent upon their relative

magnetic alignment. A few years later after the discovery of the GMR every hard disk

drive was using this effect. Fig. 1.8 taken from Ref. [55] shows such a GMR device.

One of the two magnetic layers in the read head of hard drive is made magnetically

fixed layer. The other ferromagnet is ‘free’ to rotate its magnetization parallel or

antiparallel with respect to the ‘fixed’ layer. Whenever the free layer encounters a

change in the magnetization direction i.e. between two adjacent bits on the disk it

changes its direction accordingly. The bits with opposite magnetization alignment

have stray fields associated with them which aligns the free magnetic layer on the

read head. In this way, by applying constant current to the read head, one can use

Figure 1.8: Giant Magnetoresistance is currently used in read heads of hard
disk drives [55].
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the voltage at the read head to determine the logical ‘0’ and ‘1’ depending upon the

parallel or antiparallel alignment of the two ferromagnetic layers.

In 1996, Slonczewski [7] and Berger [8] independently predicted that the free layer

in such a arrangement can be switched by current instead of the field. If high enough

current density is passed through such a GMR stack as shown in fig. 1.9, the fixed

ferromagnet acts as a spin polarizer/filter (discussed in detail in next section) and the

current is spin polarized, i.e. has a net magnetic moment. This spin polarized current

applies a torque on the free layer when it passes through the free layer. It transfers

its angular momentum to the free layer and switches the magnetization of the free

layer. This phenomenon is called spin transfer torque (STT), where current is used

to manipulate magnetic alignment of the free layer. As current can be constrained

and manipulated much easily in comparison to fields, STT is a promising candidate

for future data storage and memory applications. In 2012, Everspin Technologies

produced a 64 MB STT-RAM, based on spin tranfer torque [58]. STT devices have

attracted huge attention in last decade, both from applications in solid state devices

and fundamental perspective. From the fundamentals perspective there is a lot of

interest in understanding the spin transport and dynamics in these devices. This

knowledge would also help in a better and more efficient design of STT based RAM.

In the next section I present the key details of spin dependent transport as well as

fundamentals required to understand the underlying physics.

FM1 FM2

Fixed 

Layer

Free 

Layer

Cu

Figure 1.9: Spin Transfer Torque: Using current to manipulate the magnetization
of the free layer.
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1.6 Spin Injection

In this section I discuss spin injection which is the basis for GMR and spin transfer

torque effect. As mentioned previously the current which goes through the fixed

ferromagnetic layer in the fig.1.10 gets spin polarized. The fixed ferromagnet acts

as a spin filter and the current leaving the ferromagnet has a net magnetic moment.

This spin polarized current results in various kinds of interesting phenomenon, spin

accumulation at the interface where spins are injected from a ferromagnet to non

magnet called as spin injection , switching of the other ferromagnetic layer if present

(spin transfer torque), and can also excite spin waves oscillations.

Let us take a closer look at the spin accumulation phenomenon. A non-magnetic

layer is placed right next to a ferromagnetic layer as shown in fig. 1.10. The current

flows perpendicular to the F/N interface and gets spin polarized while going through

the ferromagnet. The mismatch in conductivities of ferromagnetic and non-magnetic

layers, results in a pile up of spin at the interface which exponentially decays away

from the interface. This spin accumulation results in a transient induced magnetic

moment in the non-magnetic layer.

Spin injection was first measured by Johnson and Silsbee across a ferromagnet/non-

magnet interface in a ferromagnet/non-magnet/ferromagnet device in 1985 [59]. Since

Ferromagnet Nonmagnet

Electrons

M

s = z 
1 - 
2 

Figure 1.10: Spin Injection: Spin polarized current injected from a ferromagnet
into non-magnet.
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then it has become a very exciting field of research. Although its quantitative under-

standing is still complicated by a lack of knowledge of interfacial effects on the degree

and sign of the spin polarization of the injected electrons. This thesis addresses some

of these important questions in understanding the spin injection and quantifying the

sign and size of spin polarized currents. In order to understand the physics of spin

transport and some of the important questions in this field, in the next section I

describe key ferromagnetism concepts and discuss open areas of research.

1.6.1 Ferromagnetism and Stoner Model

We begin the discussion by considering a ferromagnet such as Co metal. As I men-

tioned earlier, the origin of ferromagnetism lies in the exchange interaction and the

requirement for the electron wave function to obey the Pauli’s exclusion principle.

According to Pauli’s exclusion principle, the complete wave function of a two or more

electron system has to be antisymmetric with respect to the interchange of any two

electrons (Fermions). Therefore the symmetry (symmetric or antisymmetric) of the

spin part of the wave function influences the symmetry of the spatial wave function

and hence influences the total Coulomb energy of the electron system. With Hund’s

first rule of electron filling favoring the parallel alignment, this coloumbic energy is

minimized by parallel alignment of spins in ferromagnets [29].

Going from atomic moment to long range order in the solids, the spin interac-

tions are described by the Heisenberg model [60]. Heisenberg model accounts for

the exchange interaction by explicitly coupling pairs of spins or atomic moments.

Heisenberg constructed a new effective Hamiltonian to hold the spins parallel or anti-

parallel depending upon the sign of exchange integral or the coupling constant. The

Hamiltonian is written as, Heff = −2
∑N

i<jJijsi.sj, where Jij is the exchange integral

or the coupling constant. Jij is positive for ferromagnetic coupling and negative for

anti-ferromagnetic coupling. In case of the ferromagnetic transition metals Fe, Co

and Ni, it is the overlapping 3d electrons interaction which result in a long range

ferromagnetic order with a positive Jij .

While Heisenberg model describes the existence of the ferromagnetic ground state,
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Figure 1.11: Stoner Model: The localized 3d electrons form majority and minority
bands in a ferromagnet which are exchanged split by ∆ [29].

the details and total magnetic moment of this ground state is given by the Stoner

Model or the Stoner-Wohlfarth-Slater (SWS) model. Developed by Mott [61], Slater

[62] and Stoner [63], Stoner model is the simplest band-like model to describe the

ferromagnetic metals. The SWS model assumes that the bonding interaction between

the localized 3d electron causes a smearing of their energies into a band. And in

the presence of the Weiss molecular field the centers of the gravity of the states

characterized by opposite spin exhibits an energy separation, the exchange splitting

∆ as shown in the fig.1.11. The spin states with the larger electron population are

called the majority states (down), while the spin states with smaller population are

called the minority states (up). The magnetic moment of the metals is then given

by |m| = µB(Nmaj
e −Nmin

e ), i.e. the difference between the number of majority and

minority electrons.

More detailed density of states calculation is shown in fig.1.12 for Fe, Co, Ni

and Cu [64]. The band width of the d electrons is about 3 eV and the exchange

splitting of the d-band is of the order of 1 eV. The bandwidth for the itinerant sp

electrons is much higher (∼10 eV). As can be seen from figure, Fe has majority and

minority density of states present at the Fermi level, while Co and Ni have mostly
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Figure 1.12: Density of States for Fe, Co, Ni and Cu [64].

minority density of states present at the Fermi level. For Cu, the density of states for

3d electrons is very small as the d-orbital is filled, but hybridization with sp states

accounts for the presence of 0.4 d-holes at Fermi level [29].

1.6.2 Two Current Model

Now that we are equipped with understanding of Ferromagnetism and role played by

the 3d localized electron moments in shaping the magnetic properties, let us discuss

the electronic transport in ferromagnetic materials. In 1936, Mott [65] suggested

that it is the itinerant s electrons that carry the electric current and the electrical

resistance is due to the scattering processes where the s electrons jump from the s

to the d band. Today Mott’s model forms the basis of understanding the transport
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in ferromagnetic material well below the Curie temperature. This model was further

developed by Fert and Campbell [66].

At the heart of the two current model is the Fermi’s golden rule, which states that

the scattering probability of the conduction electrons is proportional to density of final

states, i.e. the density of empty d states above the Fermi level. The resistivity of the

transition metals with a partially filled d shell is thus produced by the dominant effect

of itinerant sp electrons scattering on the localized d hole states. This scattering is

spin selective where the two spin states carry the electric current in parallel without

much mutual interactions i.e. no spin flips. The essential idea of Mott’s two current

model is shown in fig.1.13. We can formulate the two current model by denoting

the spin relaxation time for the separate up and down channel by τ↑ and τ↓. Since

conduction may occur in two separate channels the conductivities of two channels

add in series according to Matthiessen’s rule [29],

Figure 1.13: Mott’s two current model: The itinerant sp-states are scattered into
the localized d-holes, resulting in increase in resistivity [29].
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σ =
ne2τ↑
me

+
ne2τ↓
me

(1.2)

where τ↑ and τ↓ are the spin relaxation time, n is the number of electrons, e and me

are the charge and mass of an electron. It is important to note that in Mott’s model

the rate 1/τ of electronic transition is simply due to coulomb scattering of charge. At

low temperature it arises from lattice defects or impurities and at higher temperatures

it is dominated by atomic displacements due to thermal motion (phonons). And since

the coulomb interaction does not act on spin, spin flips are forbidden and two spin

channels are independent of each other. Hence, the itinerant sp electrons scatter into

available d-states of the same spin.

1.6.3 Spin Filtering

The key ingredient needed in spin injection is the spin polarized current. Let us take

a look at the two key processes which result in spin polarized current as it traverses

through the ferromagnetic layer.

The first processes is the spin selective scattering which we discussed in the pre-

vious section. We saw that the scattering strength of itinerant sp electrons is propor-

tional to number of d-holes available at the Fermi Level. In a ferromagnet like Co

and Ni, we can see from the density of states as shown in fig. 1.12, minority channel

has higher number of holes available compared to the majority channel. Hence the

minority electrons undergo higher scattering in the Co layer, resulting in a preferen-

tial loss of minority spin component. Thus the spin dependent transport results in a

spin filtering effect [29].

Another source of spin filtering effect is spin dependent reflection at the interface

[67]. When the current is injected, at the interface both transmission and reflection

of the current occurs. The reflection and transmission probability is spin dependent

for a ferromagnet with more minority spins being reflected. This leads to different

transverse spin components reflected and transmitted and thus to a discontinuity in

the transverse spin current injected into the ferromagnet. Hence, the interface plays
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an important role in spin filtering the majority and minority channel.

Both the spin selective scattering within the ferromagnet referred as bulk contri-

bution and the spin dependent reflection and transmission at the interface referred as

the interface contribution, cause the spin filtering effect by a ferromagnet. Though

most of the studies assume a transparent interface and only include the bulk con-

tribution due to its simplicity, it has been shown that the interface contribution is

indeed very important and is bigger than the bulk contribution [29]. This stresses the

role played by the interface in spin injection and spin transport. In the next section

I describe the model used to describe spin injection and spin accumulation across a

transparent ferromagnet/non-magnet interface.

1.7 Spin transport across a ferromagnet nonmag-

net interface

In this section I describe the spin transport across a transparent ferromagnet/non-

magnet (F/N) interface [29]. If there is no current flowing, the Fermi level in the two

adjacent metals will adjust to the same value, as there is no net driving force, the

chemical potential µ0 will be constant across the interface. Also the chemical potential

fo up spins will be equal for the one for down spins µ↑ = µ↓ and µ0 = (µ↑ + µ↓)/2.

If now a current density of j goes from F to N along the x direction shown in

fig. 1.14, from ohms law we have,

dµ0

dx
= − e

σ
j (1.3)

where −e is the electrical charge and the σ is the total conductivity. Let us

take the conductivity of the ferromagnet as σF and of non-magnet as σN . Though

in ferromagnet, as we saw earlier the conductivity of two (spin up and spin down)

channels would be different due to different scattering strength. For the ferromagnet
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Figure 1.14: Spin Injection across a ferromagnet/non-magnet interface [29].

we define,

σ↑F = αFσF (1.4)

σ↓F = (1− αF )σF (1.5)

Where the dimensionless factor 0 < αF < 1 accounts for the asymmetry of con-

duction in the majority and minority channel. In a bulk ferromagnet, the minority

spin channel has the lower conductivity and by denoting the majority spins as down

(magnetization of ferromagnet is up) we would have αF > 0.5. This can also be used

for a non magnet where α = 0.5 as there is no asymmetry in spin signal.

This asymmetry in conductivity inside ferromagnet leads to asymmetric currents.

We then have,

j↑ = βF j (1.6)

j↓ = (1− βF )j (1.7)

As j = j↑+j↓, the asymmetry parameter β for the current lies in the range 0 < β < 1.
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For a non magnet, it would be,

j↑ = βNj (1.8)

j↓ = (1− βN)j (1.9)

but in case of bulk non-magnet the value of βN would be 0.5 as both up and down

spin channels are equally present. The spin polarized current from a ferromagnet can

then be given by,

P =
j↑ − j↓

j↑ + j↓
= 2β − 1 (1.10)

As the spin polarized current from ferromagnet (βF 6= 0.5) enters N, we will have

(βN 6= 0.5) and P 6= 0 in non-magnet close to the interface. It will take time or

distance from the interface for the current to equilibrate to the value of βN = 0.5,

as the transitions between spin channels are rare in non-magnetic metals . This fact

causes a drop in voltage at the interface, called the spin accumulations voltage, VAS.

We will now derive the equation for the spin accumulation voltage.

From Ohm’s law for the two spin channels we have,

j↑ = −σ
↑

e

dµ↑

dx
(1.11)

j↓ = −σ
↓

e

dµ↓

dx
(1.12)

Using this we obtain,

dµ0

dx
= − e

σ
j = − e

σ
(j↑ + j↓) (1.13)

dµ0

dx
= α

dµ↑

dx
+ (1− α)

dµ↓

dx
(1.14)

Integrating the equation for ferromagnet and non-magnet and after applying bound-

ary conditions, for x → ∞, µ0(x) = (µ↓ + µ↑)/2, leads to spin averaged chemical
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potential for ferromagnet and non magnet as

µ0F = αFµ
↑ + (1− αF )µ↓ (1.15)

µ0N =
1

2
(µ↑ + µ↓) (1.16)

At the interface, at x = 0, the chemical potential µ↑ and µ↓ must be continuous

otherwise a force would acts on the spins. Though the total chemical potential in non

magnet is an average of majority and minority chemical potential while the chemical

potential in ferromagnet is the weighted average of majority and minority chemical

potential, seen from egn. 1.16. This results in a drop in the total chemical potential

right at the interface, ∆µ0(0) = eVAS at the interface, given by,

eVAS = µOF (0)− µON(0) (1.17)

= αFµ
↑(0) + (1− αF )µ↓(0)− 1

2
(µ↑(0) + µ↓(0)) (1.18)

=

[
αF −

1

2

]
[µ↑(0)− µ↓(0)] (1.19)

This is the spin accumulation voltage which is essentially the jump in averaged chem-

ical potential that develops at the F-N interface due to conductivity mismatch. The

actual difference in the chemical potential for the two spin states is referred as the

spin voltage (µ↑−µ↓) and reflects the the difference in number of electons in the two

spin channels.

The spin voltage decreases away from the interface as in the bulk of the non-

magnet away from the interface the majority and minority population are required

to be equal. The decay of the spin voltage away from the interface is governed by the

spin diffusion equation which is similar to the fick’s diffusion law,

µ↑ − µ↓

τse
= D

d2(µ↑ − µ↓)
dx2

(1.20)

where D is the diffusion constant and τse is the spin diffusion time, or spin relaxation

time or spin flip time.



CHAPTER 1. INTRODUCTION 28

The steady state solution is,

µ↑ − µ↓ = [µ↑(0)− µ↓(0)]e(−x/Λ) (1.21)

Λ is the characteristic exponential decay length called as the spin diffusion length and

is given by,

Λ =
√
Dτse (1.22)

Hence, the decay of the spin voltage away from the interface is defined by the spin

diffusion length and spin relaxation time. For the non-magnets spin equilibration pro-

cess is dominated by spin dephasing process. Spin dephasing occurs due to presence

of spin orbit coupling when electrons scatter on the phonons or the atomic impurities

and defects i.e. coloumbic scattering process. This leads to electrons experiencing

different effective magnetic path based on the difference in the diffusive path taken,

resulting in a spin precession around this magnetic field. This spin precession leads

to spin randomization with equal average up and down probabilities along any chosen

quantization axis. During this process the angular momentum is directly transferred

to the lattice. In Cu this equilibration length, Λ = 350 nm [68] and the spin relaxation

time is τse = 4.7 ps [29].

For the ferromagnet, the equilibration involves transitions between opposite spin

states. One of the major process is the inelastic scattering by exciting spin waves

(magnons) providing a transfer for energy and angular momentum. In Co the equili-

bration length, Λ = 5 nm and the spin relaxation time is τse = 0.4 ps [29].

1.8 Open Questions

In the previous sections I discussed the fundamentals of spin transport across a

ferromagnet/non-magnet interface. While there is a clear picture for understand-

ing the spin injection and spin transport across ferromagnet/non-magnet interface,

there are many basic questions which are still awaiting answers,
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� what is the size and the sign of the induced transient magnetic moment in the

non-magnet?

� what is the size and the sign of the transient accumulation in the ferromagnetic

layer?

� what is the role played by the interface in the spin transport, what are the

contributions from the interface and the bulk, can we separate these two con-

tributions?

� how does the induced spin moment in the non-magnet is affected when the spins

are injected from different magnets (Fe, Co, Ni)?

The second part of this thesis addresses these key questions by imaging the spin

injection in Cu across a Co/Cu interface. We have also measured the energy and

the current dependence of this induced moment. The size of induced moment is

extremely small [29] and hence the previous attempts to measure this moment down

to the sensitivity of 0.01% have been unsuccessful [69]. This thesis also describes the

technique development done to able to achieve sensitivity down to the level of 0.001%,

in order to measures extremely small induced signal in Cu.



Chapter 2

Magnetite and Nanopillar samples

2.1 Samples for imaging the ultrafast phase sepa-

ration in magnetite

Magnetite samples used for the time resolved studies to understand the mechanism

of Verwey transition at Linac Coherent Light Source (LCLS) were single crystals.

They were grown using cold crucible Bridgman technique and are shown in fig. 2.1.

The oxygen partial pressure was controlled during the growth to achieve the desired

iron to oxygen ratio. The resistivity of magnetite sample displayed the typical 100-

fold change upon crossing the Verwey transition at 123 K. The narrow width of the

Verwey transition temperature indicated that the samples were homogeneous, with

few metallic impurities and nearly ideal oxygen stoichiometry [70].

The magnetite samples were characterized using x-ray absorption spectroscopy

(XAS) and resonant soft x-ray diffraction (RSXD) at the UE52-SGM-1 beamline at

BESSY II, Berlin. This technique is described in detail in Chapter 3. The samples

were cleaved in the air prior to insertion into the diffractometer vacuum. The XAS

and RSXD spectra thus obtained are plotted in fig. 2.2, and corresponds well with

he XAS and RSXD spectra from literature for the ones observed during in-vacuum

cleave [71]. Static soft x-ray diffraction data determined the Verwey temperature

to 123.3 K with a hysteresis of 0.4 K and a width of the transition of less than 20

30
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Figure 2.1: Magnetite single crystal mounted in the diffraction chamber at
LCLS.

mK characteristic for highly stoichiometric magnetite. During the x-ray diffraction

measurements both static and time resolved, there was no evidence found for the

appearance of structurally twinned domains within the spatial extent of the x-ray

photon spot. For the time resolved experiment done at soft x-ray (SXR) beamline

of LCLS, the magnetite single crystals were cleaved in the air before introducing

them within minutes into an ultra-high vacuum environment with a base pressure

of 1 x 10−9 mbar. The XAS and RSXD spectra obtained at the LCLS are in good

correspondence with the Bessy data and are presented in Chapter 3.
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Figure 2.2: XAS and RSXD spectra for Magnetite: (a) Shows the x-ray absorp-
tion spectra (XAS) and resonant soft x-ray diffraction (RSXD) spectra at Fe L-edge
and (b) at O K-edge.
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2.2 Nanopillar devices for imaging spin injection

Lithographically fabricated nanopillar samples were used to measure the spin injec-

tion across Co/Cu interface as shown in fig. 2.3. The layer stack for the nanopillar

devices were grown by Prof. Andy Kent group in New York University. These layers

were fabricated into nanopillars devices by electron beam (e-beam) lithography done

by Jordan Katine at HGST, a western digital company. In order to measure these

samples in transmission geometry, further processing was done at Stanford Nanofab-

rication Facility (SNF). The fabrication steps have been described in detail below. As

the primary focus of this study is the spin transport across Co/Cu interface, instead

of an entire spin valve stack, the devices used had only fixed ferromagnetic layer Co

through which the spin currents were injected into non-magnet Cu.

The nanometer length scale for pillar devices used in this experiment is crucial

for achieving higher data densities by miniaturization and also important for heat

conduction. Due to high current densities of 107−8 A cm−2 required for spin transfer

torque and spin injection, heat dissipation is extremely important. To achieve such

Top Contact, Au 

(50nm)

Cu (20-50 nm)

Co/Pd 

Ru (60 nm)

Ta (3 nm)

SiO2 SiO2 

Si Wafer

Top

Contact

Bottom

Contact

Co/Ni  12 nm 

(a) (b)

Figure 2.3: Schematic of nanopillar devices: (a) Shows the layer stack of the
nanopillar where the Co/Pd and Co/Ni multilayers have perpendicular magnetic
anisotropy and act as the spin polarizer layer and the injected spins are detected
in copper, Ru layer forms the bottom contact and Au the top contact, (b) shows the
schematic of the pillar device where the current flows through top contact to bottom
contact or vice versa.
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high current densities for a wire with areal cross-section of 1 mm2 would require

current of 105−6 amps. Running such a large current would cause the wire to melt

before reaching the required current density. It is only because of the large surface-to-

volume ratio in a nanopillar that these structures are able to conduct the heat away

and sustain the applied current.

The basic structure of the nanopillars device with all the layer stacks is shown

in fig 2.3a. The layers are grown by sputtering on a 1.2 mm thick 6” diameter Si

wafer with low stress thermally grown SiNx of 250 nm thickness on both sides of the

wafer. The nanopillar consists of top and bottom contact layers composed of Au (50

nm)/Cr(5nm) and Ta(3nm)/Ru(30nm)/Ta(3nm)/Ru(30nm)/Ta(3nm), respectively.

The Cr in top layer is used as an adhesion layer between the pillar and the Au top

contact. The Ta in the bottom contact provides the required texture for the Ru

growth and act as a seed layer for the further deposition of the layer stack.

The fixed ferromagnetic layer in nanopillar exhibits strong perpendicular magnetic

anisotropy (PMA). It consists of two different magnetic multilayers: (1) CoPd multi-

layers (2) and CoNi multilayers. The first multilayer structure of CoPd, exhibits

a particularly high PMA owing to interfacial symmetry breaking and enhanced spin

orbit interaction. This layer has a very high coercivity and remanence, giving it a very

hard perpendicular anisotropy. However, due to spin-orbit scattering by Pd layer, it

has lower spin polarization. The second multilayer structure, CoNi, improves the spin

polarization of the transmitted and reflected currents. It has a higher spin polarization

due to the strong spin-scattering asymmetry of Co in Ni. The magnetization of this

multilayer is kept fixed via exchange coupling to the CoPd multilayer [72]. The exact

number of repeats and thickness in the PMA magnetic layer is propriety information,

though the nominal thickness of PMA layer is 12 nm with 2.6 nm of Co, 1.8 nm of Ni

and 7.4 nm of Pd. On top of this PMA layer stack, Cu is deposited which shares the

interface with the Co from the CoNi multilayers. The copper layer is deposited with

a thickness gradient across the six inch wafer. The copper thickness in the nanopillar

used for the experiment is 28 nm.

The nanopillars are then fabricated using electron beam (e-beam) lithography as



CHAPTER 2. MAGNETITE AND NANOPILLAR SAMPLES 34

shown in fig. 2.3b. The electron beam lithography and subsequent ion milling struc-

tures the nanopillar from the deposited layer stack. Silicon oxide is then deposited

on the milled out region except the via between the bottom contact and the contact

pads on the surface. The details of this process has been described in the thesis of

John Paul Strachan [73].

The final optical lithography step was performed at SNF to create free standing

SiNx membranes in order to measure the nanopillars in transmission geometry. This

was done using photolithography to pattern the back side of the SiNx (the top side

is where the nanopillar devices sit). The detailed procedure is depicted in fig. 2.4.
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Figure 2.4: Optical Lithography on the nanopillar sample: Shown are the
processing steps involved in optical lithography to fabricate free standing membranes,
(a) Si wafer with SiNx on both sides and nanopillar samples on front side, (b) resist-
coating, (c) exposure and patterning of the resist, (d) reactive ion etching to pattern
SiNx, (e) wet etching with KOH to remove Si while samples are protected by black
wax and (f) removing black wax in xylene.
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Following the resist coating, exposure and developing step, reactive ion etching was

done to remove SiNx partly, as defined by the patterned mask. This exposes silicon in

the patterned areas of the wafer which are etched using a wet chemical etch procedure.

The wet etching is done in a solution of 22.5% Potassium Hydroxide (KOH) at 70 °C.

KOH etches preferentially along the <100> crystal plane of Si, producing a V-etch

with sidewalls forming an angle of roughly 54.7°, stopping at the nitride layer on the

front side of the wafer.

During this wet etching process, the frontside of the wafer with the nano-patterned

devices is protected by black wax. Black wax is melted on the front side (130 °C)

and sandwiched between the sample wafer and another SiNx or a quartz wafer (which

250 nm

300 µm

40 µm 10 µm
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Cu, L3 edge

Bottom

Contact

 Pad

Top 

Contact

 Pad

Top 

Contact
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Figure 2.5: Imaging of the nanopillar sample: (a) Shows the SEM picture of the
entire device where +V represents the top contact pad and -V represents the bottom
contact pad, (b) shows the STXM image of the device, white is the Aluminum oxide,
gray is the bottom contact (Ru) and dark gray is the top contact of Au, (c) shows
a zoomed in image, (d) shows the nanopillar with an areal cross-section of 250 nm2

and (e) shows the XMCD contrast at the Co L-edge.
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can withstand KOH). As an additional protection step to prevent KOH from going

through the side edges, silicone is glued on the sides. The total etch time in KOH is

approximately 40 hours with an etching rate of about 0.5 µm per minute in 22.5%

KOH at 70 °C. After KOH etching, black wax is removed by immersing the wafer

in xylene solution for ∼5 hours. The black wax process is extremely dirty, however,

because the pillars are extremely small, the probability of a remanent black wax

particle residing on top of the pillar is relatively small.

The samples are then cut from the 6” wafer using a wafer saw into individual

(5 by 5 mm2) chips containing a single devices on the SiNx membrane. The chips

are mounted and wire bonded to custom printed circuit boards in order to apply

current pulses using external electronics. Resistance measurements performed on

these devices resulted in a resistance of ∼47 Ω.

The scanning electron microscopy (SEM) and STXM images of the nanopillar

devices at Cu L-edge and Co L-edge are shown in fig. 2.5. Fig. 2.6 shows the trans-

mission spectra of the Cu at the L3 edge along with the total transmission from the

entire layer stack. The Cu absorption is only 10% of the total absorption from the

entire layer stack.
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Figure 2.6: Transmission through the individual layers of the nanopillar
layer stack.



Chapter 3

Experimental Techniques

3.1 X-ray absorption and x-ray magnetic circular

dichroism

X-ray absorption spectroscopy (XAS) is a very powerful tool to study and characterize

materials. At the photon energies which are distinctive for each element, a sharp

increase in absorption due to resonant enhancement is observed. These resonant

excitations are associated with specific transitions from core states to empty valence

states of an element, for instance, L-edge is associated with 2p to 3d transition, K-

edge is associated with 1s to 2p transition. The fine structure of such resonances

is characteristic to the local bonding environment of the absorbing atom. Hence,

x-ray absorption provides us with elemental as well as chemical specificity to study

materials. Another advantage of XAS is that it can be used to probe buried layers, for

example, in multilayer spin torque devices, due to high penetration depth of x-rays.

The absorption of x-rays by a material is described by the Beer-Lambert law,

I(x) = I0e
−µx (3.1)

where I is the intensity of the x-rays transmitted, I0 is the intensity of the incoming

x-ray, and µ is the x-ray absorption coefficient dependent upon energy. A plot of µ

of Fe and O at resonant L and K-edge measured at LCLS for magnetite samples is

37
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Figure 3.1: X-ray absorption spectroscopy: X-ray absorption spectra of (a) Fe
in magnetite at L-edge and (b) O in magnetite at K-edge.

shown in fig. 3.1.

X-ray absorption spectroscopy is also a very important tool for studying magnetic

materials through x-ray magnetic circular dichroism (XMCD) effect. The spin-up and

spin-down channels in ferromagnetic materials have different absorption for circularly

polarized x-rays (helicity). XMCD exploits this selective absorption to measure the

size and direction of the magnetic moments in ferromagnetic materials using circularly

polarized x-rays. As shown in fig. 3.2, XMCD effect is maximum when the x-ray

angular momentum is parallel and anti-parallel to the magnetic moment of the sample,

at the resonance edge and is opposite for the L3 and L2 edges.

XMCD process can be described in two main steps. In the first x-ray absorption

step, conservation of angular momentum requires a transfer of the angular momen-

tum of the incident circularly polarized x-rays to the excited photoelectrons. If the

photoelectron is excited from a spin-orbit split level, e.g., the 2p3/2 level (L3 edge),

the angular momentum of the photon can be transferred in part to the spin through

the spin-orbit coupling and the excited photoelectrons are spin polarized. The spin

polarization is opposite for incident x-rays with positive and negative helicity. Also,

since the 2p3/2 (L3) and 2p1/2 (L2) levels have opposite spin-orbit coupling (l + s and l

s, respectively) the spin polarization is opposite at the two edges. The photoelectron
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Figure 3.2: X-ray magnetic circular dichroism (XMCD): The XMCD effect
is illustrated for the L-edge absorption in Fe metal. The left schematic shows the
transition from 2p to spin polarized d-states of Fe. The right curves (blue, black and
orange) plot the x-ray absorption for sample magnetization directions shown, with
respect to the incoming circularly polarized x-rays [29].

spin quantization axis is identical to that of the photon spin, i.e. it is parallel or

antiparallel to the x-ray propagation direction.

In the second step the exchange split valence shell with unequal spin-up and spin-

down populations acts as the detector for the spin of the excited photoelectrons. For

optimum detection the valence shell spin quantization axis (the detector axis) has

to be aligned with the photon spin or photoelectron spin quantization axis. The

dependence of XMCD on the spin-orbit coupling has the benefit that it allows the

separate determination of spin and orbital angular momenta from linear combinations

of the measured L3 and L2 dichroism intensities. In the next section I will discuss the

microscopy technique based on x-ray absorption for imaging spin injection in copper.
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3.2 Imaging with scanning transmission x-ray mi-

croscope (STXM)

STXM is an x-ray microscopy technique, where imaging is done by raster scanning a

focused x-ray spot across the sample creating one image pixel at a time. STXM at

Stanford Synchrotron Radiation Lightsource (SSRL, Beamline 13-1) was used to study

the spin injection into Cu. In our measurements transmission geometry was used, i.e

detector is placed behind the sample to measure the transmitted x-ray intensity.

STXM at SSRL is also capable of measuring in electron yield mode, where the drain

incoming x-rays 

Zone Plate

Order Sorting 

Aperture (OSA)

Pillar Sample

Avalanche

PhotoDiode (APD)

Zone Plate

OSA Sample Holder

Diode with 

Cu shielding

Cu braid for

diode cooling

Figure 3.3: Scanning transmission x-ray microscope (STXM): The top
schematic shows the main components of the STXM, zone plate, order sorting aper-
ture (OSA) and detector. The bottom picture shows the STXM at SSRL.
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current of sample is used for imaging. A schematic of the microscope in transmission

mode along with the picture of STXM at SSRL is shown in fig. 3.3. The main

components of STXM are (1) Zone Plate, (2) Order Sorting Aperture, (3) Detector.

I will now discuss each component individually.

3.2.1 Zone plate

Monochromatic x-rays from undulator illuminate the focusing lens, zone plate which is

made of alternate concentric zones of opaque (Gold) and transparent (SiNx) as shown

in fig. 3.4. The incident x-rays are diffracted by the radial zones with constructive

interference occurring at the x-ray focus. The size of the focus is related to the spatial

resolution of the final image, and it is given by the Rayleigh criterion, 1.22∆r where

∆r is the width of the outer zone. Spatial resolution under 15 nm has been achieved

using STXM [74]. The zone plate used in our experiment had an outer zone width of

30 nm resulting in a spatial resolution of 37 nm. The focal length of the zone plate

lens changes with photon energy, hence the sample position along the beam direction

was varied with energy to study the spectroscopic dependence of spin injection in Cu.

3.2.2 Order sorting aperture

Order sorting aperture (OSA) is a small pinhole, placed between the zone plate and

the sample at about 0.75 times the zone-plate-to-sample distance. This allows only

Figure 3.4: SEM Image of Zone Plate.
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the first diffraction order to pass as seen in fig. 3.3 and blocks the zero order coming

through transparent SiNx zones. This is in addition to the central Au stop fabricated

in zone plate, to suppress unwanted diffraction orders that would decrease the avail-

able signal-to-background ratio. Careful transverse and longitudinal alignment of the

OSA with the zone plate is an essential aspect of tuning and operating a STXM.

3.2.3 Detector

The detector used at SSRL beamline is an Avalanche Photodiode (APD) from Ham-

matsu (S2383, S6045-03) with the active detection region of 1 mm in diameter. In

order to prevent the diode from picking up electrical pulses applied to sample, APD

was shielded by a Cu shield with a hole of diameter φ = 1.5 mm, that allowed the

transmission of the incoming x-rays. The APD signal was amplified by 40 dBm, to

reach signal level of few mV from a single photon event. In order to improve the sig-

nal to noise ratio (SNR) of the setup and prevent the diode from overheating during

measurement, the diode was water cooled to ∼ 15°C.

The stability of the STXM also depends upon the positional accuracy of stages

used for scanning the sample. The STXM at SSRL uses MICOS stages with positional

accuracies down to 10 nm and leading to the sample drift during individual scans

(∼ 45 mins scan) to less than 50 nm. Another advantage of this STXM is that it

operates at much higher vacuum of 10−8 mbar, then its counterparts around world.

This significantly helps in decreasing carbon deposition on the sample during raster

scanning. The contrast due to carbon deposition after a week of measurement is

about 20% which is significantly lower in comparison to the other STXM microscopes

and hence increases the measurement lifetime per sample.

3.3 Time resolved imaging with STXM

In this section I describe the time resolved imaging technique developed at the beam-

line 13-1 STXM for doing synchronous electrical pump and x-ray probe at a syn-

chrotron.
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Figure 3.5: X-rays from SSRL synchrotron: (a) X-ray intensity variation at
SSRL with time, (b) the bunch structure of SSRL, operating at 476 MHz with pulse
width of 50 ps.

The SSRL storage ring operates at 476 MHz, i.e. every 2.1 ns x-rays are produced

by electron bunches traveling at almost speed of the light inside the synchrotron ring.

The experimental time resolution is determined by the pulse width of these bunches

which is 50 ps. SSRL operates in top-off mode implying that the charge of the electron

bunches is topped off every 5 mins. A plot of total intensity with its decay and top

off every 5 minutes is shown in fig. 3.5, along with the bunch structure of SSRL. The

intensity distribution of bunches is very inhomogeneous with a lot of bunch to bunch

fluctuations. Hence it is extremely important to normalize these bunch to bunch

fluctuations, in order to have the sensitivity better than 5× 10−4 to be able to detect

extremely small spin injection signal in Cu [69].

The detection of x-ray pulses was done using the electronic setup (‘time machine’)

built by Y. Acremann et al. [75, 76]. It is a unique photon counting system which

takes the input from the x-ray signal from APD (risetime ∼ 500 ps) and allows us

to measure individual x-ray pulses. It is a single photon counting system which

labels a photon event as ‘1’ and no photon as ‘0’ for individual bunches. Up to

16 photon counters available in time machine can be freely configured to count on

any synchrotron bunch pattern. It also has pulse generators which can be used to

synchronize applied current to the sample with the bunch structure of the storage

ring. This way, many different bunches following the pump pulse (current excitation

pulse) can be acquired in separate counters, allowing one to simultaneously measure

the response of the sample at up to 16 different times after the pump pulse.
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The sample was excited using an Agilent voltage source leading to current densities

of 107Acm−2 in the nanopillar. Synchronization between applied current pulses and

x-ray was accomplished by first locating the ‘cam-shaft’ pulse (see fig. 3.5b) so that

every other x-ray pulse in the ring corresponded to a known phase of the current pump

sequence. To eliminate different signal travel times between the applied current to

the sample and measured x-ray signal, we measured the applied current pulses from

time machine traveling through the exact path followed by the x-ray from diode to

the detection channel of the time machine. The delay on the current pulses is then

adjusted until the overlap is optimized. These pulsers are then used to align the

pulses from agilent voltage source using an oscilloscope.

The sample was excited with a frequency closer to half the ring frequency i.e

1.28/2 MHz as shown in fig. 3.6. A current pulse is applied to the sample during

740 ns and no current is applied for the next 740 ns. Hence, the measurement done

during the first 740 ns, i.e let us say even cycle of the synchrotron is the excitation

of the sample. The measurement done in next 740 ns i.e let us say odd cycle of the

synchrotron is the base measurement with no excitation in the sample. As the pump

excitation frequency is higher than half the ring frequency (1.28/2 MHz), the trigger

is reset every 1.28/2 MHz for excitation pump pulse in order to maintain the overlap

between x-rays bunches and electrical pump pulse. The remaining bunches during

this reset process are discarded. This pattern is repeated for the entire duration of

the imaging, leading to two images, one taken with the current-on and other with the

current-off. The same x-ray bucket is used for the measurements during current-on

and current-off, only ∼ 740 ns apart, hence the normalization of the current-on with

current-off image works remarkably well. In addition, current-on divided by current-

off normalizes out the topography of the sample leaving only the dynamics induced

by current. The combination of these experimental techniques allowed us the to reach

a sensitivity better than 10−5, which is necessary for detecting extremely small spin

injection signal.



CHAPTER 3. EXPERIMENTAL TECHNIQUES 45

+V / -V

0

740 ns

Even Cycle Odd Cycle

2.1 ns

Applied electrical

pulse to sample

x-ray pulses from

the synchrotron

Pump:

Probe:

Detection:

Time Machine

 Counters

200 nm 200 nm

Current On Current Off

Figure 3.6: Schematic of electrical pump x-ray probe measurement.
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3.4 Bragg diffraction

In the rest of the chapter I would describe the diffraction technique used to image the

ultrafast phase separation during the metal insulator transition in magnetite. In this

section I will discuss Bragg diffraction which was utilized to characterize the lattice

structure of insulating and metallic phase of magnetite.

Bragg diffraction happens when electromagnetic radiation (x-rays) with wave-

length comparable to atomic spacing are scattered in a specular fashion by the atoms

in the system, and undergo constructive interference in accordance to Bragg’s law.

For a crystalline solid, the waves are scattered from lattice planes separated by the

interplanar distance d as shown in fig. 3.7a. For constructive interference, the path

length traveled should be equal to an integral multiple of the wavelength. From

fig. 3.7a, we can see that the path difference between two waves undergoing construc-

tive interference is given by 2dsinθ, θ being the scattering angle. This leads to the

well known Bragg equation,

2dsinθ = nλ (3.2)

where n is an integer and λ is the x-ray wavelength. A diffraction pattern is then

obtained by measuring the intensity of scattered waves as a function of scattering

angle. Very strong Bragg peaks intensities are obtained in the diffraction pattern

when scattered waves satisfy the Bragg condition. Fig. 3.7b shows the schematic of

Bragg diffraction pattern for the cubic (metallic) and monoclinic (insulating) phase

of the magnetite. In the cubic phase the lattice symmetry forbids the presence of

peaks with mixed hkl integers and only allows all even or all odd hkl integer Bragg

peaks. Hence the (001), (110) and (001/2) peak are forbidden in the cubic phase

but are present in the lower symmetry of the monoclinic phase. The primary order

parameters of the magnetite cubic-to-monoclinic lattice distortion are the cubic X and

∆ phonon modes [28, 77]. These modes are strongly coupled with (001) and (110)

lattice reflections and are described in Appendix C. Monoclinic reflections, (001) and

(110), are used in this experiment to track the lattice dynamics from insulating to

the metallic state.
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Figure 3.7: Schematic of Bragg’s Law and Bragg diffraction pattern for the
cubic (metallic) and monoclinic (insulating) phase of mangetite.

While Bragg’s law tells us the condition for observing strong diffraction peaks

from a crystal, it does not give us any information about the intensity measured at

the Bragg peaks. To evaluate the intensity observed in Bragg diffraction, one can

start from the scattered intensity from an electron and work up the way to lattice as

described in the following. Light scattered by a single electron can be expressed in

terms of scattering length. Scattering length for an electron is the magnitude of the

ratio of the radiated to the incident field. It is called Thomson scattering length and

is given by,

r0 =
e2

4πεmc2
= 2.82× 10−15m (3.3)

We can now write the scattering amplitude for an atom assuming an homogeneous

charge distribution and integrating over the entire electronic distribution, keeping in

the mind the phase of the scattered wave as follows,

Aatom = r0

∫
eiq.rρe(r)dV = r0f(q) (3.4)

where Aatom is the scattering amplitude from an atom, ρe is the charge density as

function of r, distance from the center of atom. q is the scattering vector as plotted

in fig. 3.7 and f(q) is the scattering factor for an atom and represents the strength of

the scattering relative to a single free electron.

Now to calculate the scattering intensity for the lattice, we write the scattering
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amplitude by adding scattering factor for all the atoms present in a unit cell, and then

summing over all the unit cell present in the crystal, as given by following equation,

Alattice = r0 (
Nm∑
m

eiq.Rm)︸ ︷︷ ︸
F (Q,ω)

(
Nn∑
n

fne
iq.Rn)︸ ︷︷ ︸

L(Q)

(3.5)

where Alattice is the scattering amplitude from the lattice, index m runs over the Nm

unit cell in the crystal summed with phase factor dependent upon the distance from

arbitrary center Rm, while index n runs over the Nn atoms in the unit cell summed

with phase factor dependent upon the distance from the center of the unit cell Rn.

F (Q,w) is the unit cell structure factor and describes the interference of the waves

scattered from the different sites within a unit cell. The lattice sum L(Q) is due to

the interference of the scattering from the different unit cells at Rm. When Bragg

law is satisfied we see strong Bragg peaks which correspond to θ satisfying equation

3.2, q and θ are related by equation q = 4πsinθ/λ as shown in fig. 3.7a.

3.5 Resonant soft x-ray diffraction (RSXD)

Resonant soft x-ray diffraction (RSXD) provides a unique sensitivity by merging

Bragg diffraction and x-ray absorption spectroscopy (XAS) into one single experi-

ment, where the diffraction provides information about spatial modulations and the

XAS is sensitive to the electronic structure. It is a highly sensitive probe for imaging

spatial modulations of spins, charges, and orbitals in complex materials in reciprocal

space as shown in fig. 3.8. In addition, the q-dependence of the resonant diffraction

peak gives information about the correlation length scales present in the material as

shown in fig. 3.8b.

In the previous section we derived the intensity obtained in Bragg diffraction, with

the assumption that the atomic charge density is homogeneous. This assumption is

of course not true and atomic electrons have discrete energy levels and the electrons

that are less tightly bound (L, M shell corresponding to principle quantum number, n

= 1, 2 respectively) will be able to respond to incoming field quite closely. However,
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Figure 3.8: Resonant soft x-ray diffraction: (a) Schematic of resonant soft x-ray
diffraction and (b) the scattering peak measured at Fe L3 edge [48].

electrons in the core levels (e.g. K shell corresponding to n = 1) are much more tightly

bound and if the incident X-ray energy is much less than the binding energy of the core

level electrons, the response will be much less. This will reduce the overall scattering

length of the system by the amount, say f’. The bound states of the electrons can

be treated as harmonic oscillators and the response of the electrons will have a phase

lag with the incident X-ray [78]. Hence we need to introduce a dissipative term if”

in the atomic form factor, which becomes,

f(Q,ω) = f 0(Q) + f ′(ω) + if”(ω) (3.6)

In the soft X-ray regime or for scattering in the forward direction where the momen-

tum transfer is small, atomic form factor can be approximated as Z,

f(Q,ω) = Z + f ′(ω) + if”(ω) (3.7)

The resonance-enhanced Bragg diffraction has most to offer when the intermediate

state visited by the photoexcited core electron is a valence state of the resonating ion

occupied by (unpaired) electrons. Namely 3d in case of Fe (L-edge) and 2p in case
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of O atom (K edge), which occurs in the soft x-ray regime hω = 200 - 2000 eV, as

described in following,

At the transition metal L-edges the resonant scattering process involves 2p → 3d

transitions. This makes it possible to study electronic and magnetic properties as well

as ordering phenomena related to the 3d valence states of the transition metal. The

strong spin-orbit interaction of the 2p core hole splits the x-ray absorption spectra

into the so-called L3 edge at lower energies (2p3/2 core hole) and the L2 edge at

higher energies (2p1/2 core hole). Furthermore, the coupling of the 2p core hole

with a partially filled 3d-shell in the intermediate state results in a very pronounced

multiplet structure of the L2,3 edges, in absorption as well as in diffraction seen in Fe

scattering spectra in fig. 3.9a. The spin-orbit interaction causes a greatly enhanced

sensitivity towards spin, orbital and charge order [78].

In the transition metal oxides such as magnetite, the O 2p states play an important

role in the chemical bonding. It is therefore of great interest to investigate its role

for electronic ordering phenomena. By performing a diffraction experiment at the O

K-edge, the scattering process involves 1s to 2p transitions. In this way, the resonant

scattering at the O K edge becomes very sensitive to spatial modulations of the O 2p

states. The hybridization of the O 2p levels with the transition metal 3d states can

induce sensitivity to electronic and magnetic ordering. In contrast to the transition

metal L-edges described above, the 1s core hole does not produce a strong multiplet
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Figure 3.9: XAS and RSXD spectra at the (a) Fe L-edge and (b) O K-edge.
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splitting in the intermediate state. To date, a number of experiments on different

materials, including cuprates, manganites and magnetite have demonstrated a strong

resonant enhancement of superlattice reflections at the O K edge, revealing the active

role of the oxygen 2p states in the electronic order [78]. Nearly all the resonances

observed so far are peaked at the low-energy side of the oxygen K edge, showing that

the probed electronic modulations mainly involve the electronic states close to the

Fermi level as shown in fig. 3.9b.

Fig. 3.9a shows the resonant soft x-ray diffraction peak measured at Fe L-edge,

which is associated with the (001/2) orbital order present in the insulating phase of

magnetite [49,51]. While fig. 3.9b shows the resonant soft x-ray diffraction peak mea-

sured at the O K-edge, which is associated with the (001/2) charge and orbital order

present in the insulating phase of magnetite [47]. These two diffraction peaks disap-

pear above the Verwey transition temperature, in the metallic phase of magnetite.

Hence, they provide a very powerful tool to study the electronic (charge, orbital)

dynamics in magnetite.

3.6 Time resolved soft x-ray diffraction

In this section we provide the detail of time resolved soft x-ray diffraction to study

the dynamics of phase transition on ultrafast time scales. As described in previous

sections, by measuring the diffraction peaks non-resonantly (Bragg diffraction) and

resonantly (RSXD) we can study the lattice and electronic structure of magnetite

respectively. Now we employ this technique in time resolved manner to study the

dynamics of Verwey transition and to image the phase separation occurring in mag-

netite.

We excite the sample in insulating state using the optical pulse and follow the

lattice and electronic response in the time domain by collecting non-resonant and

resonant soft x-ray diffraction pattern as function of optical pump and x-ray probe

time delay. The time-resolved resonant soft x-ray diffraction measurements were

carried out at the SXR beamline [79] of the Linac Coherent Light Source (LCLS).

Monochromatised x-rays of 10 fs pulse duration with a repetition rate of 60 Hz were
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used as a probe. The experiment was done at four different x-ray energies, with

800 and 1200 eV x-rays to probe (001) and (110) monoclinic lattice reflection non-

resonantly. And at Fe L-edge and O K-edge to probe the (001/2) electronic order

period resonantly.

A pump-laser with photon energy hν = 1.55 eV and 70 fs pulse duration was

synchronized to the x-ray pulses. The diffraction data were normalized in incoming

intensity as well as on a shot-by-shot basis to correct for the jitter in arrival time

of the electron bunch of the free electron laser. The time resolution after this jitter

correction was ∼300 fs due to very high jitter between pump and probe pulses. The

x-ray and pump laser foci on the sample had diameters of 200 and 500 µm, respec-

tively. Diffraction data were acquired using the RSXS endstation [80], equipped with

a fast avalanche photodiode (integrating over the entire diffraction peak) and a two

dimensional fast CCD camera both shielded from the optical pump laser by an Al

window. Fig. 3.10 shows a sketch of the experimental setup. In order to compare

the diffraction data measured at the different x-ray energies, the pump fluences were

depth corrected by taking the penetration depth of the x-ray probe into account for

different x-ray energies (see Appendix A).

Figure 3.10: Schematic of pump probe setup at LCLS.



Chapter 4

Imaging of the phase separation in

Magnetite

In this chapter I describe the experimental results of the first part of my thesis project,

ultrafast reciprocal space imaging of phase separation in magnetite as it undergoes

Verwey transition. As discussed in Chapter 1, magnetite is the first oxide to show a

metal insulator (Verwey) transition at 123 K. In order to understand the mechanism

of this phase transition and to study the role of charge, orbital and lattice order

during the transition, time resolved studies were performed at the Linac Coherent

Light Source (LCLS). The lattice order was probed by the Bragg diffraction at (001)

and (110) reflections, which correspond to the low temperature lattice structure and

are forbidden above Tv. The electronic order was probed by monitoring the (001/2)

Bragg diffraction peak with the photon energy tuned to the Fe L-edge [49, 51] or O

K-edge [47,81].

4.1 Pump-probe delay measurements

In this section I show the experimental results obtained for optical pump x-ray probe

experiments. Fig. 4.1 displays the temporal evolution of the lattice order by means

of the scattering intensity for the (001) and (110) Bragg reflections for various pump

fluences. The (001) reflection was measured at 800 eV and the (110) reflection was

53
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Figure 4.1: Evolution of lattice order: Shows the diffraction intensity as a function
of pump-probe delay for various fluences measured, (a) (001) Bragg reflection at 800
eV and (b) (110) Bragg reflection at 1200 eV.

measured at 1200 eV x-ray energy. Fig. 4.2 shows the evolution of the electronic

order by measuring the diffraction intensity of the (001/2) peak with the photon

energy tuned to the Fe L-edge and the O K-edge. The diffraction intensity displayed

was recorded as an integral over the entire Bragg peak by the photodiode detector.

The quoted pump laser fluence values are effective, corrected for the finite x-ray

penetration depth in a manner described in Appendix A. The data shown in fig. 4.1

and fig. 4.2 were taken at a sample temperature of T = 80 K.

The time-derivative traces plotted in fig. 4.2d show that the fs A process has a

characteristic timescale of ∼300 fs. This is same for all the reflections regardless if

they probe the lattice response in fig. 4.1 or the electronic response in fig. 4.2. This

timescale is limited by the time resolution of the experiment given by jitter between

pump and probe [82].

In the delay traces plotted in fig. 4.1 and fig. 4.2, we see two time scales associated

with the intensity evolution. The first is the fast drop within 300 fs of the pump

pulse, denoted as process A (orange arrow) and the second is the slow ps evolution,

denoted as process B (purple arrow) in fig. 4.1a. The slow ps behavior is dependent

upon the laser fluence. For the lower laser fluences, the slow ps timescale shows a
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recovery back to the original state. For the higher laser fluences, the slow ps timescale

shows a further decrease in diffraction intensity. The delay traces were fitted using

double exponentials to extract the fast drop (A process) and slow monotonic decay

(B-process). The details of fitting along with the fit parameters obtained is described

in Appendix B.
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Figure 4.2: Evolution of electronic order: Shows the (001/2) diffraction intensity
as a function of pump-probe delay for various fluences measured with the photon
energy tuned to, (a) Fe L-edge (707.3 eV), (b) Fe L-edge (708.4 eV), (c) O K-edge
(529 eV). (d) Derivative of the intensity within first 300 fs for the Fe and O as well
as the lattice (001) and (110) reflections.
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Fig. 4.3 shows the resulting decomposition of the time profiles into the two param-

eters, A and B, as a function of pump fluence. As seen from the figure, the fast quench

(A process) is present for all the fluence values. The slower B decay appears only

above a threshold pump fluence of Fthresh = 1.3 ± 0.1 mJ cm−2. We note that near

threshold the raw data shown in fig. 4.1 and 4.2 display characteristics of both the

ps recovery and decay dynamics, leading to an initial increase of diffraction intensity,

and the dynamics due to the B process which takes over at longer delay times causing

the intensity to decrease again. The figure demonstrates that the electronic struc-

ture evolution is identical to the lattice evolution. This illustrates that the electronic

(charge, orbital) and lattice degrees of freedom are strongly coupled.

Fig. 4.4 shows delay traces for lattice (001) Bragg peak measured at T = 30 K.

We see a similar behavior, fast fs quench within 300 fs (A process) and a slow ps

time evolution (B process). We extracted the A and B amplitudes as described in

Appendix B compare it to the 80 K dataset in fig. 4.4b and 4.4c. The figure shows

that the fast quench (A process) is present for all the fluence values albeit it has
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Figure 4.4: Fast quench and slow ps response for T = 80 K and 30 K: (a)
Intensity for (001) Bragg reflection at 800 eV versus delay time at T = 30 K, (b)
Pump fluence dependence of the fast intensity drop A (orange arrow) and, (c) the
slower intensity decay B (purple shading) of the diffraction intensity comparing both
the temperatures measured in the experiment, T = 80 K and 30 K.

larger amplitude values for T = 80 K. The slower B decay appears only above a

threshold pump fluence Fthresh = 2.0 ± 0.1 mJ cm−2 for T = 30 K in comparison

to Fthresh = 1.3 ± 0.1 mJ cm−2 for T = 80 K. These threshold values match the

energy required to drive magnetite from 80 K and 30 K across the Verwey transition

in thermodynamic equilibrium (see Appendix A).

The two timescales, the fast drop within first 300 fs and the slow ps evolution,

can be visualized using the trimeron picture of magnetite lattice. The pump pulse

triggers electronic excitations within the trimeron lattice destroying the trimerons

locally, resulting in the creation of ‘trimeron holes’ in the network. This expresses

itself as the ultrafast drop in scattering intensity (denoted A). This ultrafast response

of a sub-set of atomic displacements attests to the strong coupling between electronic

and lattice degrees of freedom in the system.

After the initial, ultrafast intensity drop seen for all fluences, a further ps evolution

takes place. The nature of this evolution depends upon the pump fluence. At low

fluence, a thermally equilibrated trimeron lattice reasserts itself after about 1 ps,

leading to an increase in scattering intensity as seen in delay traces. We note here

that the initial low-temperature state is re-established only after microseconds due to

the low thermal conductivity of the system [81]. For higher fluence, the ps behavior
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is different. It displays a monotonously continuing reduction in diffraction intensity

with increasing pump-probe delay time (parameter B, purple shading). In order to

understand in more detail what B process entails let us now take a look at the (001/2)

data measured at Fe L-edge using the 2D fCCD detector in next section.

4.2 fCCD measurements of the Fe resonant peak

In the previous sections, we have shown that optical excitation launches a strongly

coupled charge-lattice motion, locally destroying the trimeron order. Now we address

the question whether this process instigates metallic behavior. In this section, we

present the (001/2) Bragg diffraction data measured at the Fe L-edge using a fast

CCD detector. By imaging the Bragg peak with the fCCD detector at various time

delays, we can probe the coherence length and the monoclinic tilt angle of magnetite.

By measuring the coherence length of the electronically ordered phase after the optical

excitation, we can see if the system segregates into coexisting metallic and insulating

domains.

Figure 4.5: (001/2) Bragg reflection measured with fCCD at Fe L-edge: (a)
Plot showing the (001/2) Bragg reflection measured at Fe L3-edge with fCCD before
and after the laser pulse, (b) Horizontal line cuts through the 2D Bragg reflection
measured for different time delays.



CHAPTER 4. IMAGING OF THE PHASE SEPARATION IN MAGNETITE 59

Fig. 4.5 shows the (001/2) Bragg reflection measured at the Fe L3 edge before

and after the pump pulse, at a pump fluence of 5 mJ cm−2. The horizontal line cuts

of the 2D Bragg reflection are plotted in the fig. 4.5b for different time delays. It

can be seen that the Bragg peak measured at t = t0 + 100 fs after the pump pulse,

decreases in intensity but the peak width and peak position remains same as the static

measurement before pump pulse. While at longer time scales i.e at t = t0 + 5 ps, the

intensity decreases considerably as well as the peak width and peak position change.

The coherence length of the trimeron order, λcoh, can be extracted using the

full width at half maximum (FWHM) of the Bragg reflection. The λcoh is inversely

proportional to FWHM (λcoh = 2π/FWHM), implying decrease in the coherence

length of the trimeron order at longer time scales. This is plotted as a function of

the pump-probe delay times measured in fig. 4.6. The change in the monoclinic tilt,

∆β, resulting due to the shift of the (001/2) diffraction peak is also plotted in fig. 4.6

along with the intensity of the Bragg reflection.

We can see from fig. 4.6 that the intensity of the diffraction peak evolution differs

from the evolution of coherence length, λcoh, and monoclinic tilt, ∆β. The relative
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Figure 4.6: Fast trimeron lattice quench followed by a ps transformational
process: The figure shows x-ray data taken at the (001/2) reflection (Fe L3-edge) for
pump fluence of 5 mJ cm−2. The reductions in λcoh and ∆β (green and blue markers)
occurs with a delayed onset and shows evolution on a ps timescale. In comparison,
the trimeron lattice diffraction intensity (brown markers) versus time shows a fast
quench.
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diffraction intensity is strongly suppressed within 300 fs of the optical excitation pulse.

The intensity goes on to reach values below 5% of the static value on the ps timescale.

In contrast to the fast intensity quench, the changes of λcoh and ∆β display a very

different characteristic timescale of 1.5 ± 0.2 ps for this pump fluence. Moreover,

∆β and λcoh changes are only observed later than 200 fs (the earliest data point

following optical excitation included in fig. 4.6). This means that on the timescale of

the ultrafast intensity quench, the low-temperature monoclinic lattice tilt angle and

the trimeron lattice coherence length remain unchanged with respect to the static

case. We note that the observed static coherence length of λcoh = 385± 10 nm is in

good agreement with literature values [48].

This observed shrinking of correlation length for the insulating trimeron lattice,

indicates island formation, providing space for a coexisting, metallic phase on longer

time scales. A ‘transformational regime’ is entered on this ps timescale that is marked

by a break-up of the trimeron lattice into patches separated by a coexisting metallic

phase which scrambles the phase coherence of the surviving trimerons islands. This

is accompanied by a relaxation of the monoclinic lattice tilt ∆β in the trimeron

islands towards the right-angle cubic value. In fig. 4.6 after 5 ps, the deviation

from the cubic lattice angle is 0.11° compared to 0.23° for the static low-temperature

case. Hence, from the x-ray data we can conclusively say that on ps timescale the

magnetite is undergoing phase separation In order to detect the existence of appearing

metallic phase we performed optical pump-probe reflectivity measurements on the

same magnetite sample.

4.3 Optical pump-probe reflectivity measurements

In this section I describe the optical pump probe reflectivity measurements done on

magnetite to confirm that the phase appearing on the ps timescale is indeed metallic.

In thermal equilibrium, the transition from insulating to metallic behaviour is accom-

panied by the appearance of a spectral feature centered at 725 nm wavelength above

Tv in optical reflectivity measurements [83]. We focused on this 700-750 nm wave-

length interval for the optical pump-probe reflectivity measurements on magnetite.
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Time-resolved optical reflectivity measurements were done by our collaborators

as described in Ref. [84, 85] using an amplified Ti:sapphire laser system with ∼80 fs

pulse duration operating at 250 kHz. 800 nm pump and 500-800 nm probe beams

were focused to spot diameters of ∼110 and 90 m, respectively. The samples used

were the same as the ones employed in the experiments at the LCLS.

Fig. 4.7 shows the optical reflectivity (∆R/R) measurements as a function of

delay time using a broadband pump. In order to extract relevant timescales the

data measured at different fluence values were divided by the respective laser probe

fluence. This procedure normalizes delay traces at all fluences as shown in fig. 4.7a.

In particular the observed fast rise in reflectivity within first 300 fs is the same for

all measured fluence values. The lowest fluence delay trace is then subtracted from

the higher fluence delay traces to extract the monotonic increase of the reflectivity

taking place on the slower picosecond timescale as shown in fig. 4.7a. Fig. 4.7b shows

the fluence dependence of the obtained change in ps optical reflectivity for an 80 K

sample temperature. The data are fitted using an exponential. Here we note that all

curves show a delayed onset similar to that of the changes in the trimeron coherence
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length and monoclinic tilt angle as determined with x-rays in the previous section.

The parameters for the amplitude, C, of the observed conductivity increase as well

as the timescale, τ , and delayed onset, t0, are given in Appendix B.

4.4 Comparison between x-ray and optical pump

probe measurement

Fig. 4.8 shows the change in ps optical reflectivity data, together with the x-ray data

from fig. 4.6. The plotted optical curve is for a fluence value of 5.7 mJ cm−2. The

increase in ∆R/R occurs concomitantly with reduction in λcoh and ∆β with a time

constant of 1.5 ± 0.2 ps as seen in fig. 4.8. This shows that the appearing phase

is indeed metallic and magnetite is phase separated into coexisting insulating and

metallic regions. The fluence dependence of the amplitude, C, along with the fluence

dependence of λcoh and ∆β measured at LCLS is shown in fig. 4.9. The fluence

dependence shows that the metallic phase is fully developed above 4mJ cm−2.

Hence combining the optical and x-ray pump probe measurement we are able to
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figure shows x-ray data taken at the (001/2) reflection (Fe L3-edge) and optical re-
flectivity data at 5 mJ cm−2.
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show that the slow ps timescales marks the ‘transformational regime’ in magnetite,

where phase separation into metallic and insulating domain occurs. One of the most

remarkable aspects of the data in fig. 4.8 is that the lattice transformation towards the

cubic ideal does not happen synchronously with the ultrafast trimeron annihilation

process. The transformational, ps regime is only entered at pump fluences above

the threshold value, since both λcoh and the monoclinic tilt change only above 1.3±
0.1 mJ cm−2 (fig. 4.9), in agreement with the required fluence for metallic character

seen in the optical reflectivity (fig. 4.9).

From fig. 4.8 we see that the diffraction intensity decays within the first 300 fs

but the evolution of λcoh and ∆β takes a longer time scale of 1.5± 0.2 ps. Therefore,

on short timescales shooting holes into the trimeron lattice weakens the network, but

does not destroy its long-range order. This behavior of negligible change in correlation

length despite strong reduction in intensity has also been observed in nickelates [86],

where it is associated with small fluctuations in amplitude and phase of charge order.

In contrast, in magnetite, large phase fluctuations in the electronic order result in the

observed ps decrease of the correlation length.
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the fluence dependence of the (a) λcoh and ∆β and, (b) optical reflectivity data.
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4.5 Discussion

Bringing together all pieces of the puzzle, as shown in fig. 4.10, we can now describe,

step-by-step, the energy-flow processes following fs optical excitation of the electron-

ically ordered Fe B-sites in magnetite:

(1) On a fs timescale, the optical pump pulse induces transitions in the electronic

system (red arrows in panel A of fig. 4.10), leading to the creation of holes in the

trimeron lattice.

(2) This process, which represents trimeron annihilation (overlap area in panel A

of fig. 4.10), triggers relaxation of the monoclinic distortions related to a subset of

the frozen phonon modes, namely the ones with the largest amplitude situated on the

end points of the trimerons [40] (see appendix C). It is the frozen X1 and ∆5 modes

that dominate the monitored diffraction peaks (see appendix C). The energy of these

X1 and ∆5 modes is between 10 to 30 meV [87], yielding characteristic vibrational

timescales between 400 and 150 fs. We note that possible coherent oscillations of these

modes would be smeared out due to the time resolution (∼300 fs) of our experiment.

(3) After 300 fs, the residual trimeron lattice retains the long-range order of the

insulating phase (panel [B] of fig. 4.10), albeit possessing excess energy that is dissi-

pated on a longer (ps) timescale.

(4) If the pump fluence is low, the trimeron lattice then recovers and the system

simply returns to a warmer version of the electronically ordered insulating state, via

equilibration of the hot phonon modes. Yet the long range coherence of all the other

frozen displacement modes of the monoclinic structure is still preserved.

(5) For a pump fluence above threshold, the excess energy is sufficient to drive the

system through a point of no return. We note that the dynamics of this unfreezing

depends on the starting temperature before the pump: lower temperatures requiring

larger pump fluences as shown in fig. 4.4. Thus, for 80 K starting temperature, the

transformational regime (panel [C] of fig. 4.10) is entered on a characteristic timescale

of 1.5 ± 0.2 ps. The observed relaxation of the monoclinic tilt indicates the melting

of the Γ-mode distortions (see appendix C) on this time scale. The 80 K threshold

fluence of 1.3± 0.1 mJ cm−2 corresponds to the absorption of about one photon per
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Figure 4.10: Summary of the workings of the Verwey transition in non-
equilibrium pump-probe form: Ultrafast trimeron annihilation due to laser ex-
cited Fe2+ − Fe3+ charge transfer launches strongly coupled electronic and lattice
dynamics. For a pump fluence above 1.3±0.1 mJ cm−2 trimeron holes (B) transform
with a time constant of 1.5 ± 0.2 ps to a state with shrinking patches of remnant
phase-scrambled electronic order as shown in (C). The end of the line would be the
fully metallic, cubic phase (D).

monoclinic unit cell, containing 30 trimeron sites (see supplementary information).

A single 1.5 eV photon can create about 5-10 electron-hole pairs above the band

gap [77,83], thus the threshold fluence corresponds to the destruction of about 1 in 4

trimerons.

(6) This transformational process switches the system from being a long-range or-

dered trimeron lattice (blue in Fig. 4.10) with holes in it (dashed), into a patchwork

of modified but still electronically ordered remnants (purple in panel [C] of fig. 4.10),

with structural parameters leaning towards those of the charge fluctuating, conduct-

ing cubic matrix in which they reside (red, seen in reflectivity). This transition from

the residual coherent trimeron network to a phase segregated state has to proceed via

coalescence of ‘trimeron-holes’ and thus involves the hopping of charges together with

their associated lattice distortions between trimeron lattice sites. We note that the

electronic order observed after 1.5 ps could - in principle - be a different one to that in

the ground-state. However, the optical data as well as the observed reduction of the

monoclinic tilt angle indicates that the 800 nm pump drives the system (partially)
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into the high-temperature phase. The fact that electronic order is still observed at

such ps timescales clearly indicates the existence of insulating regions in the sample.

Hence, the observed B process is the signature of polaronic transport, further eroding

the ordered regions on a ps timescale after the optical excitation. This polaronic hop-

ping timescale matches well with the charge density relaxation time seen in inelastic

neutron scattering associated with fluctuating trimeron order above TV [41]. These

observations all point to the fact that the threshold fluence, translating to trimeron

lattice collapse for a volume fraction below ∼ 75%, is required to create a percolative

network of charge-fluctuating, metallic, sites in the trimeron matrix (see Chapter 5).

This pump-induced transformation can thus be regarded as a non-equilibrium

version of the thermodynamic Verwey transition seen in the conductivity-temperature

phase diagram of magnetite. Consequently, the data show how magnetite dynamically

evolves towards its energy minimum during the Verwey transition: initially holes in

the long-range ordered trimeron lattice allow the trimerons to become mobile and

form shorter-range ordered domains surrounded by charge fluctuating regions. The

coalescence of the remaining trimerons, driven by their desire to keep the monoclinic

distortion intact, is connected to the organization of hundreds of atoms involved in

the frozen displacement modes of the monoclinic structure. The bulk metallic phase is

reached as soon as the charge-fluctuating regions form a percolation pathway through

the magnetite crystal.



Chapter 5

Modeling of charge ordered depth

profiles

5.1 Introduction

In this chapter I describe the modeling of the x-ray diffraction data presented in the

previous chapter. The interpretation of the x-ray diffraction is affected by self absorp-

tion effects [88–90] and dead layer effects [71]. Self absorption effect is photon energy

dependent reduction of the reflected intensity. It arises due to the variation in pene-

tration depth as a function of incoming x-ray photon energy. This effect is extremely

important for x-ray absorption at K-, L- edges due to huge variations in absorption

cross-section across the resonances. As the Fe L-edge and O K-edge are the probe

used in our experiment, we need to account for this effect to eliminate the presence of

self absorption induced artifacts in the resonant soft x-ray diffraction (RSXD) spectra.

The second effect, the dead layer effect happens due to presence of a dead layer on the

top of the surface of the sample which contributes to photon absorption but does not

contribute to the RSXD signal. This layer could be a polycrystalline layer or a layer

with different orientation or a layer with a different chemical composition. This can

mask the dynamical development of the layers with quenched charge order that was

described in the previous chapter. The photon energy dependence of measured RSXD

spectra at LCLS matches very well with the spectra reported in literature. This leads

67
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us to conclude that no static dead layer was present at the sample surface measured

in this experiment [71]. Hence, in this chapter we mainly focused on addressing self

absorption effects in understanding the depth dependent response of the magnetite

crystal in a pump-probe resonant diffraction measurement.

5.2 Penetration depths for different x-ray energies

In order to understand the self absorption effect arising due to variation in x-ray

penetration depths, let us first take a closer look at the different x-rays energies used

in the experiment for probing the magnetite sample. The delay traces and RSXD

spectra were measured at five different x-ray energies namely, Fe L-edge (707.3 eV,

708.4 eV), O K-edge (529 eV), non-resonant (001) lattice Bragg reflection (800 eV)

and non-resonant (110) lattice Bragg reflection (1200 eV). The penetration depth for

these energies as well as the pump laser used to excite the sample are plotted in the
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Figure 5.1: Variation of Penetration Depth at laser pump and various x-
ray probe energy: Plot showing penetration depth (defined as the 1/e attenuation
lenght of the depth profiles) for the laser pump and the different x-ray probe ener-
gies used in the experiment, Fe L-edge (707.3 eV, 708.4 eV), O K-edge (529 eV),
non-resonant lattice (001) bragg peak (800eV) and non-resonant lattice (110) bragg
peak (1200eV). These values are also listed in the table.
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fig. 5.1, assuming an exponential decay of intensity as a function of sample depth.

The effective x-ray penetration depth have been calculated from tabulated values

for 800 eV and 1200 eV x-rays [91] and from experimentally measured absorption

coefficients for the O K-edge and Fe L-edges. These values are also listed in the table

in fig. 5.1. The variation in penetration depth is from 9 nm (Fe 708.4 eV) to 105

nm (1200 eV) which implies the RSXD peak signal measured at various probe x-ray

energies arises from different depths of the sample. Hence, to compare these datasets

we need to account for the changes in the penetration depth from one x-ray probe

energy to other and correct for penetration depth induced artifacts.

5.3 Resonant x-ray diffraction measurements at

the Fe L-edge

Let us take a closer look at the resonant x-ray scattering data measured at Fe L-edge

to understand the effects caused by self absorption. Plotted in fig.5.2a is the resonant

RSXD peak vs. x-ray energy. The RSXD peak probes the t2g orbital order present

on the B Fe+2 sites [49,51]. The XAS from Chapter 2, fig. 2.2 is used to extract the

penetration depth (defined as the 1/e attenuation length) across the Fe L-edge, shown

in fig. 5.2a. From the fig. 5.2 it can observed that there is a variation of penetration

depth across the RSXD peak. This influences the evolution of the RSXD spectra as

a function of pump laser fluence, seen in fig. 5.2b across the Fe resonant L-edge at a

fixed time delay of t = t0 + 4.5ps.

The evolution of the RSXD spectra as a function of fluence in fig. 5.2b apparently

indicates that the higher energy peak (708.4 eV) quenches faster compared to the

lower energy peak (707.3 eV). As mentioned earlier the RSXD spectra represents the

orbital order present in the magnetite sample. The above observation then raises

the question, as to why both the peaks representing orbital order quench at different

fluences. The answer lies in the penetration depth dependence across the L-edge.

As the penetration depth is higher for the lower energy peak, the scattering signal

observed is an average across a greater depth of the sample in comparison to the
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Figure 5.2: Resonant x-ray scattering spectra at Fe L-edge: (a) X-ray pene-
tration depth and RSXD spectra at the Fe L-edge and (b) Measured RSXD spectra
as a function of different fluence values at a fixed delay of t0 + 4.5 ps.

higher energy peak. This means that at both x-ray energies a different portion of the

laser induced depth profile is sampled. We can therefore use the two peaks to at least

partially reconstruct the depth dependence.

5.4 Resonant x-ray diffraction measurements at

the O K-edge

In the previous section I discussed the self absorption effects at the Fe edge, now

let us take a look at the resonant x-ray scattering data taken at O K-edge. Plotted

in fig. 5.3 is the RSXD intensity vs. photon energy. The RSXD peak measures

the charge and orbital ordering on the O 2p sites due to hybridization with the 3d

orbitals at the Fe B sites [47]. The XAS from Chapter 2, fig. 2.2 is used to extract the

penetration depth across the O K-edge, shown in fig. 5.3a. From the figure we can

observe that the penetration depth shows a strong variation across the absorption

edge. This plays a significant role in the evolution of the RSXD spectra as a function

of pump laser fluence, seen in fig. 5.3 across the O resonant K-edge at a fixed time

delay of t = t0 + 4 ps.
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Figure 5.3: Resonant x-ray scattering spectra at O K-edge: (a) X-ray pene-
tration depth and RSXD spectra at the O K-edge and (b) Measured RSXD spectra
as a function of different fluence values at a fixed delay of t0 + 4 ps.

The evolution of the RSXD spectra as a function of fluence in fig. 5.3b displays a

peak shift of 250 meV towards lower energy in the fluence range of 2.2 mJ cm−2 and

above. This observation was interpreted as the closing of the magnetite band gap in

the reference [81]. Though, in the wake of the previous discussion about Fe and self

absorption effects due to variation of penetration depth on RSXD spectra, we need to

carefully consider these effects at the oxygen edge. The modeled RSXD spectra (black

curves) plotted in fig. 5.3b for different pump fluence takes into account this strong

variation of penetration depth across the O K-edge. It can be seen that including the

penetration depths effect completely reproduces the peak shape, peak intensity and

peak shift observed in the experiment. Hence, one really needs to be careful and take

these self absorption effects into account in order to correctly interpret the resonant

x-ray scattering data. In the next section I describe the details of this modeling and

also calculate the diffraction intensity observed in our experiments.

5.5 Charge and orbital order profiles

In this section I describe the modeling of the depth dependence response of magnetite

sample to the pump laser. When the magnetite crystal is excited by the laser pump,
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Figure 5.4: Laser and charge-orbital ordered profile in the magnetite sample:
(a) The laser and the x-ray exponential profile in the magnetite sample, (b) The charge
ordered profile in the sample, where for the y-axis 1 represents complete charge and
orbital order present and 0 represents no charge and orbital order present in the
sample.

the laser intensity decays exponentially as a function of depth, away from the sample

surface as shown in the fig. 5.4a. This implies that the charge and orbital order

present in the magnetite sample is destroyed or quenched more near the surface

where the laser intensity is highest, with the amount of quenching decreasing as the

depth increases. This can be described by using a charge ordered profile, shown in

fig 5.4b where the remaining charge ordered fraction is plotted surviving the laser

heating. As the amount of charge order in the magnetite sample will be lower when

the fluence is higher, the charge ordered profile as a first approximation can be taken

as 1− exp(−d/λLaser), where λLaser is the penetration depth of the pump laser. Let

us take a closer look at calculating these charge and orbital ordered profiles at various

fluences in the next section.

5.5.1 Modeling charge and orbital order depth profiles

The incoming x-rays probe the remaining charge and orbital order in the sample de-

scribed by such a charge ordered profile, that survives the laser pump. The scattering

signal measured at the detector is dependent upon the laser penetration depth which

gives rise to the charge-orbital ordered profile, but is also influenced by x-ray pen-

etration depth (probe). Depending upon x-ray energy used in the experiment, the
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penetration depth inside the material would vary as shown in fig. 5.1.

In the following, I describe the mathematical details to extract the charge-orbital

ordered profiles from the data. Starting with the laser profile in the sample, the laser

intensity can be described as a function of depth using the equation,

F = F0 · exp(−x/λLeff ) (5.1)

where F0 is the laser fluence on the sample surface and λLeff = 118 nm is the effective

penetration depth of the laser. λLeff can be calculated using the real (n = 0.22) and

imaginary (k = 0.5) part of the optical refractive index [92,93], also listed in fig. 5.1.

The CO profile describes the amount of charge and orbital order remaining in the

sample after the sample. It evolves with time and can be written as,

CO Profile = 1− exp(a(−x+ b)/λLeff ) (5.2)

where a and b are the fitting parameters to extract such a charge order profile using

the x-ray scattering intensity measured at different x-ray energies. The fit parameters

a and b would vary depending upon the delay time and laser fluence used in the

experiment. The equation 5.2 is chosen such that right after the laser pump a = 1

and b = 0.

The CO profile in equation 5.2 is probed by x-rays that also have a characteristic

depth dependence given by,

I = I0 · exp(−x/λx−ray) (5.3)

where I0 is the incoming x-ray intensity and λx−ray is the effective penetration depth

for x-rays. Values for λx−ray are also listed in fig. 5.1 for the different x-ray probe

energies used in this experiment. Equation 5.3 describes the depth dependence of

the x-ray resonant scattering spectra, which as mentioned earlier changes lineshape

depending upon the sample depth,

The total scattering intensity measured at the detector is then a product of

eqn. 5.2, which describes the remaining charge and orbital order and eqn. 5.3, which
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describes the x-ray resonant scattering spectra taking into account the sample depth

probed by x-rays. This total scattering intensity weighted by the penetration depth

at a given x-ray energy, can be written as,

Ifinal =

∫∞
0
I0 · exp(−x/λx−ray(E)) · (1− exp(a(−x+ b)/λLeff ))∫∞

0
exp(−x/λx−ray(E))

(5.4)

Fitting this equation to the delay curves measured at the different x-ray energies

simultaneously, we obtain the values for the fit parameters, a and b. These fit param-

eters are used to plot the depth dependence of remaining charge and orbital order in

magnetite.

5.5.2 Results from modeling of charge and orbital order pro-

files

Now let us take a look at the results obtained from the modeling described above.

The delay scans measured at all the different x-ray probe energies for one particular

fluence value were fitted simultaneously using eqn 5.4. Fig. 5.5 shows the fit thus

obtained along with the measured delay curves. The respective CO order depth

profiles reconstructed from the fit parameters a and b are shown in fig. 5.6. The

charge-orbital order profiles are extracted for all the delays measured from 300 fs to

10 ps, though for clarity only the charge profile simulated at 300fs, 1 ps, 2ps, 4ps, 5ps

and 10 ps are shown in the fig. 5.6.

Let us take a closer look at these charge-orbital ordered profiles. For the lower

fluence data i.e. 1.3 mJ/cm−2, comparing the profiles measured at t = t0 + 300 fs

(pink) and t = t0 + 10 ps (brown), we see that the charge-orbital order profile pen-

etrates deeper into the sample at 300 fs and is moving outwards i.e. closer to the

sample surface for the longer time delay of 10 ps. This implies that the remaining

charge and orbital order in the sample is increasing at longer time scales demonstrat-

ing a recovery to the initial insulating state. As described in chapter 1, trimerons are

the microscopic entity representing charge and orbital order in magnetite. At lower

fluences, amount of these trimerons destroyed by the pump laser is not sufficient to
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Figure 5.5: Delay Scans measured at various x-ray probe energies in the
experiment: The delay scans measured at different x-ray energies i.e. Fe L-edge,
O K-edge, lattice (001) non-resonant 800 eV, lattice (110) non-resnonant 1200 eV
(shaded balls) and the fits (black solid line) to the data derived using eqn. 5. The
fluence values are, (a) 1.3 mJ/cm−2, (b) 1.7 mJ/cm−2, (c) 2.1 mJ/cm−2 and (d) 2.9
mJ/cm−2.

drive the phase transition into the metallic state and hence magnetite starts to relax

back to its original insulating state after the laser pump. This results in the CO

profile moving closer to the sample surface increasing the charge and orbital order in

the magnetite.

The situation is different for higher fluence at 2.1 mJ cm−2, i.e. above the threshold

fluence seen in Chapter 4, we observe that the profile at 10 ps extends deeper into the
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sample relative to the profile at 300 fs. Hence, the remaining charge and orbital order

is further decreasing as a function of time delay and more regions of the magnetite

sample are transforming into the metallic state. This implies that a sufficient amount

of the trimeron network is destroyed for the system to reach a point of no return and

undergo the phase transition. This results in trimeron hopping to form insulating

regions causing a phase separation of insulating and metallic regions. This can also

be correlated with the delay traces where there is a monotonous decrease of scattering

intensity at longer time delays, indicating more quenching of the charge and orbital

order present inside the magnetite sample.
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5.6 Different types of charge and orbital order pro-

files

So far we have considered the charge-orbital ordered profiles which closely follow

the laser penetration depth i.e. exponential charge order profile. Now let us take a

look at the validity of this particular choice of the charge-orbital order profile given in

eqn. 5.2. In chapter 4 we saw that magnetite undergoes phase separation into metallic

and insulating regions going through the transformation. In the insulating regions,

the exponential profile can be used to describes the residual charge and orbital order

as a function of depth. But in metallic regions, scattering signal is present only from

the charger ordered phase underneath attenuated by the metallic material above. A

Fermi depth profile seen in fig. 5.7 can phenomenologically account for this phase

separation. Hence as a next step we tried fitting Fermi profile to the measured delay

traces. The fit results thus obtained are plotted in fig. 5.8 for the Fermi profiles at

different fluences and time delay alongside with exponential profile simulated earlier.
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Figure 5.7: Fermi charge ordered profile.
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Figure 5.8: Different types of charge and orbital order profiles: Plotted are
two different types of charge and orbital order profiles, exponential and Fermi profile
for different fluence values at a time delay of (a) 300 fs, (b) 1ps, (c) 5 ps and (d) 10
ps.

5.7 Characteristics of the charge and orbital order

profiles

In the last section we described that the extracted depth profile of the residual charge

order in magnetite is not unique. The reason being the limited number of data points

that are available. We measured at altogether five different x-ray energies that are

essentially averaging over different depths due to their varying penetration depths.

We showed that two very different charge distribution produce a similar good fit to

the residual charge order. In this section we use first two moments of this charge order
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distribution, i.e. quenched volume and mean depth, to compare these two different

distribution functions.

These two characteristic parameters are plotted vs. pump-probe delay for the

different pump fluences are shown in fig. 5.9. The first parameter, Quenched volume

fraction, is the total amount of quenched charge order after the pump pulse calcu-

lated from area under the CO profile, its evolution with time is plotted in fig. 5.9a.

The second parameter, Quenched mean depth, is the average depth of the charge

and orbital order distribution which is obtained from the center of mass of the CO

profile. It can be seen that the two profiles give an upper and lower limit of these two

characteristic parameters which describe the remaining charge and orbital order in

the magnetite sample as a function of delay time for a given fluence value. Hence, the

profiles taking into account different aspect of the sample behavior, within an error

describe the charge and orbital order present inside the sample uniquely.

Now let us compare the two parameters, quenched mean depth and quenched

volume fraction, for different fluences. At lower fluence the position as well as the
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amount of charge order quenched in fig. 5.9 decreases as a function of increasing

time delay. This indicates an increasing amount of charge and orbital order at longer

delay times implying the sample is relaxing back to the original insulating state. To

visualize the physical phenomenon underlying the recovery, let us revisit the trimeron

picture of magnetite as described in chapter 1. The pump laser destroys the trimerons

individually, but at lower fluences the amount of trimerons destroyed is not sufficient

enough to undergo the phase transition and hence the system relaxes back to its

original insulating state albeit to a higher temperature.

At higher fluences, both the quenched mean depth and quenched volume fraction

increases, the position moves further into the sample and the amount of quenched

charger order increases monotonously as a function of time delay. This shows that

the amount of charge and orbital order present in the sample is further decreasing

at longer time scales indicating transformation to the metallic state. It implies that

at higher fluence, a sufficient amount of the trimeron network is destroyed to reach

a point of no return and the system undergoes phase transition. This results in

hopping of trimerons and their clusters to form insulating regions causing a phase

separation of insulating and metallic regions. Fig. 5.9 clearly displays the threshold

behavior described in Chapter 4. With increasing fluence the temporal evolution of

the magnetite charge/orbital order changes from a recovery dynamics below 1.8 mJ

cm−2 to a laser driven insulator-metal transition.

5.8 Volume fraction of surviving insulating phase

in magnetite

In this section I review and compare the different methods used to obtain the volume

fraction of the residual insulating regions as a function of the fluence. This comparison

provides us with the knowledge about the accuracy with which we can determine

the amount of the sample transforming from the insulating to metallic phase. The

volume fraction of surviving trimerons is calculated using three different methods for

consistency. The first method uses the modeled charge and orbital ordered profiles
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Figure 5.10: Relative surviving trimeron volume fraction as a function of
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in coherence length (Red Symbols). Volume fraction calculated using the modeled
charge ordered profiles (Green Symbols). The threshold laser fluence value (Fthresh =
1.3± 0.2 mJ cm−2) and critical volume fraction (Vcrit = 78± 5) are indicated.

in the previous section. The remaining two methods are based on direct calculation

using experimental data. In the following, I describe all these methods in detail.

5.8.1 Estimate of surviving insulating phase volume fraction

using modeled charge and orbital order profiles

Fig. 5.9a from the previous section, is used to obtain the remaining volume fraction

of the charge and orbitally ordered insulating phase. The residual volume fraction are

taken for the fixed delay of 5 ps for all the fluences and is plotted in fig. 5.10 (green

symbols) for the two types of charge ordered profiles.
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5.8.2 Estimate of surviving insulating phase volume fraction

using delay trace measurements

In fig. 4.3 of Chapter 4 we separated the delay traces into A and B process. The

fast process ‘A’ where individual trimeron sites are ‘knocked-out’ through optically

induced electronic transitions happens with a characteristic time scale τ < 300 fs.

During this process, the diffraction intensity is lowered because the number of the

scatterers in the pump-probe volume is reduced. In such a diffraction experiment, the

simplest approach to relate the number of contributing scatterers N , to the measured

intensity I, is via the quadratic relationship I ∼ N2. This phenomenological approach

enables us to roughly estimate the volume fraction of surviving trimerons within

300 fs after the excitation. Such an analysis is presented in Fig. 5.10 (gray symbols

and shading), where the measured amplitude of the A process is used to calculate

this volume fraction as a function of pump laser fluence.

5.8.3 Estimate of surviving insulating phase volume fraction

using the measured correlation length

Another way to estimate the volume fraction of surviving trimerons, is to compare the

measured coherence length of the surviving ordered trimeron domains after optical

pumping with the coherence length measured in the static case. When the pump

fluence is above the critical threshold, monoclinic structure relaxes towards the cubic

structure and promotes carrier hoping. As a result, the damaged trimeron netweok

collapses into smaller domains that maintains CO and are surrounded by metallic

regions. This reduction of coherence is observed through an increase of the diffraction

peak width above the threshold fluence on a ps time scale, see chapter 4 Fig. 4.6. A

decrease in coherence length by a factor f , leads to an estimated surviving volume

fraction f−3. This method can only be applied for pump fluence values above the

critical value, since the coherence length is constant for values below 1.3 mJ cm−2.

The estimated volume fraction obtained as such, is also displayed in Fig. 5.10 (red

symbols).

The critical trimeron volume fraction, Vcrit, connected to the threshold fluence
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value, can now be estimated to be 78 ± 5%. Thus, 22 ± 5 volume-% of the sample

volume would support the charge fluctuating, metallic phase at the point where the

system can no longer recover to the low temperature trimeron lattice after the optical

exitation. This critical volume fraction is in fair agremeent with the volume fraction

required to create a percolative, metallic network through the sample. General perco-

lation theory [94] provides the critical concentration at which a network would appear

in the thermodynamic limit (e.g. for infinite system size). As a rough approximation

to the intricate trimeron network, we can look at a few simple cases such as a simple

cubic lattice with Vcrit ∼ 70% and an FCC lattice with Vcrit ∼ 80%, both of which

are in close proximity to the measured critical volume fraction of 78%.

5.9 Discussion

Summarizing this chapter, we have seen that self absorption effects caused by the

variation in penetration depth at different x-ray probe energies and pump laser flu-

ences plays a very important role in interpreting the data and understanding the

changes in measured x-ray scattering profile. Using this information we can extract

a charge and orbital order profile for the magnetite sample as a function of depth,

which describes the reduction of amount of charge and orbital order present inside

the sample as a function of time delay and laser fluence. For the lower fluence values

this charge order profile reduction disappears with time and the sample recovers to

the initial insulating state. At the higher fluences, the reduction in charger order be-

comes stronger and also moves to larger depths and sample transforms further into the

metallic state. We used two characteristic parameters, quenched volume fraction and

quenched mean depth, to understand the fluence dependece of phase transformation.

We also determined the volume fraction of surviving insulating regions in magnetite.

The complexity of data analysis in single crystals due to different penetration depth

and self absorption effects provides a very strong case for using thin films instead.

The use of films thinner than the x-ray penetration depth would make the data in-

terpretation free of the artifacts in resonant x-ray scattering spectra introduced by

varying penetration depths.



Chapter 6

Imaging of spin injection into

copper

In this chapter I lay out the experimental results of the second part of my thesis,

imaging spin injection from a ferromagnet into a non-magnet with x-ray microscopy.

As discussed earlier in chapter 1, manipulating magnetization using current via the

spin transfer torque effect is very interesting, due to its possible application in next

generation M-RAM devices. Especially interesting is the ferromagnet (Co)/ non-

magnet (Cu) interface, where a high charge and spin current density are injected into

copper. This results in spin accumulation at the interface leading to an induced mag-

netization in Cu layer. I have used scanning transmission x-ray microscopy (STXM),

described in chapter 3, to image this induced transient magnetization in Cu and Co

layer and understand its dependence on current and energy across L-edge.

6.1 Imaging spin injection into Copper

In this section I present the experimental data showing the induced magnetization in

Cu when spins are injected across Co/Cu interface in the above mentioned nanopillar

devices. The samples were measured using pump-probe STXM technique described

in chapter 3. The images of nanopillar were taken in current-on and current-off

schematic as shown in fig. 6.1. The measurements were done at almost half the

84



CHAPTER 6. IMAGING OF SPIN INJECTION INTO COPPER 85

+V / -V

0

740 ns

200 nm 200 nm

‘Current On’

Image

‘Current Off’

Image

Applied Current

Figure 6.1: Schematic of pump probe measurement: (a) shows the current
applied to the sample, current is on for the first 740 ns and then for the next 740 ns
it is off, and cycle repeats itself. (b) averaged image taken during the current on and
current off cycle.

ring frequency, 1.28/2 MHz, allowing the same x-ray buckets in the next cycle of syn-

chrotron to measure the current-off data. This current on-off normalization technique

allowed us to reach the noise levels of 10−5, which was required to image extremely

small spin injected signal. This normalization also removed contrast present due to

topography and induced static magnetization at the Co/Cu interface, leaving only

transient magnetization induced by current in the normalized image.

The current on-off images were taken multiple times and the normalized images

across different runs were averaged together to improve the signal to noise ratio. The

total integration time per pixel was ∼20 seconds which resulted in a pixel to pixel

variation of 1× 10−5 in the image. This defines the sensitivity of the setup and puts

a lower limit of 10−5 for the signal levels which can be measured using the current

setup.

Fig. 6.2 shows the spin injection data measured at the Cu L-edge with applied

current of 5 mA. The line scan shown in the fig. 6.2b is the integrated data over the

pillar for the normalized image (current-on divided by current-off). The peak present

in the center of the line scan corresponds to the pillar and shows the effect due to

applied current only. This was done for both x-ray helicities, left (σ−) and right
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Figure 6.2: Transient magnetization induced in Cu: (a) Shows the ‘current on’
image with the blue box depicting the integrated region over the pillar, (b) the spin
injected signal into copper by integrating the signal over the pillar from the current
on divided by current off image as described in text. This was done for both x-ray
helicities, left and right circularly polarized light.

(σ+) circularly polarized light by taking current on-off images at both the helicities.

The signal present for the two x-ray helicities show opposite contrast (red and blue

integrated line scan), indicating the presence of x-ray magnetic circular dichroism in

the Cu. This is the transient magnetization in the Cu induced by current due to spin

accumulation at the Co/Cu interface.

6.2 Dependence of spin injection on current polar-

ity and magnitude

Fig. 6.3 compares the transient magnetization induced in Cu for the two current

polarities of +5 mA and -5 mA. This was done by taking current on-off images for +5

mA and -5 mA and then integrating the normalized image over the pillar. It can be

seen in fig. 6.3 that the sign of induced magnetization represented by XMCD contrast

(σ+− σ−) switches its direction with applied current polarity. This is due to the fact

that in one case the induced magnetization is due to the transmitted electrons, while
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in the second case it is the reflected electrons which are responsible for the transient

magnetization. In order to determine and compare the sign of spin polarization in Cu

for these two cases we follow the sign convention introduced in the Chapter 1. The

magnetization of Co is aligned in up direction, with majority spin channel pointing

in down direction. As magnetization is defined as m = −gµBs, the moment and spin

have opposite directions. So, in this case the majority states have spin down while

the minority states have spin up. Now let us take a closer look at the two cases,

In the first case of +5 mA, the electrons flow from the Co to the Cu layer as

shown in fig. 6.4a. The current flowing through the Co layer gets spin polarized

due to the difference in conductivity of up and down spin channel in the Co layer.

Minority itinerant sp electrons undergo higher scattering in the Co layer owing to

more empty localized minority d-states present at the Fermi level, as seen in Chapter

1 fig 1.13. Futhermore, the minority (up) spins undergo higher reflection compared to

the majority (down) states at the interface. This results in more majority (down) spin

transmitted through Co and in turn, the magnetization of the transmitted current

through the Co layer is the same direction as Co magnetization (up). When these

majority electrons enter Cu layer, they lead to spin accumulation voltage at the

interface owing to unequal number of up and down electrons while in bulk Cu has
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Figure 6.3: Spin Injection into Cu with current polarity: (a) Shows the tran-
sient magnetization induced in Cu for +5 mA, (b) shows the transient magnetization
induced in Cu for -5mA, which shows opposite XMCD contrast compared to +5 mA.
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Figure 6.4: Transmitted and reflected electrons across the Co/Cu interface:
(a) Shows the current flowing from Co to Cu and the transmitted electrons from the
interface, (b) shows the current flowing from the Cu to Co and the reflected electrons
in Cu from the interface.

equal number of up and down electrons. This leads to an induced magnetization in Cu

of the same sign as the spin polarized current or the magnetization of Co as shown by

our experiment. The sign of XMCD contrast (σ+−σ−) for the Co static magnetization

matches the sign of transient XMCD contrast induced in Cu when current flows from

Co to Cu. This experimental evidence confirms that the transmitted majority (down)

spin polarized electrons result in the induced magnetization in Cu.

In the second case of -5 mA, the electrons flow from the Cu to the Co as shown

in the fig. 6.4b. The minority (up) spins undergo higher reflection compared to

majority (down) spins at the interface. This leads to unequal number of up and down

electrons at the Co/Cu interface, now with a higher number of minority spins in

Cu, resulting in the induced magnetization in the opposite direction as compared to

the Co magnetization. This is confirmed by the opposite XMCD contrast measured

for the -5 mA current as shown in fig. 6.3b. Hence, in case of -5 mA the transient

magnetization is induced due to reflected minority (up) spin electrons while in case

of +5 mA the transient magnetization is induced due to transmitted majority (down)

spin electrons.

The spin injection in copper in fig. 6.2 and fig. 6.3 was measured at 5 mA which
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Figure 6.5: Spin injecton signal as a function of applied current.

corresponds to a current density of 107A cm−2. Increasing the applied current in-

creases the magnitude of induced magnetization as shown in fig. 6.5. As higher spin

current density is injected into copper the induced magnetization which is dependent

upon the current density increases. This dependence is indeed linear as measured in

this experiment.

6.3 Energy dependence of spin injection across the

Cu L3 edge

In this section I discuss the transient magnetization induced in Cu at different energy

values across the Cu L3 edge. Several Current-on and current-off image were collected

as a function of energy across the Cu L3 edge to measure the spectra of the transient

magnetization induced in Cu. Current-off images were utilized to calculate the total

transmission through the nanopillar for each individual energy measured and was

compared to the reference x-ray absorption spectra (XAS) of a 30 nm thin film as

shown in fig. 6.6.

The XMCD asymmetry ((σ+ − σ−)/(σ+ + σ−)), showing the transient induced

magnetization measured for these energy values is plotted in fig. 6.7. The energy

dependence of transient XMCD shows a two peak structure. The first peak is observed
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Figure 6.6: X-ray absorption spectra of a reference film and nanopillar: The
green data points are the total transmission through the pillar obtained from current-
off images at each energy value. The black curve shows the transmission spectra for
a reference 30 nm Cu film measured at the front end of the chamber.

at the inflection point of the XAS where the Fermi level of Cu lies while the second

peak is observed at the peak maximum of the XAS. This data was fitted with two

gaussians as shown in fig. 6.7. The first Gaussian is centered at the inflection point

with a full width half maximum (FWHM) of 0.57 eV while the second Gaussian is

centered at the peak of XAS with a full width half maximum of 1 eV.

The FWHM of the first peak can be described by the sum of both intrinsic and

extrinsic broadening mechanism. The intrinsic broadening is due to the finite lifetime

of the core hole (0.4 eV at L3 edge) and the energy dependent width of excited band

energy. The extrinsic broadening is due to the experimental resolution of the beamline

which in our case is 0.2 eV.

The first peak is centered where the Fermi level of Cu lies (inflection point), it

represents the transient magnetization induced due to current which flows at the

Fermi level from the Co to the Cu. The spin polarized current from the Co (itinerant

sp states) scatters into the localized d-states of the Cu resulting in a net magnetic

moment, seen as the peak in XMCD present at the inflection point where Fermi

level of Cu lies. The second peak is located at 1 eV above the Fermi level which
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Figure 6.7: Spin injected signal as a function of the energy across the Cu
L3 edge: The red data points are the induced transient magnetization copper across
L3 edge plotted on the left axis as the XMCD signal, ((σ+ − σ−)/(σ+ + σ−)). The
gray curve is the absorption from the reference film obtained from the transmission
spectra shown in fig. 6.6. The black curve is the fit to the XMCD data using the two
Gaussian function (dashed line) and shows a two peak structure with the first peak
located at the inflection point and second peak located at the peak of the XAS.

is puzzling, as the current induced effects are expected to be closer to the Fermi

level where current flows. The presence of this peak could be due to the interface

states present at the Co/Cu interface where studies have already shown that the d-

band of Cu has a net magnetization due to hybridization with Co [95]. These static

interface moment states are centered at the peak of the XAS and have the same sign

as Co magnetization. Fig. 6.8 compares the static moment present at the Co/Cu

interface measured in a Co/Cu multilayer at the front end of STXM chamber, with

the transient moment from the fig. 6.7. It can be seen from the figure that although

the static XMCD does not show the two peak structure observed in the transient



CHAPTER 6. IMAGING OF SPIN INJECTION INTO COPPER 92

XMCD, the sign of the static moment induced in Cu is same as the transient moment

due to spin polarized current.

6.4 Estimation of induced magnetic moment on

Copper

The energy dependence of the XMCD contrast as plotted in fig. 6.7 can be used to

estimate the size of the magnetic moment introduced per copper atom. We can use

sum rules to estimate the spin magnetic moment on copper as done in ref. [95] using
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Figure 6.8: Static and transient XMCD at the Cu L3 edge: The red data points
are the induced transient XMCD signal at the Cu L3 edge, ((σ+ − σ−)/(σ+ + σ−)).
The yellow data points are the static XMCD signal in Copper induced at the Co/Cu
interface. Black curve plots the fit to the XMCD data.
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the following sum rule,

∆AL3 − 2∆AL2 = C.Ms (6.1)

where ∆AL3 and ∆AL2 represent the dichroic intensities at L3 and L2 edge, i.e. the

area under the difference spectra (σ+−σ−). Ms is the spin magnetic moment in bohr

magneton per atom. C is the proportionality constant which depends on the angular

momenta of the p core and d valence shell involved in the dipole transition as well

as the radial dipole transition matrix elements. This constant is transferable within

Co, Fe, Ni, Cu elements with an error of 10-15 % and has been calculated as -5.6 per

bohr magneton for Co in ref. [95].

For Cu, the current-on/current-off normalizes the signal extremely well and hence

the current induced magnetic signal at L3 edge can be obtained from the energy

dependence plotted in fig. 6.7. The area under the curve can be calculated by fitting

the data with two Gaussian function as done in the fig. 6.7. Hence, the area under

the difference spectra can be calculated from the area under the XMCD asymmetry

spectra which comes out to be,

∆AL3 = 1.45× 10−4 (6.2)

Also, for copper as the orbital moment is negligible, we can assume that the area

under the curve for the L3 and L2 edge is approximately same with opposite sign,

∆AL3 = - ∆AL2, which gives

−3×∆AL3 = −5.6 Ms (6.3)

which gives, Ms ∼ 8× 10−5 bohr magneton induced per Cu atom.

It should be also noted that at the Cu L3 edge both p → d and p → s channel

contribute to x-ray absorption. However, absorption for p→ d channel is significantly

stronger than the absorption for p→ s channel, absorption via s channel only amounts

to 5% of the total absorption. Moreover, density of states calculation have shown that

more d-states are present at the Fermi level in comparison to the s-states [96]. This
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leads us to believe that with our x-ray probe (XMCD), we are measuring the induced

magnetization in 3d-states of Cu.

6.5 Imaging transient spin polarization in Cobalt

In the previous sections I presented the imaging data showing the transient induced

moment in the Cu layer when current flows across Co to Cu layer. In this section I

will present the imaging data on Co when the spin polarized current traverses through

the Co layer and compare it with the static magnetization of Co layer.

Fig. 6.9 shows the spin injection data measured at the Co L-edge with applied

current of 5 mA. The line scan shown in the figure is integrated over the pillar for the

normalized image (current on divided by current off image) as done in the previous

section for Cu. The peak present in the center of the line scan corresponds to the

pillar and shows the effect due to applied current only for both x-ray helicities. This

is the transient magnetization in Co as the spin polarized current traverses Co layer.

The magnitude of this signal is approximately three times higher in comparison to

the induced transient signal observed in Copper.
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Figure 6.9: Transient magnetization of Co with an applied current of 5 mA.



CHAPTER 6. IMAGING OF SPIN INJECTION INTO COPPER 95

X
M

C
D

 S
ig

n
a

l

-0.2

-0.1

0.0

0.1

0.2

782780778776774

-0.00015

-0.00010

-0.00005

0.00000

0.00005

0.00010

0.00015

Energy (eV)

X
M

C
D

 S
ig

n
a

l  

 Static XMCD
 Transient XMCD
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The transient XMCD signal measured as a function of energy across the Co L3

edge is shown in fig. 6.10. It was measured by collecting several current-on and

current off images across the Co L3 edge. Also plotted in fig. 6.10 is a reference

XMCD spectra of a Co film measured at the front end of the STXM chamber. From

the figure we can see that the energy dependence of the Co signal is different from

the observed Cu energy dependence. The transient XMCD maximum is located at

the peak of the XAS where the Fermi level of the Co lies.

This transient XMCD peak has an opposite sign from the Co static moment as

shown in the figure. In order to understand the sign of transient moment induced in

Co let us take a closer look at the spin transport in the Co layer. The magnetization

of Co layer is aligned in up direction with majority spins pointing in down direction

and minority spins in up direction. When the current traverses the Co layer, the

itinerant sp electrons get scattered in to the empty d-states present at the Fermi
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level. As the minority d-states in Co have higher density of states at the Fermi level,

they will undergo more scattering in comparison to the majority electrons. In our

experiment, XMCD probes the empty d-states present at the Fermi level, this spin

dependent scattering of electrons will reduce the total moment measured. Hence the

presence of the transient spin polarized current in Co appears as a reduction in the

magnetization probed by XMCD. In our measurement we normalize current-on by

current-off to obtain the transient moment, in case of Co current-off has a higher

moment then current-on measurement and so the transient XMCD signal has an

opposite sign from the static Co moment.

6.6 Discussion

Now we can compare the sign of static as well as transient magnetization for Co and

Cu layer, as plotted in fig. 6.12. We will go through all the four cases, with a closer

look at the density of states at the Fermi level for each case, shown in fig. 6.11.

We start with the Co layer when no current is applied. In this case the static

magnetization of Co is taken to be in up direction and is used as a reference for

comparison in fig. 6.12. The majority spin channel in Co then is spin-down while the

minority channel is spin-up as shown in the fig. 6.11b.

When current is applied across the Co/Cu layer, the minority channel (itinerant sp

electrons) in Co undergoes more scattering events in comparison to the majority spin

channel due to higher density of states (localized d-states) present at the Fermi level.

Higher scattering of the minority channel into localized d-states can be visualized as

an increase in occupation in minority band as shown in fig. 6.11a. As XMCD probes

the empty d-states at the Fermi level for the majority and minority channel, which in

case of Co consist mostly of minority d-states, the dichroism signal is reduced owing

to less available empty states in the minority channel. Hence when current is applied

to the Co/Cu layer the net magnetization of Co layer is reduced. This results in the

opposite sign for the transient current induced moment from the static magnetization

of Co, as observed by our current on/off measurement, shown in fig. 6.12.

Now let us take a look at the Cu layer, at the Co/Cu interface hybridization of
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Figure 6.11: Schematic of density of states for the static and transient mag-
netization in Co and Cu.

Co 3d states with Cu 3d states results in an induced moment present in Cu atoms

close to the interface, shown in fig. 6.11c. This static moment is plotted in fig. 6.8

and the sign of this induced moment is same as the Co magnetization. Away from

the interface in bulk Co, there is not net magnetic moment and density of states for

both spin up and spin down channel is equal.

If we now turn on the current, the current traverses through the Co layer and gets

spin polarized due to selective spin scattering and spin dependent reflection at the
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interface. This spin polarized current injected into Cu consists mostly of majority

electrons (spin down). This results in a spin accumulation at the interface due to

unequal number of spin-up and spin-down electrons. As the current is polarized

in spin-down direction, the amount of majority spins in Cu (both s and d-states)

increases, shown in fig. 6.11e. This results in an induced magnetization in Cu layer

which points in up direction (the moment and spin have opposite direction). Hence the

transient induced magnetization in Cu has the same sign as the static magnetization

of Co, as observed in the experiment and shown in fig. 6.12. The size of induced

magnetization is, Ms ∼ 8× 10−5 bohr magneton per Cu atom.



Chapter 7

Conclusions and future outlook

7.1 Imaging of the ultrafast phase separation in

magnetite

In this research project, we performed ultrafast pump probe studies on magnetite

as it goes through Verwey transition. Starting with insulating phase of magnetite,

energy was pumped into magnetite using laser excitation to drive it through the

insulator to metal transition. The laser excitation destroys the local trimeron network

in magnetite, launching phonon modes associated with transition. We show that the

electronic and lattice order are strongly coupled in magnetite. We observed two time

scales associated with the Verwey transition. Laser excitation creates ‘trimeron holes’

within first 300 fs, and the diffraction intensity for structural and electronic Bragg

reflections decreases considerably within first 300 fs.

Following the laser induced trimeon hole creation process, low temperature mag-

netite displays phase segregation on a 1.5 ± 0.2 ps timescale. We identify a resid-

ual low-temperature, insulating phase embedded in a phase resembling the high-

temperature metallic lattice, the latter forming a percolative charge-fluctuating path

throughout the sample. The switching of conductivity in such an archetypal complex

oxide at the ps timescale clocks these systems faster than the best graphene transis-

tors [97] developed to date. The understanding we have gained here as regards to how

99
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the transformation between the two states straddling the Verwey transition actually

takes place will aid in the choice and design of oxide materials aiming at harnessing

the enormous differences in electrical conductivity available in these systems.

7.1.1 Future Outlook

There are still many crucial questions which need to be answered in metal insulator

systems where presence of competing interactions result in a very rich phase phase

diagram. In this thesis, we have shown that magnetite undergoes phase separation

on ultrafast timescales during Verwey transition. We have used Bragg diffraction to

measure this phase separation in Q-space. While measurement in Q-space provides

use with correlation length scales involved in the system, imaging in real space would

shed further light on this transition, i.e. fluctuation in domains during transition,

nucleation sites, growth mechanism on ultrafast timescales. All these factors are

crucial in designing future oxide based electronics. Ultrafast optical microscopy has

been recently developed [98], and has been used to image materials on length scales

of few 100 nm. As the domains in magnetite are around 300 nm, it is an ideal system

to image using ultrafast optical microscopy.

In this experiment we used optical pump excitation to drive the insulator to metal

transition. This resulted in both electronic and lattice excitation leading to a strongly

coupled lattice and electronic motion and heating the system. For the oxide based

electronics, it would be critical to excite the system with minimal heating, so that heat

dissipation would not be the limiting factor in the functioning of the device. Hence it

is important to study the response of magnetite with low level excitations, especially

near band gap to excite electronic system only. Another interesting aspect would

be to selectively excite primary phonon modes associated with the phase transition.

For magnetite and other complex oxides these frequencies fall in THz regime, making

THz pump probe studies extremely crucial for these materials to study the response

and time scales associated with low level excitation.
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7.2 Imaging of injected spins into copper

In this research project we have demonstrated an extremely powerful and sensitive

technique to measure very small signal levels down to 0.001 %. Scanning Transmis-

sion X-ray Microscopy (STXM) has been used previously to image magnetization

dynamics in spin transfer torque devices. In addition, we have now incorporated

extreme sensitivity and achieved the challenge to measure really tiny signals at the

STXM at SSRL. The improvements which were key in development of this technique

were, (i) the electronics to count ‘1’ and ‘0’ for photon and no photon respectively,

(ii) the current on/off normalization closer to the frequency of 1.28/2 MHz, i.e. half

the SSRL orbit frequency. This resulted in a very powerful normalization, removing

any long term intensity drifts, and (iii) cooling the detector, Avalanche Photo Diode,

which resulted in an increased signal to noise ratio and prevented drifts due to heating

of the APD.

We have demonstrated this measurement technique in imaging the spin injection

in copper. The induced moment in Cu when current flows across Co/Cu interface

is extremely small i.e. 4-5 orders of magnitude lower then a ferromagnet, making

this measurement extremely challenging. We were able to image this current induced

moment in Cu for the first time and measure its size as well as sign. We showed that

the induced moment in Cu is 8× 10−5µB/atom. The sign of this induced moment is

same as the magnetization of Co when the electrons are transmitted from Co to Cu

layer. Changing the current polarity (current flow from Cu to Co now) changes the

sign of the induced moment, as it is the reflected electrons from Co layer which result

in the induced moment in Cu. We also showed that the transient moment in the Co

layer has an opposite sign with a higher magnitude in comparison to the Cu layer.

The energy dependence of this induced moment across the Cu L3 edge showed a

two peak structure with the first peak located at the inflection point of XAS spectra

of Cu where Fermi level lies, and the second peak located at the peak of XAS spectra

which is one eV above the Fermi level. This result has opened up new avenues to

understand the spin transport across ferromagnet/non-magnet interfaces. As one

would expect the current to flow at the Fermi level the second peak in the induced
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moment is very puzzling and requires further understanding. One of the reasons could

be due to presence of static magnetic hybridized states in Cu right at the interface

with Co [95]. This stresses the vital role played by interface in spin transport.

7.2.1 Future Outlook

There are still many important areas to be explored in the study of spin transport

across ferromagnet/non-magnet interfaces. The study in this thesis was done at the

Co/Cu interface, next step is to compare how different ferromagnet (Fe, Ni) affect the

spin signal in Cu. Especially, in case of Fe, both majority and minority electrons are

present at the Fermi level, it would be extremely interesting to know what is the sign

of spin polarization with respect to Fe magnetization. As the imaging experiments

on spin injection in non-magnet have been really challenging due to small signals,

nobody till date knows the sign of spin polarization in Cu across a Fe/Cu interface.

Another important avenue to be explored is the non-equilibrium spin transport

using laser excitation. In recent years a lot of research has been done on all optical

switching [9] and ultrafast demagnetization [99] where non-equilibrium spin trans-

port is the key to understand the underlying mechanism. By measuring the spin

injection in Co across Co/Cu interface in similar samples with laser excitation would

shed light on the spin transport in non-equilibrium state. We can compare it to the

spin transport across ferromagnet/non-magnet, while the electrical pulses result in

the current flowing near Fermi level at a steady state, the laser would excite electrons

1.5 eV above the Fermi level and would result in a highly non-equilibrium process.

Measuring and comparing the size, sign and energy dependence of spin injection in

Cu in these two cases would be very crucial in understanding spin transport in these

materials. These experiments would result in better understanding of the spin trans-

port which is extremely useful and much required as one scales devices smaller and

smaller, where interfacial properties become very critical and should be incorporated

and would pave the way of application of spin transfer torque and spin injection as

well as all optical switching in future data storage and memory devices.



Appendix A

Fluence normalization

A.1 Correction of the pump laser fluence for dif-

fering absorption cross sections

To directly compare diffraction data recorded at different reflections and x-ray photon

energies, two factors have to be taken into account: (i) the footprint of the pump laser

on the sample surface and (ii) the relative penetration depths of the optical pump laser

and the x-ray FEL probe. As concerns the pump laser footprint: this depends on the

scattering angle θ, and changes the actual energy density of the pump laser impinging

on the surface of the sample. The second factor is more complex. Since both the pump

laser power and x-ray probe intensity in the sample decrease as a function of depth

due to absorption, the measured pump-probe signal is in fact a weighted-average over

the probing volume: only if the x-ray penetration depth is much smaller than the

optical one, can the pump fluence be approximated as constant. These two effects,

(i) and (ii), can be taken into account by correcting the ‘dial up’ pump laser fluence

F0 for both the sample surface footprint and the x-ray penetration depth, λx−rayeff , as

just such a correction has been carried out for all the fluence values reported in the

paper.

The data for the Bragg reflections used in the Chapter 4 and 5 are listed in

Table A.1. The effective penetration depth of the optical pump laser (1.5 eV photon

103
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energy) is λopteff ≈ 118 nm, as calculated from the real (n = 0.22) and imaginary

(k = 0.5) part of the refractive index [92, 93]. The parameter λopt is comparable to

the x-ray penetration depth, λxray, at some of the measured photon energies. Thus

comparing data for these different scattering conditions reguires the generation of

depth corrected pump laser fluence values, F = fF0. The correction factor, f , used

are also listed in Table A.1.

In Table A.1 the effective x-ray penetration depths λx−ray = 0.5λ0 sin θ, have been

calculated from tabulated penetration depth values (λ0) for 800 eV and 1200 eV [91]

and from experimentally measured absorption coefficients α = (λ0)−1, for the O K-

and Fe L-edges which show a very good correspondence to the literature [49].

The corrected pump fluence, F , is the pump fluence averaged over the sample

depth (x) and weighted by the x-ray probe intensity, Ix−ray at the corresponding

depth (x). It is given by,

F =

∫∞
0

F opt(x) Ix−ray(x) dx∫∞
0

Ix−ray(x) dx
(A.1)

Table A.1: Effective laser fluence calculation for measured reflections. Re-
ported here are the scattering angle θ, the effective x-ray penetration depth λx−rayeff

and the total pump fluence correction factor for a given reflection and x-ray energy.

X-ray Energy Reflection Incidence
Angle (θ)

λx−ray
eff

Correction
Factor (f)

Fe L-edge (708 eV) (001/2) 31.5◦ 9 nm 0.92

Fe L-edge (707 eV) (001/2) 31.5◦ 18 nm 0.86

O K-edge (529 eV) (001/2) 44.2◦ 43 nm 0.72

800 eV (non-resonant) (001) 66◦ 50 nm 0.71

1200 eV (non-resonant) (001) 60.5◦ 105 nm 0.53
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where F opt(x) is the depth dependent pump laser fluence (taking the footprint effect

into account). F opt(x) is given by,

These are given by,

F opt(x) = F0 T sin θ exp(−x/λopt) (A.2)

where T is the surface transmission of the optical laser, calculated using Fresnell’s

formulas, and

Ix−ray(x) = I0 exp(−x/λx−ray) (A.3)

Combining Equation (1-3) yields,

F = F0 T sin θ
λopt

λopt + λx−ray
= fF0 (A.4)

These f values are given Table A.1 as well and were used to correct the laser fluences

in Chapter 4 and 5.

A.2 The Verwey transition in thermodynamic equi-

librium

The energy, Q, required to drive magnetite from Ti = 80 K and 30K across the

Verwey transistion in equilibrium is calculated using the thermodynamic relation,

Q =

∫ 123K

Ti

Cp(T )dT (A.5)

where Cp is the heat capacity as a function of temperature. The calculated energy

also takes into account the latent heat of the Verwey transition at TV = 123K,

QL = 14.1 J cm−3. The heat capacity data as well as latent heat value were taken

from the Ref. [100]. The corresponding laser fluence value is then calculated to be

0.8 mJ cm−2 for Ti = 80 K and 1.7 mJ cm−2 for Ti = 30 K. This assumes a constant

laser intensity in the sample (or equivalently a sample that is much thinner than
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the effective penetration depth of the optical laser, λ ∼ 110 nm). This calculated

value is a lower bound estimate, since it does not consider the heat transport and

the temperature gradient present inside the sample, due to the continuous cryogenic

cooling applied to it.



Appendix B

Fitting of the delay traces

B.1 Fitting procedure and fit parameters for the

delay traces used in optical pump x-ray probe

studies

This section described the extraction of amplitude for (A) and (B) processes used

in Chapter 4. They were extracted for all laser fluences across all the different x-

ray energies measured in the experiment. These delay traces were fitted using double

exponential to extract the relevant time constants. For the low fluence values, the time

traces are fitted using a fast drop (A process) and an increasing exponential function

describing the recovery to the initial state. This is shown in fig. 4.1a of Chapter 4 for

the delay trace at 0.9 mJ cm−2 fluence. This recovery dynamics serves as a reference

for the high-fluence data. The slow monotonic decay in the diffraction intensity from

the trimeron lattice observed at higher fluence is denoted as the B process. The

amplitude for the B parameter is extracted by subtracting the low-fluence reference

delay traces with the A process amplitude matched to the high-fluence data set as

shown for delay trace at 2.7 mJ cm−2 fluence in fig. 4.1a. The remaining B process

is fitted with another exponential function.
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Bragg
Reflection

Fluence
mJcm−2 A C B τref (ps) τ (ps)

(001/2) 0.7 0.25± .01 0.12± .01 0 1.5± 0.2 0

Fe L3-edge 1.2 0.44± .02 0.21± .01 0.15± .01 1.5± 0.2 4.5± 0.5

707 eV 1.5 0.54± .03 0.23± .01 0.26± .01 1.5± 0.2 3.5± 0.5

1.8 0.62± .03 0.31± .02 0.34± .02 1.5± 0.2 1.6± 0.2

(001/2) 0.8 0.26± .01 0.09± .01 0 1.4± 0.2 0

Fe L3-edge 1.3 0.48± .01 0.16± .01 0.18± .01 1.4± 0.2 4.5± 0.5

708 eV 1.6 0.56± .03 0.21± .02 0.35± .02 1.4± 0.2 3.7± 0.2

2.0 0.67± .03 0.24± .03 0.33± .03 1.4± 0.2 1.8± 0.2

(001/2) 1 0.31± .02 0.12± .02 0 1.4± 0.2 0

O K-edge 1.2 0.41± .01 0.15± .01 0.14± .01 1.4± 0.2 3.5± 0.5

529 eV 1.4 0.53± .01 0.21± .01 0.31± .01 1.4± 0.2 2.3± 0.2

2 0.61± .01 0.23± .01 0.38± .01 1.4± 0.2 1.6± 0.2

2.9 0.82± .02 0.32± .01 0.39± .01 1.4± 0.2 1.4± 0.2

(001) 0.9 0.28± .01 0.09± .01 0 1.1± 0.2 0

800 eV 1.2 0.36± .01 0.12± .01 0.11± .01 1.1± 0.2 5.8± 1.0

1.4 0.43± .01 0.15± .01 0.28± .01 1.1± 0.2 3.1± 0.2

1.9 0.55± .01 0.18± .01 0.44± .01 1.1± 0.2 1.8± 0.2

2.8 0.69± .02 0.24± .01 0.48± .01 1.1± 0.2 1.6± 0.2

(110) 1.2 0.46± .02 0.16± .02 0.19± .01 1.1± 0.2 4.3± 1.0

1200 eV 1.5 0.55± .02 0.19± .02 0.29± .01 1.1± 0.2 1.8± 0.2

2 0.67± .03 0.26± .03 0.36± .02 1.1± 0.2 1.4± 0.2

2.9 0.71± .03 0.28± .03 0.39± .02 1.3± 0.2 1.3± 0.2

4.1 0.84± .03 0.32± .03 0.36± .02 1.3± 0.2 1.3± 0.2

Table B.1: Fit Parameters for the optical pump x-ray probe delay traces.
Reported here are the fit parameters A, B, C and τ and τref for the delay traces using
the fit equation B1.
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The double exponential function used to fit the delay traces is given by,

1− (A− C(1− exp((t0− t)/τref ))) +B(1− exp((t0− t)/τ))

1 + exp(t0− t)/0.0001ps
(B.1)

The expression in the first curly brackets i.e. 1/(1 + exp((t0− t)/0.0001ps)), fits

the initial fast drop at time, t0 = 0 ps, with the amplitude of drop given by parameter

A. Parameter C is used to fit the slow ps recovery to the initial state with a time

constant of τref , while parameter B fits the slow monotonic decay of the intensity

on ps time scales with time constant of τ . The fitting function is broadened by a

gaussian function with a width of 300 fs to account for the experimental resolution.

Table B.1 summarizes the fitting parameters for all displayed data set.

B.2 Fitting procedure and fit parameters for the

delay traces used in optical pump probe stud-

ies

In order to extract relevant timescales from the optical pump probe data at different

fluence values were divided by the respective laser probe fluence. This procedure nor-

malizes delay traces at all fluences as shown in fig. 4.7a. In particular the observed

fast rise in reflectivity within first 300 fs is the same for all measured fluence values.

The lowest fluence delay trace is then subtracted from the higher fluence delay traces

to extract the monotonic increase of the reflectivity taking place on the slower pi-

cosecond timescale as shown in fig. 4.7a. Fig. 4.7b shows the fluence dependence of

the obtained change in ps optical reflectivity for an 80 K sample temperature. The

data are fitted using an exponential. The fit equations is given by,

∆R/R = A(1− exp((t0− t)/τ)) (B.2)

The parameters for the amplitude, A, of the observed conductivity increase as
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Fluence
mJcm−2

A τ (ps) t0 (ps)

1.6 0.117± 0.046 10± 2 0.24± 0.03

2.2 0.713± 0.039 5.9± 0.5 0.25± 0.03

2.9 0.976± 0.027 4.8± 0.2 0.24± 0.03

4.3 1.082± 0.022 1.6± 0.2 0.27± 0.03

5.7 1.113± 0.021 1.5± 0.2 0.26± 0.03

Table B.2: Fit Parameters for the optical pump probe delay traces. Reported
here are the fit parameters A, τ and t0 using equation B2 for the measured fluence
values.

well as the timescale, τ , and delayed onset, t0, are given in table B.2.
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Phonon Modes of Magnetite

The transformation of the cubic (inverse spinel) lattice of Fe3O4 to the low tem-

perature, low symmetry monoclinic Cc crystal structure can be described by the

freezing-in of a large collection of phonon modes [40]. Below the Verwey temperature

the unit cell has quadrupled in volume and contains 64 unique atomic positions (32

O sites, 16 Fe octahedral B sites and 8 tetrahedral Fe A sites), of which the 16 Fe B

sites are the relevant ones for the electronic transport properties of magnetite [77].

In the low temperature structure, the Fe B sites show an intricate, long range

pattern of three-site entities: a central Fe atom, with a formal valency of 2+ is

trimerized with two adjacent formal 3+ Fe atoms, see Fig. C.1a and Ref. [40]. Within

such a trimeron the Fe-Fe distances are significantly shortened with respect to the

cubic structure and the three Fe sites display orbital order.

Fig. C.1 shows the trimerons in the monoclinic Cc cell. Only the Fe B sites are

depicted where blue (yellow) are Fe atoms with a formal charge of 2+ (3+). The

gray atoms are Fe 3+ sites that do not participate in any trimeron network. This

figure has been made after from the Ref. [40]. The shortened Fe-Fe trimeron bonds

are displayed by thick cylindrical green rods. As mentioned earlier, single trimeron

constitutes of a linear set of an Fe 3+, an Fe 2+ and an Fe3+ atom. From the

figure we can see that Fe (B) sites that show the largest deviation from the cubic

atomic position in the Cc lattice are those on the corner points where three trimerons

join. Yellow spheres indicate these cubic lattice position and black dot indicates
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Figure C.1: Trimeron lattice and primary order parameters of the low tem-
perature Verwey phase of magnetite.

monoclinic positions. The displacement vector is multiplied by a factor of 10 for

visual clarity. The red and blue arrows depict the am and cm component of the

displacement vector. The largest changes in atomic positions between the cubic and

monoclinic lattice occur at the Fe B3+ sites where three trimerons join under a sharp

angle. The displacement vectors associated with these atomic positions correspond

to a combination of two of the frozen phonon modes describing the monoclinic latice,

namely the ∆5 and X1 modes as shown in Fig. C.2. These two modes correspond to

primary order parameters of the Vervey transition, i.e. being the most important to

describe the lowering of symmetry of the crystal structure upon cooling across the

Verwey transition [77,101].

In Fig. C.1c, a symmetry mode analysis is presented to investigate the effect

of unfreezing specific frozen phonon modes from the monoclinic lattice. Using the

ISODISTORT interactive applet [102, 103], the amplitude of the mode under inves-

tigation is set to zero, while the amplitude of the other monoclinic distortion modes

is kept fixed. Panel c displays the relative change in the intensity of the (001)c and

(110)c reflections due to the unfreezing of the modes. Indeed, changing the ampli-

tude of the X1 (and ∆5) mode strongly suppresses the intensity of these reflections,

while other modes have little to no effect on the intensity. This means that the ap-

pearance of (001)c and (110)c reflections of the monoclinic phase is directly linked
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to the presence of trimeron order in the magnetite crystal. It also explains the fact

that the measured lattice response is so strongly connected to the COO response, the

trimeron lattice is not only the true, microscopic face of both the charge and orbital

order in magnetite, but also directly related to the atomic displacements within the

monoclinic unit cell.

Fig. C.2 shows the X1 and ∆5 modes in magnetite crystal. The crystal structure

of magnetite is shown by using the 2 side views with all the atoms at the positions of

the high temperature cubic phase in panel a. The cubic Fd3m cell is indicated in pink

and the low temperature monoclinic Cc cell in blue. The Fe B-sites which participate

in the trimeron formation are highlighted in green. Fe A- and O-sites are depicted

in gray tones and they do not participate in trimeron network. Panel (b) shows the

low temperature Cc lattice of magnetite. Deviations from the atomic positions in

Figure C.2: Lattice distortions and frozen phonon modes in the low tem-
perature Verwey phase of magnetite: Images generated using the interactive
ISODISTORT web applet [102].
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the cubic phase are exaggerated by a factor 10 for clarity. The monoclinic tilt angle

β = 0.23° along the cubic (110) direction is also indicated. Panel (c) is same as (b)

while setting the amplitude of the frozen Γ5 phonon mode to 0. Clearly, restraining

the amplitude of this mode to zero, only has an effect on the monoclinic β angle, while

preserving all other deviations in the unit cell from the cubic structure. In Panel (d)

and (e) the two cubic phonon modes that have the largest frozen amplitude in the

monoclinic structure, being the X1 and ∆5 modes, [40] are shown. The amplitude

of all other frozen modes has been restrained to zero and part of Fe A and O atoms

have been omitted for visual clarity. Arrows of arbitrary length indicate the atomic

displacement vectors of the Fe B sites with respect to the cubic positions.

As seen from fig. C.2(c) several of the frozen Γ phonon modes in the monoclinic

phase, do not effect the relative atomic positions inside the unit cell but only the

monoclinic tilt, the monoclinic cell volume and inter-cell distortions. Γ5 mode is

responsible for the monoclinic tilt of the c-axis. This distortion mode is measured in

our experiments through the shift of the diffraction peaks in Q-space. It is however

clear from fig. C.2 that the trimeron lattice and associated primary distortions (mainly

the X1 and ∆5 modes) can be decoupled from the monoclinic c-axis tilt. This is also

experimentally evident from different timescales on which these modes respond to the

optical pump: τ < 300 fs for the response of the X1 (∆5) mode, while τ ∼ 1 ps for

the Γ5 mode.
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