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Abstract

We propose a possible mechanism for insulator-to-metal and anti-ferromagnetic (AFM)-

to-ferromagnetic (FM) transitions driven by femtosecond laser excitation of insulating

AFM states of colossal magneto-resistive (CMR) manganites. We show that the exci-

tation of composite fermion quasi-particles dressed by spin fluctuations results in the

population of a broad metallic conduction band and to canting of the AFM background

spins via electron-magnon correlation. Such quasi-particle populations change the criti-

cal lattice displacement required for an insulator to metal transition and, above a critical

density, can quasi-instantaneously quench the energy gap by inducing FM correlation

while initiating lattice motion. The above theoretical picture may be related to fs-

resolved pump-probe measurements
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Chapter 1

Introduction

One of the most exciting things in modern science and research is the effort on under-

standing the properties of complex systems where several degrees of freedom are coupled

and elementary interactions govern the physics within the system. While single-particle

approaches were successfully described low dimensional problems in weak correlated

system, many-body approaches are demanding for contemporary problems in condensed

matter physics and quantum chemistry. The physics of the many-body processes has

led to remarkable discoveries such as superconductivity, creation and manipulation of

exciton-polaritons in semiconductors, quantum Hall effect, quantum magnetism and

phase transitions. Commonly used approaches are focused on the investigation of equi-

librium properties of complex physical systems. However in systems referred as strongly

correlated systems, investigation in terms of equilibrium approaches fail to capture even

the qualitative properties and thus a different approach is required for treating the in-

terplay between several degrees of freedom and the involved interactions beyond the

scope of quasi-equilibrium and perturbation methods. However unlike in studies of the

equilibrium properties of physical systems where much knowledge have been already

acquired, time-dependent dynamics and the interplay of the many-body processes in

non-equilibrium conditions is a less explored field of research. In particular the many-

body interplay of electron, atoms, light, spins and lattice degrees of freedom for times

comparable or shorter than the time response of elementary interactions, remains less

explored and still under debate. The exploration of physical systems in the regime where

high intense stimuli in short time intervals trigger high non-linear electronic/spin/lattice

behavior and changes of elementary interactions between electrons-atoms/quasi-particles

dominate, creates the opportunity of manipulating physical processes at the nanometer

spatial scale and the femtosecond time regime. Another opportunity is that as times

scales become shorter and shorter, electronic and spin degrees of freedom became iso-

lated compared to the lattice. This results due to the energy scale of the elementary

1
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interactions. For example magnetic exchange interactions between ions lie in the range

between ∼ 50meV to ∼ 500eV while phonons and spin precession in ferromagnetic mate-

rials may lie in the range of a few meV to ∼ 100meV. The corresponding time responses

of the former are ∼ 10fs–100fs while the latter may exceed the picosecond time regime.

While these studies are indeed contribute to our knowledge of elementary interactions

in physical systems, they also offer immense opportunities for novel technological appli-

cations. In the field of technology, modern electronic devices are successfully entering

the nanoworld. Remarkable progress has been made in the technology of computer pro-

cessors where the operating clock speeds have already established the range of a few

GHz while their packaging becomes smaller and smaller following the Moore’s law. As

the packaging becomes downsized, quantum effects become increasingly dominant on

the atomic length scale, and precise control of quantum systems arises as a fundamental

requirement for successful novel nanoscale technology. The continuous desire for newer

computing paradigms, faster communications and achieving faster computation times is

accompanied by the need for a new quantum technology. However there is a gap between

computing times and data storing/retrieving times. For example in the past decade, the

developing of fast computer processors created an unbridged gap between data process-

ing and storing/retrieving. That was because the conventional magnetic storing media,

data recording is achieved via magnetic bits by reversing magnetization with applica-

tion of a magnetic field. A typical computer processor operates in the scale of a few

GHz while the storage on a magnetic hard disk requires a few nanoseconds. Nowdays

alternative technologies reduce this gap and enhancing power efficiency. However the

interest for manipulating magnetic order at short time scales is growing by investigating

novel ferromagnetic as well as antiferromagnetic materials. In particular antiferromag-

netic materials have great potential, which makes them outstanding candidates for the

next generation of high-speed operating spintronic applications by efficiently manipu-

lating quantum effects. To surpass the limits of conventional technology, research and

development is forced to invent new technology by focusing on quantum dynamics in

the sub-picosecond time regime. This challenge is met when, based on the framework of

light-matter interactions, elementary quantum processes are manipulated by femtosec-

ond coherent laser pulses. Probing and controlling such processes at the femtosecond

time regime using i.e. modern pump-probe spectroscopy, will hopefully lead to a new

transformative technology that will enable extremely high-speed data writing/reading

in storage media, computation chips/circuits, THz modulators for data transfer and

powerful sensors.
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1.1 Going Ultrafast

Interactions among coupled degrees of freedom make it possible to switch and modu-

late electronic, lattice and spin properties in ultrafast ways by employing femtosecond

laser pulses. However understanding the origin of emergent phenomena is, even at equi-

librium, a formidable task that requires several degrees of freedom in a material to be

monitored simultaneously. Recent advances in laser technology provide access to control

non-equilibrium many-body states and emergent properties by i.e. coherently exciting

lattice modes as well as high energy non-thermal phases. Indeed ultrashort laser pulses

have proved to be highly-effective tools for manipulating several degrees of freedom as

well as to successfully monitor dynamics contributing to our perception about physical

phenomena in solid-state materials. Inspired by the pioneering works of J.Y.Bigot and

his collaborators, there are plenty remarkable examples of ultrafast light-induced and

coherence-driven phenomena in solid-state systems such as the manipulation of mag-

netism [1–3], or ferroelectricity [4, 5], ultrafast phase transitions in manganites[6, 7] and

magnetites [8] as well as light-induced emergent phenomena [9–12]. All these examples

during photoexcitation involve quantum coherent processes which set the initial condi-

tions for the subsequent short/long term dynamics. Investigation of these phenomena

are based on advanced spectroscopy techniques for example, femtosecond Kerr/Faraday

magneto-optical spectroscopy, X-ray magnetic circular dichroism, ultrafast X-ray diffrac-

tion, ultrahigh-energy electron diffraction combined with femtosecond pump pulses, pro-

vide a new look at spin/charge dynamics in the femtosecond time regime with nanometer

spatial resolution. The progress in shaping and tuning laser pulses is of great importance

also. New laser sources and optical techniques provide the opportunity of composition

and shaping a wide range of laser pulses used for excitation of solid-state materials rang-

ing from THz to extreme ultra-violet. By properly selecting of a suitable frequency laser

pump pulse, one can excite coherently resonant/non-resonant many-body states without

involving low/high energy states which induce noise or significant thermalization.

1.1.1 Ultrafast Dynamics in Manganites

Manganites exhibit interesting collective phenomena that are attributable to strong elec-

tronic correlations which lead to complex and interesting phase diagrams and coexisting

phases. Femtosecond light-induced coherence between spin/orbital/charge states can

switch magnetic orders by suddenly breaking the balance between competing phases

which make the colossal magnetoresistive manganites, suitable for novel technological

applications. Thus several experiments employing advanced laser spectroscopy are in-

vestigating light-induced phase transitions in manganites and transient phase formation
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such as insulator-metal transition or complex transient coexisting phases thermally inac-

cessible. Competing orders and a possible quantum critical point enable fast responses,

since low-lying fluctuations grow nonlinearly in the vicinity of phase boundaries. This

gives rise to extremely responsive magnetic states, where even small external stimuli

can drive the system to non-equilibrium states. Additionally photoexcitation induces

melting of the charge/orbital ordering of the insulating states withing a few hundreds

of femtoseconds. This observation offers intriguing possibilities for exploring the time

evolution of the transient states associated with the melting of the charge correlation

gap.

1.2 Basic Aspects of Manganites

1.2.1 Structure

Manganites are known as the materials which composed of manganese. There are many

types of compounds in their content exists manganese, for example manganese oxides.

Such oxides have the perovskite-like structure with general form AMnO3 where A are

rare-earth metals such as A =Sc, Y, La, Pr, Nd, Sm, Eu, Gd, Er elements. a popular

manganite structure is the orthorhombic perovskite-like with A =La,Pr,Sr. Substitu-

tion of rare-earth sites with alkaline-earth elements such as B =Ca,Sr introduces holes

in the structure forming mixed-valence manganites A1−xBxMnO3. These rare earth

manganese oxides attracted long standing interest because of its fascinating properties

related to correlations between charge, spin, orbital and lattice degrees of freedom and

which lead to outstanding phenomena such as the colossal magnetoresistance, magne-

tocaloric, multiferroic and phase transition effects. Hole doping and growth conditions

play important role in the physical equilibrium properties of manganites since the former

affects several interactions between neighboring ions due to electron-electron coupling

while the latter modifies the oxygen environment and the displacement between ions.

Manganite structures with interesting magnetotransport properties are also the double-

layered manganites as well as single-layered manganites can also be prepared according

to the Ruddlesden-Popper series (T1−xDx)n+1MnnO3n+1 where T is a trivalent cation,

D is a divalent cation and n corresponds to the number of layers [13].
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1.2.2 Fundamental Interactions in Manganites

1.2.2.1 Double Exchange Interaction

Manganese ions are characterized by different or mixed valences within the manganite

lattice environment, due to the formation of hole concentration when alkaline earth el-

ements such as Ca,Sr cations substitute rare earth elements in parent compounds such

as LaMn03. As a result, Mn ions exist between Mn3+-Mn4+ mixed valence states. As

the amount of mixed valence Mn ions increases in the crystal lattice, electron hopping

between Mn sites is possible with respect to the first Hund rule. This type of ferromag-

netism was proposed by the work of Zener [14] known as Double-Exchange interaction.

Zener pointed out that in hole doped manganites, there is a possibility of magnetic cou-

pling between Mn3+ and Mn4+ which results from the motion of an electron between

two partially filled d shells. The extra spin-1/2 electron of the Mn3+ ion can hop to the

Mn4+ ion via the O2− ions by conserving the local spin alignment due to strong on-site

Hund coupling.

Figure 1.1: Representation of the double-exchange mechanism between two man-
ganese ions which involves an intermediate transition through an oxygen ion. The
curved red arrows represent the mobility of the itinerant eg electron where reaches the
maximum value if the localized spins (black arrows) are ferromagnetically aligned with

the itinerant electron spin (red arrow).

This indirect hopping scheme is depicted in Fig.1.1. An intuitive scheme of the Zener

exchange process via eg electrons, can be schematically represented by writing:

Mn3+
1↑ – O2−

2↑,3↓– Mn4+ −→ Mn4+ – O2−
1↑,3↓– Mn3+

2↑

where represents the transfer of the electron from the left Mn atom to the central O

and the transfer of an electron from the central O to the right Mn ion. The required

energy of the above process is proportional to the overlap between p-d wave functions

as well as the relative orientation between the core spins of the interacting Mn ions. An

alternative representation of the above process is introduced by Anderson and Hasegawa

[15] which suggest that in the above process, there is one electron on the oxygen in the

intermediate state. Such scheme can be written as:

Mn3+
1↑ – O2−

2↑,3↓– Mn4+ −→ Mn3+
2↑ – O3↓– Mn3+

2↑ −→Mn4+ – O2−
1↑,3↓– Mn3+

2↑
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or follow the pattern with no electrons on the oxygen in the intermediate state [16]

Mn3+
1↑ – O2−

2↑,3↓– Mn4+ −→ Mn3+
2↑ – O– Mn3+

2↑3↓−→Mn4+ – O2−
1↑,3↓– Mn3+

2↑

An approximation used widely assumes classical spins and the hopping amplitude be-

tween eg orbitals of i, j neighboring Mn sites, is expresses as

tij = t0ij cos
(θij

2

)
(1.1)

while the quantum version of this process has been described by Kubo and Ohata[17].

The hopping amplitude and thus the kinetic energy gain due to eg electron motion is

maximum when the local t2g spins are ferromagnetically aligned. Because the delo-

calization of the electrons via hopping decreases the overall energy, the system aligns

ferromagnetically to save energy and thus allows the eg electrons to hop through the crys-

tal. Double exchange interaction mechanism explains the existence of ferromagnetism

and metallic phase in several doped manganites under certain conditions dependent on

the external magnetic fields as well as the temperature. Several experiments confirm

the collapse of the FM order at temperatures near or above Tc. This reduces the eg

electron transfer which result in the enhancement of the resistivity and a metal-insulator

transition. An external field increases the alignment of the core t2gspins and the effective

hopping interaction leading to a large magneto-resistance near Tc. However, systematic

experimental studies revealed that the rich phase diagrams of manganites are difficult

to be understood by double exchange alone which indicates that manganites provide a

playground where several fundamental interactions compete and suggest an ideal area

for studying the interplay between electronic, magnetic and lattice degrees of freedom.

1.2.2.2 Crystal Field and Jahn-Teller coupling

The physics of ions within the lattice environment is much complicated than these

in isolated atoms. Collective interactions with the neighboring atoms determine the

characteristics of the on-site charge and spin and orbital physics. Ions in a lattice

environment are forming interactions with neighboring ions which can be modeled as

static electric fields due to their charge. In manganese oxides, every Mn ion is surrounded

by six oxygens in a octahedral configuration pattern. This effective electric field is known

as crystal field which strongly depend on the structure of the lattice and the overall

symmetry. The crystal field originates from the Coulomb repulsion between electrons

in 3d orbitals of the metal ion and electrons in the 2p orbital of oxygen. As a results

the crystal field splits the degeneracy of the energy levels of the d orbitals into t2g

and eg manifolds. The energy splitting due to crystal field is estimated between the
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range of 1-2eV [18]. Additionally, early attempts to explain the rich phase diagram of

manganites within the double exchange interaction framework were unsuccessful and

were limited only the explanation of the ferromagnetic phases. Experiments shed light

into the competition and phase formation in manganites where double exchange and

one-orbital models obvious failed to explain. Thus physics of eg orbitals was needed

to be included in the analysis of charge-order and orbital-order phases found in several

manganese oxides such these reported in the pioneering work of Goodenough et al.[19].

The work of Millis et al.[20] proposed the idea that the physics of manganites is much

influenced by a strong electron Jahn-Teller phonon coupling. At finite hole densities,

static as well as dynamics of Jahn-Teller distortions can strongly affect the physics of

carriers. A site containing an electron, is Jahn-Teller coupled to the surrounding oxygen

octahedron and an empty site induces a breathing distortion of the octahedron. The

Jahn-Teller distortion affects the on-site eg orbitals by lifting the degeneracy and causing

deformation of the MnO6 environment. The most commonly observed deformation of

the nearly cubic lattice is the elongation of the z-axis oxygen position coupled with the

occupied 3z2 − r2 orbital, or the elongation of the xy in-plane oxygen positions coupled

with the occupied x2 − r2 orbital. The 3d orbitals on the Mn site is placed such an

octahedral coordination are subject to the partial lifting of the degeneracy into the low-

lying t2g levels and the higher eg levels. The Jahn-Teller energy splitting is estimated

between For better understanding we provide an illustration which depicts both crystal

field and Jahn-Teller energy splittings in the Mn d orbitals.

Figure 1.2: The Mn octahedron distortion associated with the crystal field and Jahn-
Teller effect. Here the manganese 3d energy levels are represented in the case of (a) a
free ion, (b) in the presence of crystal field and (c) in presence of local lattice Jahn-Teller

which splits two-fold degenerate eg levels

1.2.2.3 Hund coupling

The important consequence due to large energy splitting of the d orbitals is the effective

strong coupling between the eg conduction electron spin (S = 1/2) and the t2g electron

local spin (S = 3/2). This on-site ferromagnetic coupling follows Hund’s rule where
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the corresponding exchange energy JH is estimated to be ranged between 2-3eV for the

manganites and exceeds the intersite hopping interaction tij ∼ t0 (0.2-0.6eV) of the eg

electron between the neighbouring sites, i, j. A widely used approach is to consider the

limit JH → ∞. In this case Mn3+ has four electrons in d orbitals. Because of Hund’s

rule, all of the spins are aligned parallel forming S ≈ 2, and three spins are occupied to

t2g orbitals and one spin occupies one of the eg orbitals. Thus the eg electron necessarily

must have a spin perfectly parallel to that of the localized t2g spin at the same site,

effectively suppressing entirely the antiparallel configuration.

1.2.2.4 Coulomb interactions

Electronic occupation of the d Mn orbitals gives rise to on-site Coulomb interactions.

The Coulomb on-site interaction is originated due to the repulsion of the eg electrons

in double occupied sites as well as inter-site Coulomb repulsion between eg electrons

among neighboring sites. Coulomb repulsion is determined by the interaction parameters

〈aσ, bσ′|a′s, b′s′〉. The interaction parameters and their relation between them has been

clarified by group theory arguments and is expressed by the so-called Racah parameters.

Commonly used approximations include the consideration of Coulomb interaction in the

strong limit U → ∞ which suppresses double occupancy of the eg orbitals for all Mn

sites.

1.2.2.5 Superexchange interaction

Apart from the ferromagnetic double exchange there is another indirect exchange in-

teraction at play in manganites, the superexchange interaction. Again, like double

exchange, magnetic interactions between adjacent ions are mediated by an intermediate

non-magnetic ion (the oxygen ion) while no real charge transport is involved. A 2p

electron of the oxygen, transfers to a neighbouring Mn ion, then the remaining unpaired

p electron of oxygen enters into direct exchange with the other Mn ion. As d orbitals

can have different orientations and configurations, then ferromagnetic or antiferromagn-

tic superexchange interactions can take place determined by the orientation of the spin

of the magnetic ions. The sign of the exchange integral and the type of interaction

depending on the orbital configuration of the two Mn ions involved in the interaction

is determined by the Goodenough-Kanamori rules [21? ]. This type of interaction,

depends strongly on orbital occupancy and orientation of the involved atoms. Conse-

quently, there is a competition between ferromagnetism and antiferromagnetism that

arises from the above two mechanisms. It is often superimposed by the stronger double
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exchange mechanism. However, the manifold of phases in mixed valence manganites is

evidence for the subtle balance of these competing interactions.

1.2.2.6 Tolerance Factor

Another important factor which determines the lattice properties of manganites origi-

nates from the doping level of parent compounds and the relative radii between Mn,O

and rare-earth/alkali-earth elements situated in the crystal lattice. Parent compound

have the general form AMnO3 where A is a rare-earth element A =La,Pr,Sm,Nd. The

lattice environment of parent compounds, form perovskite cubic structure which consists

of MnO3 octahedra with the A cation situated between the octahedra. Substitution of

A sites with alkali-earth elements, complex structures are formed with the general form

A1−xA
′
xMnO3 while lattice distortions are introduced deforming the conventional cubic

structure toward lower rhombohedral or orthorombic structures [22]. The deformation

is originated from the size mismatch between Mn ions and A site cations. This lattice

mismatch is accounted by the semi-empirical tolerance factor [23]

t =
rA + rO√

2(rMn + rO)
(1.2)

For t ≈ 1, the structure tends to form fully in a cubic configuration with nearly 180◦

bond angle between Mn-O-Mn. For lower t values, the structure exhibits internal strain

due to size mismatch and lead to distorted perovkite configuration. As rA decreases,

the lattice structure transforms to rhombohedral for 0.96 < t < 1 and to orthorhom-

bic structure for t < 0.96 where the Mn-0-Mn bond angle is bent and deviates from

180◦. As a result, the overlap of the Mn eg and O 2p orbitals reduced which affects

the overall bandwidth W . The decrease of bandwidth reduces the carrier mobility and

destabilization the ferromagnetic state occurs. The tilting angle of the oxygen oxygen

environment MnO6decreases as t decreases. The bond length mismatch created by t < 1

is accommodated by co-operative rotation of Mn06 octahedra, which is accompanied by

a corresponding shift of the A cations. These rotations imply a reduction of the symme-

try of the structure that changes from cubic to rombohedral, tetragonal, orthorombic,

monoclinic or even triclinic depending on octahedra tilting [24]. Structural deformations

determined by tolerance factor play significant role not only on structural properties but

also on electronic and magnetic properties of the manganites i.e. A cation substitution

plays a crucial role in the tuning of the Curie temperature.
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Figure 1.3: Schematic structure of the cubic perovskite manganites and the arrange-
ment of ions. The manganese ions Mn3+/Mn4+ (yellow) occupy the center of the cube,
oxygen ions (red) form octahedra around the manganese ions. The trivalent/divalent
alkali earth (purple) occupy the corners of the cube. The schematic sketch of O6 octa-

hedron array of ABO3 perovskite is provides.

1.2.3 Charge ordering

Doped manganites exhibit another interesting property. Doping with a fraction of

alkaline-earth elements and below a critical temperature, excess of holes may arranged

in a checkerboard pattern around the superlattice due to with strong inter-site Coulomb

interactions competing with ferromagnetic double exchange and antiferromagnetic su-

perexchange interactions. In this charge-ordered phase, electrons are localized accompa-

nied by slight localized lattice distortions. The pattern of the ordering can be influenced

by the alkaline-earth element type doping, as well as the doping concentration. Due to

the localization of electrons, charge ordering states are characterized by rich magnetic

properties since complex spin arrangement may established associated with the for-

mation of insulating states. Fabrication of manganites under certain temperature and

doping conditions, favor the formation of coexisting phases with mixed charge-ordered

and charge-disordered regions. In this case AFM insulating and FM metallic regions

may be altered throughout the lattice volume.

1.2.4 Orbital ordering

In doped perovskite manganites, charge ordering is accompanied by orbital ordering.

This is characterized by the lack of spherical symmetry in the Mn 3d orbitals. The sym-

metry of the local environment determines the most favorable orbital ground-state and

affects the orientation of the orbitals throughout the crystal. Depending on the doping

levels and the competition between double-exchange, superexchange interaction as well

as local Jahn-Teller distortions and temperature, several orbital-ordering arrangements

have been reported.
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1.2.5 Spin ordering

Interatomic interactions in manganites determine the spin ordering of the Mn ions in

the lattice environment. Depending on the hole concentration due to doping which

affects the relative ratio of Mn3+/Mn4, several spin arrangements have been identified

employing neutron scattering techniques as confirmed by the pioneering work of Wollan

et al.[25] in La1−xCaxMnO3 samples. In addition to the ferromagnetic phase, many

other interesting antiferromagnetic phases were present in manganites. In some cases,

evidence of coexisting FM-AFM phases, FM charge ordered, AFM charge ordered or even

magnetically dead phases have been identified in bulk and nanosized manganites [26].

Sketches of the magnetic arrangements found in early neutron studies, are presented in

Fig.1.4. Additionally, a non-trivial arrangement of the spins at the FM phase boundary

at x = 0.5 called CE-phase (Fig.1.5) has been identified, originating from a mixing of

C-type magnetic unit cells as well as E-type arrangements.

A FM C

D E F

Figure 1.4: Some possible spin ordering patterns for Mn ions in a perovskite structure.
The arrows are the Mn ions, and the signs the orientation of the z-axis spin projection.

Figure 1.5: Charge-order and orbital-order representation in CE-type xy (ab) layer
MnO2 half-doped manganite. In the charge-order state, the charge is arranged
in checkerboard-like pattern. Due to charge presence, local Jahn-Teller distortions
are formed and the charge-occupied ions extent their orbital Mn3+ ligands forming

d|3x2−r2〉/d|3y2−r2〉 orbital-ordering. The spheres represent the Mn4+ ions.
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Figure 1.6: Sketch of the manganese d orbitals. The presence of crystal field and
Jahn-Teller distortions lifts the degeneracy of eg from t2g orbitals into two separate

x2 − y2 and 3z2 − r2 orbitals. Figure reproduced from Ref. [27]

Figure 1.7: Commonly observed spin-order and orbital-order patterns in doped man-
ganites. Red/blue color represents the spin orientation up/down.

1.2.6 Colossal Magnetoresistance

Great interest in the field of manganites has the discovery of the so-called colossal

magnetoresistance which can be described as the change of the resistivity of the material

when an external magnetic field is applied. This property is quantified by the following

formula

MR(%) =
ρ0 − ρH
ρH

× 100 (1.3)

where ρ0 and ρH are respectively the resistivity measured without and with application

a magnetic field. The sign of MR can be positive or negative depending on the increase

or drop in the resistivity when a magnetic field is applied. CMR is an extremely large

MR typically found in mixed-valence manganite perovskites where a transition to a FM

state is accompained by a transition to a metallic state or by a large reduction of the

resistivity. CMR occurs near the paramagnetic- to-ferromagnetic transition due to the
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shift of TC under a magnetic field. The larger values of CMR reported correspond to

field-induced transitions from AF-insulating to FM-metallic states. Investigation of the

properties of manganites, it has been reported MR ratios as large as 127% near 77K

[28] and even more as 106% in Nd0.7Sr0.3MnOδ thin films at 60K [29]. CMR conditions

are dominated by inhomogeneities in the form of coexisting competing phases originated

from the abrupt collapse of the charge-order state into a ferromagnetic state under the

influence of the magnetic field [30]. Contemporary technology employs magnetoresistive

materials used such as magnetic sensors, magnetic memories, as well as the read head

in magnetic recording structures.

1.2.7 Complex Phase Diagrams

Mixed-valence manganites have attracted considerable attention because of many in-

triguing physical properties observed in these materials. As mentioned, doping with

alkaline-earth elements can alter the filling of 3d Mn levels as well as the tolerance fac-

tor. Therefore doped CMR manganites exhibit a rich phase diagram. The most common

way to obtain valuable information about magneto-transport properties and phases, is

by providing measurements of resistivity vs. temperature at several densities or mag-

netic field. Here we summarize the main phase diagrams of mostly studied compounds

La1−xCaxMnO3 and Pr1−xCaxMnO3. The first compound La1−xCaxMnO3 is classified

as intermediate-bandwidth which indicates indirectly the hopping amplitudes between

inter-atomic eg orbitals as a consequence of the size of ions in the lattice environment.

Another important feature in this manganite family is the tendency to form charge or-

dered states in a wide range of doping. The compound has features that indicate strong

competition between double-exchange and lattice distortions for example it possesses ro-

bust ferromagnetic phase in wide doping range but also charge/orbital ordered phases.

Below 250K the mangnetization is robust while the resistivity is low which indicates a

metallic ferromagnetic phase. This statement is also supported by the observation of

the increase of the critical temperature for higher magnetic fields and the drop of the

maximum resistivity. Near the critical temperature, the metallic phase is accompanied

by complex structure of coexisting phases. Apart from that, substrate-induced strain

and crystal growth conditions, induces enormous changes in the maximum resistivity

and critical temperature which indicates the emerge of insulating state cannot be ex-

plained in terms of double-exchange interaction. In the work of Cheung and Hwang,

the phase diagram of La1−xCaxMnO3 was scrutinized combining measurements of resis-

tivity, magnetization and doping, revealing several phases. While ferromagnetic phase

was believed to be dominant, actually it occupies only a fraction over the whole phase

diagram. Charge-ordered phase is present in the doping level range between x = 0.5 and
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x = 0.87 where strong electron-phonon coupling dominates. In particular for x = 0.5 the

famous charge-ordered CE phase is established. Spin-canted phase is present for doping

level near x ≈ 1 which could be attributed to coexisting FM-AFM phases while for in the

regime of low doping, a complex charge-ordered ferromagnetic insulating phase emerges.

The maximum critical temperature has been found at x = 3/8 which is identified as op-

timal ferromagnetic metallic phase. In the charge-ordered regime, critical temperature

also peaks at x = 5/8. In the doping range between x = 4/8 and x = 0.5, the is an

abrupt change from ferromagnetic metallic to anti-ferromagnetic charge-ordered insulat-

ing phase. Charge ordering phase appears to be established at x = 1/8 which disappears

beyond x = 7/8 into a coexisting FM-AFM phase. A novel bi-stripe which deviates from

the so-called CE-phase appears at x = 2/3 and x = 3/4. Finally in the limit of x = 0

the system possesses insulating A-type antiferromagnetic phase while in the opposite

limit of x = 1 the system possesses complex G-type insulating phase.

Figure 1.8: Magnetoresistance, resistivity and magnetization measurements in
La0.75Ca0.25MnO3 as a function of temperature. Figure reproduced from Ref. [31]

Another extensively studied manganite compound family is the low-bandwidth Pr1−xCaxMnO3.

The phase diagram exhibits stabilized charge-ordered phase in a broad range of doping

(x = 0.3 to x = 0.75) while the metallic phase cannot be established and stabilized with-

out the application of an external magnetic field. Even for small doping levels (x = 0.15

to x = 0.3), it possesses a ferromagnetic insulating phase with possible charge-ordered

arrangement. In the doping range between x = 0.3 and x = 0.75 the system shows

antiferromagnetic phase with charge and orbital ordering similar to the CE phase at

x = 0.5. In other words the system possesses a pseudo-CE phase in this doping range

where it can be assumed as spin-canted defective CE phase. Metallic phase can be ac-

cessed by application of a magnetic field or pressure which indicates that low-bandwidth
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Figure 1.9: Phase diagram from La1−xCaxMnO3 constructed by combining static
measurements of magnetization, resistivity as a function of doping with Ca. Here
several phase are presented. (M) Ferromagnetic Metal, (FI) Ferromagnetic Insulator,
(AF) Antiferromagnetism, (CAF) Canted AF, (CO) Charge/Orbital Ordering. Figure

reproduced from Ref. [30]

manganites deviates strongly from the double-exchange interaction picture and suggests

the presence of strong electron-phonon coupling.

Figure 1.10: Phase diagram of Pr1−xCaxMnO3. I and FI denote the paramagnetic
insulating and ferromagnetic insulating states, respectively. Figure reproduced from

Ref. [32]

The CMR effect can be explained via the field-induced melting of the charge-ordered/orbital-

ordered phase, in which the application of the magnetic field favors the ferromagnetic

double-exchange interaction which competes with the CO/OO insulating state. The

magnetic field induces phase transition as a function of temperature at different doping

level. The hatched area shows the hysteresis behavior which demonstrates the first-

order nature of such transitions. One key observation is that a strong magnetic field is

required to drive the phase transition at low temperatures. This can be attributed to

the decrease of the thermal dynamic energy when the temperature decreases. On the

contrary, as x decreases to 0.3, the transition field is lower with smaller hysteresis.
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1.2.8 Photoinduced Phase Transition in Manganites

Due to the their rich phase diagram, manganites are assumed to exhibit sensitive re-

sponse upon external stimuli comparing with the weakly correlated systems such as

semiconductors or metals. Due to the strong interplay between of several degrees of

freedom, excitations with electronic or optical media, induce deformations of charge,

orbital, spins and lattice. Due to this fact, such a strongly correlated electronic sys-

tems could be a good playground to realize the concept of phase manipulation in time

scales comparable or shorter to the time scales of the involved fundamental exchange

interactions. Thus the study of manganites in the non-equilibrium regime provides

an interesting playground of research of the transient dynamics and interactions which

require investigation beyond the thermal and perturbation approaches but a also pro-

vides the opportunity of developing novel devices with promising technological appli-

cations. Apart from the well-known magnetic-field-induced insulator-metal transition,

light-induced manipulation of the phase diagram provides dynamic pathways toward

hidden phases thermally inaccessible in times comparable to the optical pulse duration.

In the early work of Minyano et al.[33] photoinduced voltage-assisted insulator-metal

transition has been reported in Pr0.7Ca0.3MnO3 employing a single 5nsec laser pulse. In

low-bandwidth manganites samples where metallic phase is not stabilized without static

external stimuli, the metallic phase persistence is dependent on the static applied voltage

and exceeds the µsec time regime. While magnetic measurements were not performed

in this experiment, however based on the fact that the static insulating state is anti-

ferromagnetic and the metallic is ferromagnetic, the observed transition implies that an

optically-induced ferromagnetic metallic phase has been accessed. This work suggested

also that the photon number rather than the total optical energy deposited into the

system may be the more relevant parameter for the establishment of the insulator-metal

transition. This work as well as the work of Fiebig et al.[34] where a visualization

method demonstrates that photoinduced insulator-metal transition occurs by formation

of metallic domains, attracted much attention of several research groups into the in-

vestigation the photoinduced phase transition employing high-resolution spectroscopy

techniques in order to unveil the dynamics of the involved spin/charge/lattice degrees

of freedom in the time/spatial domain. Early pump-probe investigations on reflectivity

and conductivity in photoexcited PCMO samples using ∼ 140fs pump pulses showed

that carrier excitation induced breakdown of the charge-ordering. This melting process

increases the conductivity indicates a metallic phase which is accompanied by possible

reduction of the unit-cell volume. Activation of phonon modes is mediated by the en-

ergy transfer of the hot electrons into the system which is displayed as oscillations of

the reflectivity signal. The system after the relaxation of the photoirradiation, remains

in the metastable metallic state where it gradually decays back to the initial insulating
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state. The measurements showed also that the metallic phase is accessed within ∼ 1ps.

Furthermore IMT did not showed sensitivity on sample temperature. The insulator-

metal transition is not attributed on temperature effects because the IMT threshold

would decrease with increasing sample temperature and the temporal evolution would

be temperature dependent but rather IMT is driven primarily by electronic processes

[35]. However, since the metallic phase is correlated with ferromagnetic spin arrange-

ment and while the photon can hardly interact with the spin system, the origin of the

photoinduced magnetization response is still under debate.

1.3 Thesis Organization

In this thesis we investigate the possible role in a non-equilibrium phase transition of

non-thermal fs dynamics of electronic, magnetic, and lattice coupled degrees of freedom

within a theoretical framework that treats the magnetic exchange interaction at the

microscopic level. We propose a possible mechanism for photoinduced phase transition

based on the interplay between a quasiinstantaneous electronic/magnetic pathway and

a delayed lattice pathway. In particular, we discuss the possibility that the excitation of

composite fermion itinerant quasi-particles dressed by spin fluctuations triggers quasi-

instantaneously an insulator to metal and AFM to FM phase transition. We discuss

the role of the quasi-particle energy bands, modified by fs laser excitation, which arise

from electron-magnon coupling and the strong Hund’s rule local interaction. We are

especially interested in the role of spin fluctuations driven by photo-carrier populations

that interact with a deformable spin and lattice medium. Our motivation is inspired

by the work of Li et al.[6] in narrow bandwidth manganite PCMO. In these systems,

metallic phases cannot be accessed by tuning the temperature but require application

of strong magnetic fields. On the other hand, photo-induced non-equilibrium phase

transitions are typically characterized by a nonlinear threshold dependence of the mea-

sured properties on the pump laser fluence. The time evolution of the charge, orbital,

lattice, and magnetic components of a complex order parameter can be separately mon-

itored with fs X-ray diffraction. The fs dynamics of AFM order is less understood, as

it may involve an AFM-FM transition initiated by charge excitations. In their exper-

imental work, is reported a threshold increase of the fs-resolved magneto-optical Kerr

and circular dichroism signals at 100fs time delays, which is absent at ps time delays

and only appears below the AFM transition (Neel) temperature when a small magnetic

field breaks the symmetry. This fs nonlinearity was interpreted in terms of an AFM-

FM transition that occurs prior to the ps spin-lattice relaxation. It was proposed that

quantum femtosecond magnetism and FM correlation may arise from both laser–driven

charge fluctuations and non-thermal electronic populations. However, the microscopic
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link between spin and charge excitations in the fs temporal regime requires further clar-

ification. To interpret ultrafast spectroscopy experiments such as the above, a quantum

theory of coupled spin and charge dynamics in systems with deformable spin and lattice

backgrounds is needed.

The rest of this thesis is organized as follows. In chapter 2 we provide a brief review

of the most outstanding research in manganites and photoinduced phenomena such as

laser-driven insulator-metal transition. In chapter 3 we develop the theoretical frame-

work of a microscopic model based on nonlinear density matrix equations of motion,

whose solution demonstrates that inter-atomic transient coherent couplings and quan-

tum spin-flip excitations can drive all-optically the development of transient ferromag-

netic spin correlations in the very early nonlinear/nonthermal fs temporal regime. In

chapter 4 we discuss the photoinduced spin dynamics and present a quantum kinetic

calculation of non-adiabatic time-dependent FM short-range correlation arising from

quantum spin fluctuations in a simple dimer AFM system. In chapter 5 we present our

quantum kinetic theoretical formulation of the charge-spin coupled dynamics in terms

of Hubbard quasi-particle operators and we calculate the composite fermion itinerant

quasi-particle energy dispersions within a Hubbard-I mean-field approximation where

we compare results obtained by the conventional classical-spin approximation. In chap-

ter 6 we investigate the on-site spin-charge dynamics in a half-doped CE-like unit-cell

consisting of 16 sites considering two orbitals per site. Unlike the simple two-site model,

here the spin-charge quantum populations depend on the neighboring lattice environ-

ment determined by the nearest-neighbor tight-binding hopping amplitudes. Significant

information is obtain about the photoinduced inter-atomic charge dispropotionation as

well the on-site spin-flip processes. In chapter 7 we use a time-dependent scheme in

order to calculate the groundstate correlations where in previous chapter were neglected

for simplicity. Here we estimate the groundstate on-site charge occupation and quantum

spin canting which deviates from the conventional Goodenough ionic model. Addition-

ally we estimate the total energy landscape as a function of the bridge-site collective

distortion modes where we confirm the experimentally observed orbital-ordering as well

as the distortion amplitudes as a function of the electron-phonon coupling strength.

In chapter 8 we provide time-dependent calculations of the femtosecond on-site charge

occupation and spin canting in a CE-type two-orbital unit cell. Here groundstate correla-

tions are included in all calculations and we reveal an intensity threshold behavior where

the melting of the charge and spin ordering is observed. Additionally we provide time-

dependent calculations of the total energy landscape where we present that the rise of

the kinetic energy due to inter-site resonant excitation, affects the time evolution of the

coherent lattice distortion modes. We observe transient relaxation distortion withing
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100fs which agrees with experimental results. In chapter 9 we investigate the time-

dependent band-structure deformations due to time-dependent on-site spin and charge

fluctuations and we model the early femtosecond lattice distortion dynamics with re-

spect to the time dependent total energy landscape. We predict possible laser-driven

insulator-metal transition pathways as well as a possible explanation of the early initial

states of the AFM to FM phase transition.



Chapter 2

Characteristics of Manganites

and Phase Transitions

2.1 General Features of Manganites

Electronic as well as structural properties have been extensively investigated in mag-

nanites such as La1−xCaxMnO3 in a wide range of doping with static thermodynamic

methods. For x = 0 the structure is governed by collective Jahn-Teller distortions which

give rise of a splitting of the eg levels. As a result all Mn eg levels are occupied by one

electron per Mn site creating Mn3+ periodic lattice and orbital ordered state is favorable.

On the other hand, in the limit x = 1 the eg levels are empty in all Mn sites and cooper-

ative electron-lattice couplings are not present. In the intermediate doping regime, the

electronic, magnetic and structural properties are more complex and interpretations of

several static experimental measurements appear to be contradictory i.e. some of them

claim mixed valence of Mn3+ and Mn4+ sites while others report charges of Mn and

O ions that deviate substantially from the common valence picture. Magnetoresistance

and magnetocalric effects have been intensively studied in several experiments in maga-

nites doped with divalent alkaline earth elements (such as Ca, Ba and Sr) as well as by

varying trivalent dopants. The average radii of divalent alkaline dopants affect the elec-

tronic and lattice structure without undergoing a phase transition. On the other hand

exchange interactions can be modified by doping at the trivalent sites since the magnetic

cations tune the magnetocaloric effect and the Curie temperature. Static experimental

comparison of ordered and disordered manganites, [36] suggested that bond/rare-earth-

site disorder in half doped manganites composed with Ba, produces glassy state and

enhances the fluctuation of the competing orders between the charge/orbital order and

20
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the metallic ferromagnetism, near the original bicritical point. Thus large-scale fluctua-

tions enhanced by magnetic fields, enhances favorability of metallic ferromagnetic phase

and this suggests bond/potential disorder as a key ingredient of CMR effect. Remarkable

enhancement in magnetic properties has been reported with substitution of Mn sites with

Ru while producing quenched disorder. In this case the measured ferromagnetic phase

in LCRMO samples is observed to be pronounced due to strong Mn-Ru superexchange

interaction [37]. Orbital ordering also is tuned by dopant concentration. In conventional

La0.5Sr0.5MnO3 samples, a typical CE zigzag pattern of alternated |3x2− r2〉/|3y2− r2〉
orbitals is observed as confirmed from experimental data. However in La0.5Sr1.5MnO4

samples, linear dichroism measurements suggest that this conventional picture is in-

compatible since due to strong on-site Coulomb interactions which lead to shear-type

Jahn-Teller distortions (different bond length in x-y directions). Thus the formation

of alternated |y2 − z2〉/|z2 − x2〉 orbital pattern is favorable as confirmed in LDA+U

calculations [38]. Strain-tuned mangnetoresistance is observed in LSMO samples doped

with Er/Yb due to enhancement of in-plane strain and oxygen vacancies (disorder) when

dopant concentration increased. Change of structure from rhombohedral to hexagonal

[39] with static methods as well as dynamic methods, change the magnetic moments from

antiferromagnetic to ferromagnetic phase. Additionally with the dopant concentration,

crystal growth conditions also play a role in structure properties which also affect the

magnetotransport properties. Lowering sintering temperature during crystal growth has

been reported to decrease the lattice parameters and the critical IMT temperature [40].

The oxygen octahedral coupling is a geometric constraint effect which forces the octa-

hedra in a film to rotate to retain corner connectivity of oxygen octahedra across an

interface. Competition of strain and oxygen octahedral coupling is crucial and tuning

the isovalent substitution and the substrate growth direction provide effective ways to

engineer the anisotropic and structural properties in oxide heterostructures and epitax-

ial thin films. Liao et al.[41] reported that by utilizing the oxygen octahedral coupling

at the La2/3Sr1/3MnO3 and NdGaO3 (110) interface, is possible to transfer the charac-

teristic NGO anisotropic structure into epitaxial LSMO films. Switchable magnetic and

electronic anisotropies can be accessible. The anisotropic rotation mismatch and the

large difference in angle bond of NGO and LSMO causes discontinuity of the octahedra

as well as the oxygen rearrangement at the interface, result a large change of the OOR

in the LSMO film. It is also reported that by tuning the thickness of SrTi03 buffer

layer reduces the octahedral tilt in LSMO which affects the magnetism, the Curie tem-

perature and magnetic anisotropy. This opens the possibility of designing non-collinear

magnetization patterns in in-plane or out-of-plane directions [42]. Layered manganite

structures also have attracted much interest due to their transport properties, their rich

phase diagram and the half-metal behavior in ferromagnetic phase. Bilayer manganites

such as La2−2xSr1+2xMn2O7 are characterized as quasi two-dimensional structures with
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stacked double layers of interconnected MnO3 planes, distorted due to the crystal field.

In terms of spin, the Mn sites are ferromagnetically coupled within the MnO3 plane un-

dergoing interlayer hopping while there is another phase where neighboring MnO3 planes

are antiferromagnetically coupled each other. Doped with Sr away from half filling, the

interplane coupling decreases due to spin canting while it finally vanishes when the spins

are opposite polarized [43]. Examples of interesting properties and complex electronic

reconstruction at the interfaces of manganite heterostructures have been reported in

manganite-insulator-manganite trilayers such as large tunneling magnetoresistance due

to half metallicity and the modification of the orbital occupancy [44][45]. Orbital order-

ing and charge disproportionation also is strongly dependent on the stacking sequence of

rare-earth/alkaline-earth oxygen planes and MnO2 plane. X-ray diffraction data reveal

different orbital ordering configuration and charge disproportionation in single-layered,

double-layered and infinite layered half-doped manganites [46]. The groundstate physi-

cal properties of manganites seem to change as their size is reduced down to nanoscale

dimensions. Manganite due to shrunk volume, the charge, orbital and spin configura-

tion changes due to surface reconstruction. The core seems to have similar properties

as the bulk crystals while shell contains mostly crystallographic defects and constitutes

a magnetically neutralized layer. Several experiments reveal differences of nanosized

manganites compared with bulk samples as the metal-insulator transition. The most

important is the lowering of the insulator-metal temperature and the increased resistivity

while magnetic exchange interactions near the surface favors the formation of a FM shell

and suppresses the charge order [47]. First order phase transitions in manganites occur

due to phase separation between two phases which display free-energy similarities. Re-

cently, a study reported the appearance of a stable intermediate phase characterized as

a coexisting mixture between the ferromagnetic metallic and charge-ordered insulating

phase in La0.325Pr0.3Ca0.375MnO3 (LPCMO) thin films using magnetic force microscopy

and magneto-optical Kerr spectroscopy [48]. Such intermediate state is not accessible

thermally, appears at certain light intensities and exhibits stability forming nanoscale

domains. In terms of magnetism, the system exhibits weak magnetization components

indicating that intermediate phase is not characterized by antiferromagnetic canting of

ferromagnetic phase with enhanced in-plane anisotropy, but is a mixture of FMM-COI

phases. Thermal intermediate states may also coexist but have not been captured by ex-

periments so far possibly due to interference and resolution issues. Monitoring structural

deformations and phase separation in manganites by tuning thermodynamic parameters

such as temperature and magnetic field is presented in the work of Zhou et al.[49]. In

their work employing magnetic force microscopy probes, analysis of phases tuned by

temperature and magnetic field as by monitoring phase separation in series of FMF im-

ages, confirms the coexisting FM-AFM stripes and droplets by sweeping magnetic field

in LCMO.
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2.2 Photoinduced Phase Transitions in Manganites

In this section we provide a short review of the major breakthrough research based on

experimental findings on light-induced phase transitions in manganites using sophisti-

cated optical techniques. A phase transition is characterized by a change of the order

parameter from zero to a non-zero finite value as a function of a slowly changing ther-

modynamic state variable, for instance the free energy of a system. The most common

practice to induce phase transition is by adiabatically change the free energy. However

in real world physical systems, adiabatic changes to induce phase transitions are rarely

possible. Instead in ultrafast phase transitions, symmetry changes are induced by a sud-

den impulsive interaction from a laser pulse lasting only a few femtoseconds. Changes in

structural order during ultrafast melting of the charge and orbitally ordered phases, can

be directly captured by ultrafast X-ray diffraction. This technique is used to probe the

intensity of the Bragg diffraction-patterns at specific crystalographic groups related to

the special components of a phase transition including structural superlattice, charge or-

der, orbital order and Jahn-Teller distortions of the sample. Insulator to metal transition

in manganites is known to be initialized by changing the energy landscape of the system

via static or dynamic external stimuli. Therefore by combining both static and dynamic

stimuli in such materials can be proved a flexible way to control the energy landscape

pathways where different phases emerge. Photoinduced melting of the charge/orbital

order can be achieved and monitored by advanced spectroscopy techniques. Additionally

X-ray and sophisticated optical techniques provide light-induced control of interactions

between microscopic degrees of freedom and enhance the nature of accessible states de-

pending on the engineering of the manganite structural environment. Thus it make it

possible to switch electronic, magnetic or structural properties into unique or coexisting

metastable states. In the work of Beaud et al.[50], time-resolved XRD is used to probe

structural changes of a phase transition induced by a 1.55eV ultrashort laser pulse which

excites intra-site transitions of the Mn+3 ions in Pr0.5Ca0.5MnO3 samples. Additionally

the disappearance of the diffraction intensity signal for high pump fluences indicates the

melting of the charge/orbital order of the sample. Ultrafast spectroscopy probes also

suggest that charge/orbital order melting is accompanied by large spectral broadening

which indicates the disappearance of the electronic gap. Moreover the time-dependent

absorbed energy density is suggested as an order parameter and mentioned as sufficient

to capture the most essential aspects of the change in symmetry in the femtosecond

time regime. Also extensive efforts revealing the mechanisms during charge-order and

orbital-order melting in photoexcited manganites are still ongoing. Monitoring the dy-

namics of electron-lattice coupling is proved to be a challenging problem. Similar to

ultrafast XRD, ultra-high-energy probe techniques have been developed to provide the

sensitivity and resolution in the femtoseconds time scale. In strongly correlated systems
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a key mechanism behind the non-equilibrium melting of the spatial and magnetic degrees

of freedom is the polaron formation where electrons are slowed down and the atoms in

the lattice can adjust their positions in a timely manner which changes the energy land-

scape. In a report employing ultrafast and ultrahigh-energy (MeV) electron diffraction

characterization in half-doped bilayer LaSr2Mn2O7, [51] provide directly probes of the

dynamic paths of atoms during the suppression of the charge order and orbital order

states. Performing time-resolved measurements it is revealed that CO and OO is sup-

pressed for about ∼ 28% within 5ps after photoexcitation which cannot be attributed

due to laser heating and disorder as the temperature elevation over the sample due to

laser is only 5K but rather due to non-thermal inter-site excitations. Investigation on

the role of several phonon-modes related to the Jahn-Teller Mn, La/Sr, O displacements

as well as cooperative breathing and rotation movements, concluded that the breath-

ing and rotation modes of the oxygen octahedra have negligible impact. Jahn Teller

associated with O, Mn and La/Sr displacements are all significant and confirm the in-

timate relationship between the Jahn-Teller lattice distortions with the OO during and

nearly after photoexcitation. By comparing two major phonon-mode contributions it

is mentioned the different time responses upon photoexcitation which suggests a di-

chotomy between phonon-modes as an evidence of polaron formation. A different path

for insulator-metal transition and suppression of charge order melting instead of elec-

tronic excitation is assisted by the cooperative phonon-mode excitations. In a detailed

study into the structural dynamics during charge order melting based on resonant X-

ray diffraction probes, Esposito et al.[52] reports the decrease of the (03̄0) Bragg peak

associated to the charge order, induced by a single 72meV ultrashort pulse tuned to the

stretching mode of the apical Mn-O bond. The diffraction signal drop upon coherent

phonon excitation posses nonlinear dependence and threshold behavior upon the pump

fluence in half-doped PCMO thin films while linear fluence dependence CO melting is

observed when exciting inter-site electronic excitations [50]. Moreover the melting in this

case is not attributed on the atomic motion coupled to the phonons itself but excited

phonons induce lattice modifications toward a metallic state [7] with reduced CO and

quenched gap where once the gap is smaller than the mid-infrared photon energy, direct

photo doping into the electronic system sets in which drives the system into a full melted

CO state [53]. Similar results are summarized recently in the extensive work of Esposito

et al.[54] which presents the structural dynamics in PCMO thin films after charge-order

melting using a single 1.55eV ultrashort pulse at 100K (below TCO). The data obtained

from ultrafast XRD reveal the melting of the charge order in the sub-picosecond tem-

poral regime dependenting on the pump fluence. Above a critical fluence the system

exhibits superlattice melting while for intermediate fluences the system is character-

ized by coexisting charge-order melted and non-melted regions/layers. The melting is

attributed to the electronic intra-site transition from the enlongated |3z2 − r2〉 orbital
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to the more symmetric |x2 − y2〉. The collective orbital imbalance relaxes the Jahn-

Teller distortion which subsequently suppress the charge order. The oscillations of the

diffraction intensity signal ∼ 68fs in short term and ∼ 400fs in long term dynamics are

attributed to optical phonons and the motion of rare-earth ions respectively. Subse-

quently within 20ps a monoclinic to orthorhombic transition occurs only for fluences

exceeding a critical fluence where CO and superlattice collapse. Structural data analy-

sis reveal also that that only major changes of the out-of-plane lattice constants occur

whereas the in-plane lattice constants remain locked to the substrate. In a similar way

measuring time-dependent optical birefringence with 4fs laser pulses in La0.5Sr1.5MnO4,

Singla et al.[55] reveled a fluence-threshold-dependent 8fs bottleneck for the loss of or-

bital order, corresponding to one-quarter period of the in-plane Jahn-Teller mode which

is far shorter than the Jahn-Teller distortion typical period ∼70fs. This finding suggest

that the coherent motions are triggered by a cooperative lattice-orbital response above

a sufficiently high photodoping level and supports the idea that structural distortion,

instead of the superexchange interaction, is the key ingredient in the stabilization of the

orbitally ordered ground state. Time-resolved studies on ultrafast structural dynamics

in low bandwidth half doped manganites such as Nd0.5Ca0.5MnO3, Matsuzaki et al.[56]

confirm 70fs coherent oscillations attributed to Jahn-Teller mode while rotational and

rare-earth cation vibration periods are measured ∼ 80fs and ∼ 1ps respectively. The

oscillations are subsequent to the light-induced charge-order melting within 30fs where

he displacements of oxygen atoms are released and the strong coherent oscillations of

the Jahn-Teller mode are driven. Similar results have been observed in Pr0.7Ca0.3MnO3

in the work of Polli et al.[57]. Using time-resolved XRD and time-resolved optical spec-

troscopy, Inchikawa et al.[58] reported the photoinduced change in the lattice structure

of a charge/orbitally ordered Nd0.5Sr0.5MnO3 thin film and the access of a long-lasting

metastable state using a single 130fs laser pulse tuned at 1.55eV. The results verify that

this state is characterized by unit-cell volume change corresponding to a homogeneous

and well ordered structure with Jahn-Teller distortions slightly modified. It is also indi-

cated that this metastable state emerges in ∆t = 150ps after the photoexcitation while

lasts for about 3ns and is not thermally accessible. Unlike to the insulator-metal tran-

sition which occurs in the femtosecond time regime, lack of spectral broadening after

100ps is observed which indicates that this metastable structure is similar to the equi-

librium insulating charge/orbital ordered state with energy band-gap slightly quenched.

Despite of the debate on what is the driving force of the coupled phase transitions,

recently in the work of Rettig et al.[59], data-analysis from measurements obtained by

time-resolved resonant and off resonant X-ray diffraction which disentangles transient

charge order and structural dynamics, concluded that charge and orbital orders are

the driving force of the coupled phase transition, and the structural distortion can be

regarded as a secondary order which stabilizes the electronic order.
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2.2.1 Photoinduced Magnetization

Another important aspect of photoinduced phenomena in manganites is the activation

of magnetic transitions associated with the CMR effect. Understanding the development

of magnetization suddenly after photoexcitation is of great importance for future spin-

tronic applications and novel experiments sed light into the physical mechanisms such

as the dynamical interplay between degrees of freedom and the dynamical competition

between coexisting phases in manganites. Several techniques can be employed in the

investigation of magnetic features of manganites such as magneto-optical Kerr/Fara-

day spectroscopy, magnetic circular dichroism as well as advanced techniques such as

synchrotron-based hard X-ray photoelectron spectroscopy, can be used for characteriza-

tion ionic magnetic ordering and oxygen vacancies, monitoring changes in oxygen-metal

bond lengths or angles and possible impurity phases. Although various novel exper-

iments have been reported first order phase transitions using external stimuli such as

currents or light. Most interesting phase transitions have been observed using ultrashort

laser pulses. A remarkable example is the light-induced phase transition in PCMO where

the system exhibits a transient ferromagnetic metallic phase non-thermally accessible.

Low temperature magnetization increase is reported in photoexcited Pr0.6Ca0.4MnO3

strained thin films in presence of a magnetic field where AFM and FM phases coexist

[60]. Their findings showed that the incident photonic excitation modifies the magnetic

exchange interaction significantly in this phase. Ferromagnetic phase arises from AFM

ordering under photoexcitation below Neel temperature due to the increased magnetic

domain movement. The relaxation of the Jahn-Teller distortions of the MnO6 octa-

hedra leads to improved ferromagnetic double-exchange interaction and it modifies the

exchange energy that results in modified magnetic domain structure. It is mentioned

also that photogenerated intrasite transitions induce a small increase in Mn3+/Mn4+

ratio which increases the superexchange interaction while changes occur in the orbital

symmetry of the eg electrons at the Mn3+ sites accompanied by the destabilization/re-

laxation of the Jahn-Teller distortions. It is important to note that photoexcitation

cannot turn the sample into the metallic phase as the magnetic field is needed to flip the

spins and achieve FM phase. Loss of antiferromagnetic spin ordering due to inter-site

electronic photoexcitations requires a significant exchange of spin angular momentum

which in turn appears to occur in the sub-picosecond time scales. Spin ordering melt-

ing also can be achieved by a different way directly exciting lattice vibrations. Using

mid-infrared 92meV ultrashort pulses and ultrafast XRD probes, Forst et al.[61] excite

Mn-O stretching vibrations and provide results of time-resolved spin ordering melting.

It is revealed that lattice driven magnetic disordering follows a different physical path

than for electronic excitation using 1.55eV. The most pronounced is that these two tran-

sient responses differ both in the timescale and amplitude where mid-infrared excitation
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induces spin disordering much slower (<25ps) than in near-infrared excitation. The

mechanism behind lattice driven spin disordering is based on the the relaxation of coop-

erative Jahn-Teller distortions which subsequently relaxes the splitting between crystal

field levels and reduces the orbital ordering while weakens the exchange interaction that

stabilizes the CE-type equilibrium order and thus lead to a small magnetization com-

ponent. This example presents a different scheme of manipulation of the degrees of

freedom known as nonlinear phononics where rectification of the excited modes and net

displacement of the crystal lattice along the coordinates of coupled vibrational modes,

control the electronic and magnetic properties. In the early work of Miyasaka et al.[62],

a photoinduced phase transition form AFM to FM phase is reported in Nd0.5Sr0.5MnO3

thin films when applied a small external magnetic field much weaker than the criti-

cal field needed to induce IMT adiabatically. Capturing the dynamics within ∼10ps

timescale and interpreting their magneto-optical Kerr spectroscopy data, it is concluded

that while light induces electron delocalization, the magnetic moments can be flipped

due to the interaction with the magnetic field and further disordering of the AFM or-

der creates a collective FM state in the picosecond time scale. Also this state can be

long-lived by increasing the pump fluence. Photoinduced magnetism in the femtosecond

temporal regime is extensively covered by the pioneering work of Li et al.[6] using ul-

trafast Faraday/Kerr spectroscopy and magnetic circular dichroism in Pr0.7Ca0.3MnO3

thin film under the influence of a weak magnetic field. The reflectivity signal displays

biexponential ultrafast relaxation with two distinct signal decay times. Their ampli-

tude change when temperature increases while the relative difference between these two

temporal decay amplitudes becomes pronounced bellow the AFM phase transition tem-

perature. This indicates that this biexponential decay is related to AFM order and

generation of magnetization in the femtosecond time regime [63]. It is reported that

femtosecond ferromagnetism appear only above a critical pump fluence while for weaker

fluences the magnetization gradually increases in the picosecond time scale. This re-

veals an initial quantum coherent regime of magnetism, well distinguished from the

picosecond lattice-heating regime. However the femtosecond ferromagnetic component

is absent without a magnetic field which indicated that photogenerated magnetism re-

quires a symmetry-breaking field. Moreover femtosecond magnetization is temperature

sensitive where the ferromagnetic signal appears robust only below Neel temperature

due to spin stiffness and thermal fluctuations. The experimental observations on the

femtosecond time regime are attributed to ultrafast quantum spin-flip/canting due to

inter-site non-equilibrium processes.
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2.2.2 Other Experiments

In half doped manganites several experiments reveal that ultrafast photoexcitation melts

the charge order. However the melting is also related to the manganite rare earth com-

pounds. In Nd0.5Ca0.5MnO3 samples which have strong crystal anisotropy, is shown

that charge ordering weakens upon photoexcitation but not completely melts while in

nearly half doped Gs0.55Sr0.55MnO3 which appears reduced anisotropy and photoexci-

tation leads to a completely charge order melting phase followed by ferromagnetic spin

ordering state. This result suggest that the charge order melting is anisotropy-dependent

and the engineering of the anisotropy in manganite structures plays an important role in

phase transitions. Thus controlling the suppression of the crystal anisotropy would be

a key factor to enhance the efficiency of a photoinduced CO melting. In the two-pulse

laser controlled anisotropy suppression experiment in Pr0.6Ca0.4MnO3 samples, [64] re-

veal that the complete melting of the charge order can be achieved by preparing the

system into an intermediate state with a first pulse where the system appears reduced

anisotropy with partially melting of the CO and subsequently excited with the second

pump pulse where the system exhibits CO melting. The intermediate state appears to be

more conductive than the original groundstate as probed by differential reflectivity mea-

surements, persists for long time (∼300ps) and depends on the fluence. The anisotropy

suppression in the intermediate state is attributed due to the formation of a CO state

along a different crystal axis during the recovery process. It is reported that the system

is driven into a metallic state more easily by the second pulse and they conclude that

he decrease of the crystal anisotropy due to structural deformation is more important

for the enhancement of the CO melting than the local CO amplitude decrease. Phase

transition induced by manipulating strain effects have attracted extensive interest. Us-

ing repeated single-shot 30fs laser pulses where inter-site transitions occur resonantly

and decreasing the bath temperature, Zhang et al.[47] reported step-like increase in con-

ductivity until reaching full-metallic phase at 80K. This is a great example of landscape

control in strain-engineered insulating LCMO thin films achieving full metallic phase.

It is revealed that photoinduced increase in conductivity cannot be attributed in terms

of absorbed photon number. Further more by mapping the spatial reflectivity evolu-

tion of the photoexcited area it is observed coexistence of micrometre-scale regions with

different reflectivity, indicating coexisting phases. The effect is attributed on inter-site

delocalization of the charge which is strongly coupled to the lattice leading to relaxation

of the Jahn-Teller distortions. The effect appears to be robust as the pump fluence

increases but this is not the case with pulse duration where excitation with longer than

120fs laser pulse, the conductivity increase becomes negligible indicating that short-time

coherence effects play significant role.
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2.3 Theoretical Works

2.3.1 Phase Stability and Competition

One of the major tasks in theoretical research of manganites is the investigation of com-

plicated interplay between charge, spin, orbital, and lattice degrees of freedom and the

study of how the magnetic and transport phenomena observed in Mn oxides induce the

so called colossal magnetresistance. For this purpose, significant theoretical progress has

been done and still ongoing to fully understand manganese oxides, both regarding their

unusual magneto-transport properties and the nature of the many competing phases.

A few decades earlier, an over-simplified approach that the double-exchange coupling

between Mn sites and the tendency of carrier hopping to line up neighboring spins was

believed to explain well the stability and magnetic resistivity in manganites. However

it has been proved that this approach is insufficient to reproduce many aspects of ex-

perimental data and the introduction of electron-phonon interactions arising from the

Jahn-Teller splitting of the outer Mn d levels, resolves this problem i.e the prediction

of stability in several magnanite structures [20]. Over the last two decades, compu-

tational material science groups such as the group led by E.Dagotto, have provided

extensively studies of the interplay between charge, orbital, spin and lattice degrees of

freedom predicting the stability and competition of several phases in doped manganites

by employing sophisticated large-scale Monte-Carlo simulations. Using effective Hamil-

tonians including tight-binding hopping, on-site Hund interaction, anti-ferromagnetic

nearest-neighbor coupling, non-cooperative electron-phonon interactions and assuming

local classical spins, stability of CO phases with CE-type AFM spins configuration with

z-axis stacked charge as well as FM metallic phases have been predicted successfully in

several works [65]. A common practice in manganite modeling is that effective Hamil-

tonians typically ignore the oxygen p orbitals considering only effective manganese d

orbitals. In search of whether electron-phonon or Coulomb interaction play a key role

especially in the formation of charge stacked states such as CE AFM phase, remarkable

studies such as the work of Brink et al.[66] and Hotta et al. [67] using mean-field ap-

proximations comparing pure JT and pure Coulomb interactions, reported that in both

cases the results are very similar. Ab initio self consistent Hartree-Fock calculations

insist that the crystal structure of half doped LCMO manganite consists of three types

of Mn ions in the unit cell. Two Mn types (bridge sites) of ions are strongly coupled

with Jahn-Teller distorted MnO6 octahedra. Although these two types have similarities

in environmental distortions, they are not identical. The third type of Mn ions (corner

sites) are coupled with undistorted MnO6 octahedra. Valence deviations are attributed

due to the strong hybridization between Mn and O with subsequent screening of Mn by

the electrons of the O atoms indicating that O atoms play an important role. However
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such approaches show valence spin values very close to the conventional picture i.e. the

corner Mn sites with O hole gives total S ≈ 3/2 and bridge Mn sites S ≈ 2. Also

they predict that disorder induced by concentration rates between (La,Ca) enhances the

structural symmetry breaking but O-hole fluctuations restore the average symmetry of

the structure[68]. Efforts to study their bandstructure have been made using simple

tight-binding models as well as first principles approaches and generalized gradient ap-

proximation reproducing their low energy electronic structure and its bilayer splitting as

well. It is indicted that the mixing of the orbital degrees of freedom is found to be strong

and momentum dependent. It is mentioned that not only the majority of the spins are

required in the model for electronic structure description but also the minority spins

(oxygen environment) must be included as well as the description of kz dispersion [69].

Extensive work has been made in the phase stability in half doped manganites. There

is a plethora of the theoretical works dealing with the phase stability issues working on

the limit of infinite Hund coupling (between on-site itinerant and local electrons) and

large (infinite) Coulomb repulsion coupling. Most of them include studies of spin and

charge configurations and phase diagrams depending on the competition of doping and

exchange couplings, dependence on the electron-phonon coupling treated in mean-field

approximation, spin configurations, tight-binding band structure. Stability of the CE

phase in half doped manganites is also examined using mean-field slave-boson approxi-

mation providing bandstructure calculations confirming the stability of CE configuration

spin/charge in half doped manganites [70]. The rich phase diagram of manganites in

the concentration range between x ∼ 0.1 and x = 0.5 is quite complex depending on

the rare-earth/alkaline-earth compounds such as La/Ca, La/Sr, Pr/Ca. An interest-

ing notation is that resonant x-ray scattering measurements as well as HRTEM and

electron-diffraction probes in Pr1−xCaxMnO3 imply the formation of an orbital polaron

lattice [71]. The idea is that in lightly doped systems it is argued that the holes (Mn4+

sites) are surrounded by nearest neighbor Mn3+ sites in which the occupied 3d orbitals

have their lobes directed towards the central hole site and with spins coupled ferro-

magnetically to the central spin. An orbital polaron is constituted by a ferromagnetic

object and is stabilized by the double exchange mechanism. This approach is known

as orbital-spin-lattice polaron accompanied with Jahn-Teller and breathing local lattice

distortions [72]. Hartree-Fock calculations using Slatter-Koster tight-binding param-

eters within orbital-spin-lattice polaron framework, charge and orbital ordered states

such as x = 1/4 ferromagnetic insulating state with staggered arrangement of zig-zag

orbitals as well as x = 1/2 CE zig-zag non crossing orbital state is well reproduced

and provides a natural explanation for the coexistence of ferromagnetic and insulating

phases. Interest also in manganites triggers the contradiction among proposed ideas of

possible mechanisms behind the stability of intermediate phases i.e. interpolating phases

between CE phase with Zener polaron dimer phase. Inspired by a tight-binding analysis
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of a planar half doped manganite structure based on classical and quantum spins [73]

including the several spin exchange interactions into different localized sublattices and

considering single-ion anisotropy contributions, Buitrago et al.[74] combines these two

phases into an artificial phase and found that such intermediate phase is stable in the

classical spin limit while the stability appears reduced when considering quantum spins.

Extensive Monte-Carlo simulations in finite clusters investigate the phase diagram over

half-doped two-orbital manganites by optimizing the JT, spin and charge at zero tem-

perature and the changes by electron/hole doping or by external magnetic field. The

system phase diagram upon doping away from x = 0.5 posses canted CE insulating

phases which compete with ferromagnetic phases under strong magnetic fields. Their

total energy calculations in the presence of a single JT defect suggest that creation of

such defects creates energetically favorable defective states. Proliferation of such defect

may be play key role in the explanation of the insulator-metal transition and CMR effect

[75][76]. Further investigation in CE-like configurations in PCMO is presented in the

work of Takashi et al.[77] where using Monte-Carlo and mean-field approximation reveal

that for doping densities 0.3 ≤ x ≤ 0.5 the CO and FM phase are slightly different in

energy. In particular the CE and CO character in this doping range contradicts with

the old-fashioned idea which assumed CE with defects. Working in the same framework,

for lower doping (i.e. x = 1/3, 1/4), the ferromagnetic phase dominates and formation

of charge-orbital stripes is predicted in agreement with experimental results [78]. While

ferromagnetic metallic-insulating phase coexistence is predicted in undoped manganites

[79], bond analysis for lightly doped manganites x = 1/8, 1/4, 1/2 is presented in the

work of Mizokawa et al.[72] where introduces the idea of orbital polarons which can be

viewed as the tendency of Mn3+ orbitals to be oriented toward Mn4+ sites. The magnetic

configuration at these hole densities is found by the bond analysis between Mn 3d and O

2p orbitals and Jahn-Teller distortions in PCMO/LCMO systems calculated employing

Hartree-Fock optimization concluded that the orbital-polaron states are ferromagneti-

cally ordered. However the metallic or insulating state is dependent on Mn-O-Mn bond

size and buckling due to the interaction with rare earth element (La,Pr,Sr) as well as the

compound size. Studies on the Jahn-Teller distortions in orbital orderings using mean-

field and second-order perturbation theory conclude that complex orbital orderings is

unlikely to occur in ferromagnetic metallic phases since strong Jahn-Teller distortions

are required while weak JT distortions in FM phase are observed in experiments [17].

Also intriguing is the investigation of possibly novel phase formation which appear to

be hidden in the vast parameter space of these compounds or near the boundaries in the

phase diagram. An example is the prediction of E-AFM phase in undoped manganites

and the formation of C1−xEx AFM phases even for light doping [80]. Moreover efforts

toward investigation of how phase separation occurs in such materials using unbiased

computational methods reveals rich physics and triggered enormous experimental works



32

that confirmed the relevance of mixed states in most of the CMR compounds. Simula-

tions over small finite clusters in the range of low electronic densities have successfully

predicted temperature-dependent resistivity curves and the first-order nature of the in-

sulator to metal transition which resemble qualitatively the experimental data as well as

the prediction of CO nanoscale regions above TC in one and two orbital models. It is also

revealed that not only the double exchange and electron-phonon coupling is important

but also the inclusion of quenched disorder and the anti-ferromagnetic superexchange

coupling is needed to simulate realistically the abrupt resistivity curve in systems such

as La0.7Ca0.3MnO3 [81–83]. By including the former interactions without inclusion of

quenched disorder and performing optimizations using Monte-Carlo cooling-down tech-

nique [84] found a novel ground-state at low temperatures and x = 1/4 densities which is

strongly dependent on the anti-ferromagnetic superexchange coupling in 2D two-orbital

models. The new groundstate is insulating and surprisingly consists of diagonal FM

regions located in real space sandwiched CE-like zigzag spin arrangements called FM-

CE and is assumed to play a key role in the CMR effect. Inhomogeneous FM phase

is predicted near the surface of half doped manganites when terminated by an extra

layer which exceeds electrons while the rest bulk maintains the CE AFM characteristics

due to unscreened Coulomb interactions [85]. These results are helpful to understand

the weak FM tendencies observed in nanosized AFM-CO manganites. Charge-orbital

occupancy in CE phase is investigated using a tight-binding toy model with simpli-

fied Jahn-Teller distortions and predicts a small charge disproportionation between Mn

sites no more than 13% which contradicts with the conventional picture which sug-

gests Mn3+ sites occupied by one eg electron and Mn4+ sites unoccupied [86]. As for

the charge ordering and charge occupation between Mn sites, [87] using LDA+U ap-

proach reconciles the contradictions between the traditional 3+/4+ valence picture and

the observed small charge disproportion by predicting ∆n = 0.6 in doped LCMO sys-

tems due to hole tendance to reside in the oxygen atoms which affects the orbital and

the effective valence. Possible existence of self-trapped magnetic polaron bands is ex-

amined in electron-doped manganites using DFT calculations [88]. Polaron formation

also is supported by the work of Yang et al.[89] by providing DMFT calculations on

doped manganites which find realistic estimation of elementary parameters. A study

over potential and bond disorder effect on phase coexistence in half Ba-doped layered

manganites is provided by [90] using Monte-Carlo and Hartree-Fock calculations which

simulate disorder by randomly reducing hopping bond amplitudes in a planar manganite

system. In the scale of a few lattice spacings, inhomogeneity of competing spin-glass

phase with charge-ordered phases is revealed suggesting that on-site disorder is crucial

for describing thermal effects observed in experimental measurements. Several studies

also propose that sample-dependent structural differences play dominant role in phase

transitions and stability such as the effect of strain in charge-ordered and orbital-ordered
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phases. Therefore the nature of strain (compressive or tensile) modulates lattice param-

eters and the electron hopping amplitude which affects the groundstate charge,orbital

and magnetic properties. The strain mainly arises due to lattice mismatch of the crystal

with respect to the substrate. A study compares the phase diagram in bulk and thin

film manganites where finds that CE phase is favorable in structures with tensile strain

and the mentioned the possibility of spin-canted phases near the interfaces Baena et

al.[91]. The effect of uniform strain with classical parameters over the stabilization of

groundstates in half-doped manganites is investigated in the work of Calderon et al.[92]

using Monte-Carlo procedure by minimizing over the displacements of Mn and O ions.

A more detailed work presents the effect of strain-engineered phases including strain-

dependent magnetic exchange interactions as a tunable way to produce phase transitions

suggesting the existence of unobserved ferromagnetic metallic phase in half-doped single

layer manganite models due to strain without introducing disorder [93].

2.3.2 Time-dependent studies

Theoretical efforts to understand the phase transitions in manganites, is mainly focused

on static properties rather than dynamic. In manganites, time-dependent studies are

oriented on how lattice distortion dynamics leads to phase transitions as well as the

relaxation times of photoinduced metastable states. The formation of light-induced

transient phase formation as well as the investigation of hidden phases in a theoretical

time-dependent viewpoint is still under debate. However, remarkable progress has been

made toward ultrafast structural dynamics in other strongly correlated systems such as

VO2 [94], TiSe [9], multisublattice magnets including several theoretical works cover-

ing manganites. An interesting observation in experiments is that different compound

manganites exhibit different relaxation times ranging from 0.5ps to 3ns upon excitation.

The above results are attributed due to laser-driven hybridization between neighboring

d-orbitals of Mn atoms which depend on the lattice spacing. Numerical solutions of the

dissipative Schrödinger equation based on a simple two-level system including electron-

phonon coupling [95] show that when electron-phonon coupling strength is comparable

to the intesite coupling, tunneling of the free energy surface between excited and ground-

state is possible indicating a quantum phase transition which is not thermally accessible.



Chapter 3

Theoretical Framework

Here we shall develop the theoretical framework describing quantum mechanically the

nonlinear spin and charge dynamics based on quasi-particle tight binding Hamiltonian

with strong local correlations. We introduce on-site/inter-site density matrices and their

quantum mechanical equations of motion based on Hubbard operators. In particular

the equations of motion based on Hubbard operators instead of the conventional bare

electron operators used in weakly correlated systems (semiconductors, metals) permits

the description of spin and charge excitations with strong local interactions and their

relevant fluctuations in strongly correlated magnanites.

3.1 Motivation

Since the development of modern solid state materials and the observation of novel

electronic and magnetic properties, the scientific interest has shifted to investigate the

physics behind the dynamics governed by interactions among strongly coupled degrees

of freedom. The findings of such study may lead to novel technological applications. To

unveil the dynamics of such systems in experiments, one has to examine the system with

temporal resolution shorter or comparable to the inverse exchange energy of the interac-

tions taking place. Instead of studying a system using equilibrium or quasi-equilibrium

methods, where the information about the interactions/dynamics is largely limited only

on the groundstate properties, non-equilibrium approaches are more effective to drive

modulations of electronic or magnetic properties of the system, for instance by using

ultrafast photoexcitations and probes. In this way, thermal and incoherent processes

can be minimized significantly, achieving accessing of metastable states and giving rise

to coherent quantum mechanical phenomena which can be unveiled by applying sophis-

ticated probe methods. One example of metastable state accessible in manganites is

34
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the insulator-to-metal transition in several experiments widely reported using optical

excitations.

On the other hand, such phenomena must be better understood with a theoretical

framework. Excitations, local interactions and the interplay between degrees of free-

dom in short time scales as well as their dynamics, are indispensable and must be

described in a detailed dynamical theory instead of describing them in terms of their

static groundstate properties. Efforts to describe metastable states and their subsequent

dynamics in strongly correlated systems is unlikely to be succeed by using conventional

thermodynamic, phenomenological or semi-classical treatment. Description of highly

non-equilibrium processes driven by local correlations and elementary excitations must

go beyond phenomenological models employing thermal a free energy or semi-classical

Boltzmann equations or conventional perturbation theory approaches applied to the ul-

trafast temporal regime. Since the main message of the experimental measurements is

that magnanites exhibit competing phases involving competition between spin-orbital,

magnetic exchange, Hubbard-U, electron-lattice, and Jahn-Teller many-body interac-

tions and its interplay with optical coherence and nonlinearities during sub-picosecond

timescales, fully time-dependent theoretical and computational approaches are required

within a quantum theory of coupled spin and charge dynamics in systems with de-

formable spin and lattice backgrounds.

3.1.1 Selecting a suitable theoretical approach

Among several theoretical frameworks for addressing the non-equilibrium states ob-

served in ultrafast spectroscopy experiments, one has to examine the advantages and

disadvantages of each approach when dealing with time-dependent quantum many-body

problems. On the one hand is the accuracy and complexity of a theory and how effec-

tively a theoretical tool-set describes the specific problem. On the other hand is the

algorithmic complexity and computational effort. In other words, the amount of CPU

time required to perform the calculations plays an important role, as well as the required

algorithmic steps for the completion of each calculation in order to solve a specific prob-

lem. The latter is a very crucial when performing numerical simulations based on a given

model. For example, modern ab-initio methods such as time-dependent density func-

tional theory (TD-DFT) successfully describe excitations in molecules. However such

approach fail when dealing with large unit cells and requires a large amount of compu-

tational resources. Due to the complexity of many phases competing in close vicinity,

ab-initio approaches lack accuracy in the ultrafast regime. In terms of computational

resources, ab-initio approaches are very consuming in time-dependent problems when

involving large unit cells or super cells.
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Here we develop a microscopic theory of the coupled spin and charge dynamics starting

from femtosecond timescales and the coherent regime during the femtosecond pulse

photoexcitation. The quantum spin dynamics described here microscopically is derived

by using a closed system of equations of motion for the local spin density matrix which

allows processes that are prohibited in a classical spin system, such as hopping to sites

with antiparallel spin. We treat the quantum dynamics non-perturbatively without

introducing a small interaction or optical field parameter. For this, we obtain the exact

solution within a subspace of the local Hilbert space by using a projection method. The

truncation of the density matrix hierarchy obtained this way is justified by introducing

a 1/N expansion of Hubbard operator equations of motion.

3.2 Many-body basis and Hubbard operators

We present the general Hamiltonian starting from local atomic states. An important

characteristic of strongly correlated systems are the strong on–site local interactions,

Coulomb, electron-phonon/Jahn-Teller, spin exchange, whose strength exceeds the ki-

netic energy bandwidth. In strongly correlated systems, the strong coupling of spin

and charge excitations leads to spin dynamics that differs from that of weak-coupling

magnetic systems. The most interesting differences are the local constraints in the car-

rier populations, such as the suppression of specific local configurations imposed by the

strong on-site interactions, whose strength exceeds the kinetic energy bandwidth. In-

stead of describing the dynamics using bare electron operators, as in the case of the

weakly correlated systems such as semiconductors or metals, the main effects of the

strong local correlations are treated by viewing the electronic and spin excitations in

terms of transitions between atomic many-body states. For this we introduce a basis of

correlated states in the atomic Hubbard representation, where the electrons are localized

close to individual atoms. The Hubbard X operators are particularly written as:

X̂i(a, b) = |ia〉〈ib| (3.1)

which create all possible transitions between the atomic many–body states |ia〉 and |ib〉
with fixed total number of electrons that diagonalize the Hamiltonian in the absence

of inter-site hopping. We consider a lattice of atoms located at sites labeled by i and

use the basis of the atomic many–body states that diagonalize the local Hamiltonian at

each lattice site. Each site i can be populated by zero, one, or two itinerant electrons

and also has localized electrons which form local spins. Each empty site, has eigenvalue

|im〉 where m is the z component of the local spin S. If S = 0 then there is no local
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spin while the limit S → ∞ is the case of classical spins widely used in many works.

Sites populated by a single itinerant electron spin 1/2 has states |iaM〉 where M is the

z component of the total spin Ji = Si + si which is the sum of the local and itinerant

spin. Other quantum numbers are labeled by the number a which in our case represents

orbital states in the presence (or absence) of local Jahn-Teller distortions. In each site

double occupancy is allowed in the general case. For simplicity we are working with

the limit U → ∞, where double-occupancy of a single site is not allowed since large

Hubbard-U local interaction prohibits double occupancy.

Thus for our purposes here, in order to describe such strong correlations we introduce

the local restriction at each site:

∑
m

|im〉〈im|+
∑
Ma

|iMa〉〈iMa| = 1 (3.2)

As mentioned in the introductory section, each Mn site present t2g local three-fold

degenerate orbitals fully occupied by three local electrons giving S = 3/2 local spin. The

other two-fold degenerated eg orbitals can be populated by a single itinerant electron

per-site due to Eq.(3.2) forming J = S±1/2 total spin. The latter sites exhibit magnetic

exchange interaction between local and itinerant spin (Hund rules). For simplicity we are

working in the limit of large Hund ferromagnetic interaction between local and itinerant

spins in order to suppress J = S − 1/2 formation, so JH → ∞. In such a limit, the eg

electron spin perfectly aligns along the t2g spin direction, reducing the number of degrees

of freedom. Itinerant electrons populated on eg orbitals produce lattice deformation of

the MnO6 environment. As a result lattice distortions lifts the degeneracy eg orbitals

(Jahn-Teller effect).

In the strongly correlated limit, instead of describing electronic and spin excitations in

terms of bare electron operators as widely used in semiconductors and metals, Hubbard

operators provide an effective way to describe excitations or transitions between many-

body states which conserve the total number of electrons. We define the on-site local

Hubbard X operators as:

X̂i(aM ; bN) = |iaM〉〈ibN |, X̂i(m;n) = |im〉〈in| (3.3)

We also need a description for inter-site couplings between many-body states on differ-

ent neighboring sites introduced by itinerant electron hopping (tight-binding approxi-

mation). The coherence due to inter-site hopping can be described by composite fermion
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Hubbard operator which describes electronic excitations that change the number of elec-

trons on a given site i by one:

ê†aσ(iM) = |iaM〉〈i,M − σ

2
| (3.4)

Thus we obtain the following commutator and anti-commutator relations

[X̂i(aM ; bN), X̂j(m;n)] = 0

[X̂i(aM ; bN), X̂j(a
′M ′; b′N ′)] = δijδaa′δM ′NX̂i(aM ; a′N)− δijδaa′δMN ′X̂i(aM ; a′N)

[X̂i(m;n), X̂j(m
′;n′)] = δijδm′nX̂i(m;n′)− δijδmn′X̂i(m

′;n)

[êaσ(iM), êa′σ′(jN)]+ = δijδaa′δMNX̂i(M −
σ

2
;M − σ′

2
) + δijδN,M+σ′−σ

2

X̂i(a
′M +

σ′ − σ
2

; aM)

[êaσ(iM), êaσ(jN)]+ = 0 (3.5)

3.2.1 Model Hamiltonian

We consider a model Hamiltonian involving two orbitals per site which is the minimal

model for the proper description of the electronic properties in manganites that has been

extensively discussed in many works is:

H = HDE +HJT +HE (3.6)

HDE represents the double-exchange eg electron hopping hopping at infinite Hund cou-

pling. HJT is the coupling between fermions and oxygen breathing and Jahn-Teller

lattice distortions [30]. Ignoring the breathing contribution is an approximation mostly

used in the literature so from now we neglect any breathing mode contribution. Other

terms can be represented by HE such as the nearest-neighbor antiferromagnetic coupling

among local t2g spins, the Zeeman coupling of the local spins with an external magnetic

field, terms which represent anisotropy or disorder. Such term can be included phe-

nomenologically so for simplicity we neglect HE . The mean-field Hamiltonian in terms

of bare electron operators can be written as

HMF = −
∑
<ij>

∑
abγσ

tγab(i, j)c
†
iaσcjbσ +

∑
i

EJT (2qi(nia − nib) + q2
i ) (3.7)

This is the simplest form used where the electron-phonon interaction has been treated

within mean-field approximation [30]. In the hopping term, c†iaσ creates an eg electron at
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site i with spin σ in the |x2−y2〉 (|3z2−r2〉 or a linear combination of them) orbital state,

tγab(i, j) is the hopping amplitude between a and b orbitals in neighboring i, j sites along

the γ direction calculated as tight-binding parameter. In the electron-phonon term,

EJT is the static Jahn-Teller energy whose strength is usually written as λ =
√

2EJT /t

where t is the global hopping amplitude. Sometimes it can be represented in terms of

the lattice stiffness K, (EJT = g2/2K) where g is a dimensionless constant). A typical

value is EJT ≈ 250meV. The lattice displacements qi in the mean-field approximation

are considered as classical parameters while nia = c†iacia. The bare electron operators

on site i, can be expanded as

c†iaσ =
∑
aMm

〈iaM |c†iaσ|im〉〈iaM |im〉 (3.8)

We note that the eigenstates of the total spin J coincides with the eigenstates of the

magnetic exchange interaction

JHSi · si =
JH
2

(J2
i − S2

i − s2
i ) (3.9)

so we write the eigenvalues for J = S + 1/2

|iaM〉 =

√
S +M + 1

2

2S + 1
c†iaσ=1|i,M −

1

2
〉+

√
S −M + 1

2

2S + 1
c†iaσ=−1|i,M +

1

2
〉 (3.10)

where the amplitudes in the superposition are the Glebsch-Gordan coefficients

Fσ(M) = 〈iaM |c†iaσ|iM −
σ

2
〉 =

√
S + 1

2 + σM

2S + 1
(3.11)

The above linear superposition is suppressed in the classical spin limit S → ∞ and

allows for ultrafast quantum spin dynamics, driven by the off-diagonal Hund magnetic

interaction JHS
±
i · s

∓
i which couples different spin states. Let us discuss what Eq.(3.4)

represents. The composite fermion ê†aσ(iM) creates a total spin σ/2 local excitation on

site i between its atomic many body states. These operators restrict the populations

of the different atomic many–body states in the presence of strong local correlations.

Assuming that electrons hop between sites faster than the lattice distortions that ac-

company this hopping, we can approximate
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|ia;
σ

2
;M − σ

2
〉 ≈ c†iaσ|i,M −

1

2
〉 (3.12)

We then project the bare electrons in terms of Hubbard operators as follows

c†iaσ ≈ ê
†
aσ(i) =

∑
M

Fσ(M)ê†aσ(iM) (3.13)

The Hamiltonian 3.7 projected in terms of Hubbard operators

HMF (τ) =
∑
iaM

Ei(aM)|iaM〉〈iaM |+
∑
im

Ei(m)|im〉〈im|+
∑
i

EJT q
2
i +Hhop(τ) (3.14)

The first two terms diagonalize the local interactions and substitute the electron-phonon

term in Eq.3.7, the third term is the lattice contribution while the last term describe

the kinematic term due to quasi-particle hopping:

Hhop(τ) = −
∑
ij

∑
σ

∑
ab

Vab(i, j)
[

cos(
θi − θj

2
)ê†aσ(i)êbσ(j)+σ sin(

θi − θj
2

)ê†aσ(i)êb,−σ(j)
]

(3.15)

Here θ defines the deviation of the local spin of each site from its laboratory z axis,

while Vab(i, j) is the hopping amplitude between nearest neighbor lattice sites located

at ri and rj positions. For σ = 1, Eq.(3.15) is reduced to the double exchange model

Hamiltonian and describes coherent electron hopping between parallel spin sites and

vanishes for antiparallel spins. In particular σ = −1 describes electron hopping while

undergoing local spin flipping between antiparallel spin sites. Such process is absent in

models considering classical spins. In our model we consider transient couplings of the

atomic quantum states in different lattice sites which can be driven by the laser field and

by ultrafast changes in the hopping amplitudes. The time-dependence of the hopping

term originates from the external vector potential A(τ) which is described using the

Peierls substitution:

Vab(i, j) = tab(i, j) exp(−ieA(τ) · (rj − ri)/~c) (3.16)

We separate the amplitude Vab(i, j) into static and laser driven contributions:
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Vab(i, j) = tab(i, j) + ∆Vab(i, j, τ) (3.17)

The static terms tab are obtained from Slater-Koster tight-binding parameters [96] and

describe equilibrium bonding between ij sites. On the other hand, ∆V arises from either

the direct coupling of the optical field or by photoinduced transient changes in the local

lattice distortions. The relation [3.15] ensures conservation of the spin during electronic

(quasi-particle) motion. We approximate Eq.(3.16) as:

Vab(i, j) ≈ tab(i, j)
(

1 + i
d(τ)

~ω
+ ...

)
(3.18)

We note that d0 < ~ωp, i, j are nearest neighbors and |rj − rj | = lγ is the lattice spacing

while −∂A(τ)/∂τ = E(τ) and d(τ) = elγE(τ) is the Rabi energy. In the femtosecond

regime we can assume that the Rabi energy profile due to electric field coupling of a

single optical pulse can be approximated by:

d(τ) = d0 exp
(
− τ2

τ2
p

)
cos(ωpτ) (3.19)

with τp = 100fs and ωp is the pulse frequency. A typical d0 value in femtosecond

spectroscopy experiments is d0 ≈ 40-70meV.

The above Hamiltonian describes processes through which the coherent laser excita-

tion sets the system in motion via femtosecond quantum dynamics that mainly occurs

during the optical pulse. This quasi–instantaneous femtosecond dynamics creates a

non-adiabatic initial condition for subsequent incoherent dynamics determined by the

quasi-equilibrium free energy and adiabatic potential surface. Incoherent dynamics de-

termines the slower time-dependence of the local spin reference frames, θ(τ), and the

Jahn-Teller distortions. The latter can be modeled with an equation of motion of the

qi(τ) on-site lattice displacement.

3.3 Density matrix equations of motion

Among several approaches describing time-dependent non-equilibrium processes, den-

sity matrix equations of motion of populations and coherences have been justified in

many works for describing the nonlinear ultrafast response. For example density matrix

approach has successfully described the femtosecond magnetization non-thermal tilt in

GaMnAs observed in experiments [97]. Here we derive the quantum kinetic density
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matrices equations of motion while we present basic commutator relations. We start by

defining the lcal density matrix ρi on site i as:

ρi(m) = 〈X̂(m;m)〉 = 〈|im〉〈im|〉 (3.20)

which represents the local spin populations. Spin states of sites occupied with a single

itinerant electron are represented with the following density matrix (for b = a):

ρabi (M) = 〈X̂(aM ; bM)〉 = 〈|iaM〉〈ibM |〉 (3.21)

For b 6= a Eq.(3.21) describes on-site quantum coherences between different atomic or

orbital states. For b = a we simplify the notation as ρaa = ρa. The mean value of the

anti-commutator relations Eq.(3.5) can be written as:

〈[êbσ′(j), êaσ(i)]+〉 = δijδσσ′

[ S+ 1
2∑

M=−S+ 1
2

F 2
σ (M)ρbai (M) + δab

S∑
m=−S

F 2
σ (m+

σ

2
)ρi(m)

]
(3.22)

Since our model is based on time-dependent density matrix description of the spin, we

start from fundamental quantum Liouville equation:

i
∂〈ρ〉
∂τ

= 〈[ρ,H(τ)]〉 (3.23)

For simpler notation we define

θji
2

=
θj − θi

2
(3.24)

Using the property [A,BC] = [A,B]C + B[A,C] and [A,BC] = [A,B]+C − B[A,C]+

we derive the following commutator relations:
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[X̂i(aM, bM), H(τ)] = (Ei(bM)− Ei(aM))X̂i(aM, bM) +
∑
jσa′

Fσ(M)×

[
cos

θji
2

(
Va′a(j, i)ê

†
a′σ(j)êbσ(iM)− Vba′(i.j)ê†aσ(iM)êa′σ(j)

)
−σ sin

θji
2

(
Va′a(j, i)ê

†
a′,−σ(j)êbσ(iM)− Vba′(i.j)ê†aσ(iM)êa′,−σ(j)

)]
(3.25)

[X̂i(m,m), H(τ)] = −
∑
jσab

Fσ(m+
σ

2
)×

[
cos

θji
2

(
Vab(j, i)ê

†
aσ(j)êbσ(i,m+

σ

2
)− Vba(i, j)ê†bσ(i,m+

σ

2
)êaσ(j)

)
(3.26)

−σ sin
θji
2

(
Vab(j, i)ê

†
a,−σ(j)êbσ(i,m+

σ

2
)− Vba′(i, j)ê†bσ(i,m+

σ

2
)êa,−σ(j)

)]

[ê†bσ̄(jN)eaσ(iM), H] = (εaσ(iM)− εbσ̄(jN))ê†bσ̄(jN)eaσ(iM)

−
∑
lσ′a′b′

Va′b′(i, l) cos(
θi,l
2

)ê†bσ̄(j,N)[ê†a′σ′(i), eaσ(iM)]+eb′σ′(l)

−
∑
lσ′a′b′

Va′b′(i, l)σ
′ sin(

θi,l
2

)ê†bσ̄(j,N)[ê†a′σ′(i), eaσ(iM)]+eb′,−σ′(l)

−
∑
lσ′a′b′

Va′b′(l, i) cos(
θl,j
2

)ê†a′σ′(l)[êb′σ′(j), e
†
bσ̄(jN)]+eaσ(iM)

−
∑
lσ′a′b′

Va′b′(l, i)σ
′ sin(

θl,j
2

)ê†a′σ′(l)[êb′,−σ′(j), e
†
bσ̄(jN)]+eaσ(iM) (3.27)
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Using the above commutator relations we obtain a set of equations of motion of (a) the

local density matrix which represents the local populations, (b) the intra-site coherence

between different orbital states on the same site and (c) the inter-site coherences in exact

form1:

i∂τρ
ab
i (M) = (Ei(bM)− Ei(aM))ρabi (M) +∑

ja′σ

Fσ(M) cos
θji
2

(
Va′a(j, i)〈ê†a′σ(j)êbσ(iM)〉 − Vba′〈ê†aσ(iM)êa′σ(j)〉

)
−

∑
ja′σ

σFσ(M) sin
θji
2

(
Va′a(j, i)〈ê†a′,−σ(j)êbσ(iM)〉 − Vba′〈ê†aσ(iM)êa′,−σ(j)〉

)
(3.28)

∂τρi(m) = −2Im
∑
jabσ

Fσ(m+
σ

2
)Vba(j, i)

〈(
cos

θji
2
ê†bσ(j)− σ sin

θji
2
ê†b,−σ(j)

)
ê†aσ(i,m+

σ

2
)
〉

(3.29)

i∂τ 〈ê†bσ̄(j)êaσ(iM)〉 − (εaσ(i)− εb〈σ(j))ê†bσ̄(j)êaσ(iM)〉 =∑
lσ′a′b′

Va′b(l, j) cos
θlj
2
〈[ê†bσ̄(j), êb′σ′(j)]+ê

†
a′σ′(l)êaσ(iM)〉 −

∑
lσ′a′b′

Va′b′(i, l) cos
θli
2
〈ê†bσ̄(j)êb′σ′(l)[ê

†
a′σ′(i)êaσ(iM)]+〉+

∑
lσ′a′b′

Va′b′(l, j)σ
′ sin

θlj
2
〈[ê†bσ̄(j), êb′,−σ′(j)]+ê

†
a′σ′(l)êaσ(iM)〉+

∑
lσ′a′b′

Va′b′(l, l)σ
′ sin

θli
2
〈ê†bσ̄(j)êb′,−σ′(l)[ê

†
a′σ′(i), êaσ(iM)]+〉 (3.30)

where εaσ(i) = Eia(aM) − Ei(M − σ
2 ) are the excitation energies that depend on the

lattice coordinates due to the electron-phonon local coupling, which lowers the energy

of the |iaM〉 configurations at the Jahn-Teller distorted sites.

1We set ~ = 1
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3.4 Approximations and discussion

In the previous paragraph we derived the exact quantum kinetic equations of motion

for the density matrix using the time dependent Hamiltonian. We note that we are

working in the real space representation due to simplicity when handling small sizes

systems such as small clusters or unit cells. In addition this approach seems to be

suitable when performing computer simulations, since ,large scale calculations can be

simplified reducing CPU time. Eq.(3.28) as well as Eq.(3.29) describes coupling of local

populations at site i with the rest of the environment (sites j) intersite hopping. Hop-

ping is considered between first-nearest neighbors and the amplitude of the coupling is

obtained in terms of effective tight-binding parameters [96]. On the other hand, inter-

site coherences describe spin dependent coupling between many body states of i and

j sites induced by charge transfer driven by the optical field with contributions both

ferromagnetic and anti-ferromagnetic spin sites while the latter contribution drives flip-

ping of the local spins. In other words Eq.(3.30) describes the delocalized electron cloud

through the lattice which undergoes spin-flip local processes and magnon excitations.

The exact form of Eq.(3.28) and Eq.(3.29) which couple two-particle composite fermion

density matrices does not require any further approximation or factorization. On the

other hand, Eq.(3.30) couples two to four particle composite fermion density matrices

so we apply high hierarchy factorization. The index σ refers to the total spin of the

excitation |i,M − σ
2 〉 → |iaM〉 with respect to the local spin quantization axis. Hence

the equations above couple local excitations (with σ̄ = σ and σ̄ = −σ) which means

excitation between spin sites i, j with common quantization axis (locally θi = θj) as well

as coupling between spin sites with different quantization axis (θi 6= θj).

To truncate the hierarchy of density matrix equations of motion, we factorize the four

particle density matrices of composite fermion operators, which couple to the two particle

in a mean-field fashion:

〈[ê†bσ̄(j), êb′σ′(j)]+ê
†
a′σ′(l)êaσ(iM)〉 = 〈[ê†bσ̄(j), êb′σ′(j)]+〉〈ê†a′σ′(l)êaσ(iM)〉 (3.31)

Applying Hartree-Fock factorization we have:

〈ê†a′σ′(l)[ê
†
bσ̄(jN)êb′σ̄′(j) + êb′σ̄′(j)ê

†
bσ̄(jN)]êaσ(iM)〉 =

〈ê†a′σ′(l)êaσ(iM)〉〈[ê†bσ̄(jN), êb′σ̄′(j)]+〉 =

δσ̄′σ̄Fσ̄(N)Iσ̄bb′(jN)〈ê†a′σ′(l)êaσ(iM)〉 (3.32)
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〈ê†a′σ′(i)êaσ(iM)êb′σ′(j)ê
†
bσ̄(jN)〉 =

〈ê†a′σ′(i)êaσ(iM)〉〈êb′σ′(j)ê†bσ̄(jN)〉 − 〈ê†a′σ′(i)êb′σ′(j)〉〈êaσ(iM)ê†bσ̄(jN)〉 =

δσσ′δσ̄σ′δbb′Fσ(M)Fσ(N)ρa
′a
i (M)ρj(N −

σ

2
)− 〈ê†a′σ′(i)êb′σ′(j)〉〈êaσ(iM)ê†bσ̄(jN)〉

(3.33)

〈êaσ(iM)ê†a′σ′(i)ê
†
bσ̄(jN)êb′σ′(j)〉 =

〈êaσ(iM)ê†a′σ′(i)〉〈ê
†
bσ̄(jN)êb′σ′(j)〉 − 〈êaσ(iM)ê†bσ̄(jN)〉〈ê†a′σ′(i)êb′σ′(j)〉 = (3.34)

δσσ′δσ̄σ′δaa′Fσ(M)Fσ(N)ρi(M −
σ

2
)ρbb

′
j (N)− 〈êaσ(iM)ê†bσ(jN)〉〈ê†a′σ′(i)êb′σ′(j)〉

Since the operators [ê†(j), ê(j)]+, ê†(l) and ê(i) act on different lattice sites, the above

factorization can be applied and provide us a closed system of differential equations.

These equations describe the on-site density matrix dynamics driven by quasi-particle

nearest-neighbor coherence induced by ultrafast optical field where solutions can be

provided by numerical methods. The final form of Eq.(3.30) after factorization is written:

i∂τ 〈ê†bσ̄(j)êaσ(iM)〉 − (εaσ(i)− εb〈σ(j))ê†bσ̄(j)êaσ(iM)〉 = (3.35)∑
l 6=(i,j)

∑
a′b′

Va′b′(l, j)〈[ê†bσ̄(j), êb′σ̄(j)]+〉
〈(

cos
θlj
2
ê†a′σ̄(l)− σ̄ sin

θlj
2
ê†a′,−σ̄(l)

)
eaσ(iM)

〉
∑
l 6=(i,j)

∑
a′b′

Va′b′(i, l)〈[ê†a′σ(i), êaσ(iM)]+〉
〈
e†bσ̄(j)

(
cos

θlj
2
êb′σ(l)− σ sin θli

2
êb′,−σ(l)

)〉

By expanding the anti-commutation relations we have:

〈e†bσ̄(j), eb′σ(j)+〉〉 =
(∑

N

F 2
σ̄ (N)ρbb

′
j (N) + δbb′

∑
m

F 2
σ̄ (m+

σ̄

2
)ρj(m)

)
(3.36)
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i∂τ 〈ê†bσ̄(j)êaσ(iM)〉 − (εaσ(i)− εbσ̄(j))〈ê†bσ̄(j)êaσ(iM)〉 =

Fσ(M)
∑
a′

ρa
′a
i (M)

[
Va′b(i, j)

(
δσ̄σ cos

θij
2

+ σδσ̄,−σ sin
θij
2

)∑
N

F 2
σ̄ (N)ρj(N −

σ̄

2
)

−
∑
l 6=(i,j)

∑
b′

Va′b′(i, l)

(
cos

θli
2
〈ê†bσ̄(j)êb′σ(l)〉 − σ sin

θli
2
〈ê†bσ̄(j)êb′,−σ(l)〉

)]

− Fσ(M)ρi(M −
σ

2
)
∑
b′

[
Vab′(i, j)

(
δσ̄σ cos

θij
2

+ σδσ̄,−σ sin
θij
2

)∑
N

F 2
σ̄ (N)ρbb

′
j (N)

+
∑
l 6=(i,j)

Vab′(i, l)

(
cos

θli
2
〈ê†bσ̄(j)êb′σ(l)〉 − σ sin

θli
2
〈ê†bσ̄(j)êb′,−σ(l)〉

)]
(3.37)

+
∑
l 6=(i,j)

∑
a′b′

Va′b′(l, j)〈e†bσ̄(j), eb′σ(j)+〉〉〈
(

cos
θlj
2
ê†a′σ̄(l)− σ̄ sin

θlj
2
ê†a′,−σ̄(l)

)
eaσ(iM)〉

This equation of motion of the inter-site coherences is the final form in the local real space

representation. The first two terms in the rhs describe the coupling to the density matrix

ρi while the last lines describe the long range coupling with the rest lattice via inter-site

coherence due to hopping. The equation of motion of the itinerant quasi-particles from

Eq.(5.2) is obtained as:

i∂τ êaσ(i, τ) = εaσ(i)êaσ(i, τ)− 〈[ê†aσ(i), êaσ(i)]+〉

×
∑
lb′

Vab′(i, l)
(

cos
θli
2
êb′σ(l, τ)− σ sin

θli
2
êb′,−σ(l, τ)

)
(3.38)

In addition quasi-particle operators can be transformed to band excitations defined by

the transformation:

ên =
∑
iaσ

unσ(ia)
êσ(ia)√
naσ(i)

(3.39)

where n labels the different quasi particle branches and unσ(ia) corresponds to the eigen-

states of the Hermitian matrix and naσ(i) is the composite fermion anti-commutator

which results from the orthonormality of the eigenstates unσ(ia):

naσ(i) = 〈[ê†aσ̄(i)êaσ(i)]+〉 (3.40)
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The anti-commutator [ê†aσ̄(i)êaσ(i)]+ differs from its fermionic value due to the restric-

tions in the population of J = S + 1
2 and J = S − 1

2 Hubbard bands imposed by the

strong on-site Hund rule interaction. The composite fermion quasi-particles are deter-

mined by the spin-dependent anti-commutators 3.40 which differs from bare electrons.

Similar differences are found in optical responses of molecular crystals which are usually

analyzed in terms of Frenkel excitons rather than interacting fermions. Such composite

bosons deviate from bosonic behavior [98].

The closed system of differential equations Eqs.(3.28,3.29,3.37) permits for simulations

of small systems such as dimers or small unit-cells with periodic boundary conditions or

open boundaries as well as systems where translational invariance is not satisfied such

as lattices where defects are present.

3.5 Eigenvalue equation

Let as first obtain the the quasi-static eigenvalue equation. From Eq.(3.38)-Eq.(3.39)

and after setting ∂τ êaσ(i, τ) = 0 we obtain the quasi-static eigenvalue equation that

gives the itinerant quasi particle energy bands:

(ωn − εaσ(i))uσn(ia) = −
∑
jb

Vab(j, i)
√
naσ(i)

√
nbσ(j) cos

θji
2
uσn(jb)

+σ
∑
jb

Vab(j, i)
√
naσ(i)

√
nb,−σ(j) sin

θji
2
u−σn (jb) (3.41)

Similarly with Eq.(3.37), the eigenvalue equation couples quasi-particle excitation be-

tween parallel and anti-parallel local spin. The first term describes coupling between

quasi-particle i and j with common quantization axis and maximum amplitude when

θi = θj favoring hopping between ferromagnetic spin sites. The second term describes

quasi-particle coupling between i and j sites with anti-parallel quantization axis with

maximum amplitude when |θi− θj | = π which favors hopping between anti-parallel spin

sites. Hopping between anti-parallel quantum spins is the striking difference in contrast

to the widely used approximation considering classical spins where this process is com-

pletely absent. The classical spins approximation can be recovered by Eq.(3.41) when

the second term in the rhs is neglected.
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3.6 Representation of spin

To interpret ultrafast spectroscopy experiments such as insulator-metal transition in-

duced by femtosecond optical pulses, a description of the quantum processes and spin

dynamics is needed. In our theory, we interpret spin dynamics in manganites by means

of quantum fluctuations of the many body density matrices and coherences. In the

previous section, we mentioned that composite fermion itinerant quasi–particles dressed

by spin fluctuations is a possible mechanism which can trigger quasi–instantaneously

insulator-metal transition. Magnetic exchange interactions such as Hund coupling be-

tween on-site core spin and itinerant electron spin are crucial and fluctuations of spins

triggered by optical excitation can be expressed in terms of time-dependent popula-

tions. The on-site core spin component Sz(i) where z is defined the axis defined by the

quasi-equilibrium spin canting angle θi, can be expressed as:

Sz(i) =
S∑

m=−S
mρi(m) +

S+ 1
2∑

M=−S− 1
2

M
S

S + 1
2

∑
a

ρai (M) (3.42)

Similarly, the on-site itinerant electron spin z component saz(i) populated at orbital state

|a〉 is expressed as:

saz(i) =
1

2S + 1

S+ 1
2∑

M=−S− 1
2

Mρai (M) (3.43)

In several works employing classical spin approximation in half doped manganites, Mn

site spins are considered to relax along their equilibrium axis defined by canting angle

θ. Similarly for our purpose we consider that Mn sites which lacks itinerant electrons

(Mn4+) have the quantum spin number m = S in equilibrium while sites filled with a

single itinerant electron (Mn3+) have M = S + 1
2 . Since our theory is oriented on how

quantum spin fluctuations possibly affect insulator-to-metal induced by laser excitation,

in order to compare the time dependent spin from its classically configured value, we

define the deviation of the local spin ∆Sz(i) = S − Sz(i) where using the completeness

relation Eq.(3.2), we have:

∆Sz
S

=
∑
a

S− 1
2∑

M=−(S+ 1
2

)

S + 1
2 −M

S + 1
2

ρai (M) +

S−1∑
m=−S

S −m
S

ρi(m) (3.44)
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which describes the on-site quantum spin canting with respect to θi, due to the popula-

tion of M < S+ 1
2 and m < S quantum states. Similarly the deviation of the populated

|a〉 state itinerant electron spin from its classical value is:

∆saz(i) =
1

2

S− 1
2∑

M=−S− 1
2

S + 1
2 −M

S + 1
2

ρai (M) (3.45)

Hence in antiferromagnetic systems such as A-type or CE-type manganites, short range

ferromagnetic correlations arise when ∆Sz(i) 6= 0 possibly during or after photoexcita-

tion. In the next chapters we provide applications of our theory in toy-models and finite

lattices.



Chapter 4

The Quantum Dimer Model

In the previous chapter, we developed the theoretical framework which describes the very

early quantum kinetic and nonthermal temporal regimes of spin dynamics during the

optical excitation as well as a few femtoseconds after the laser pulse is gone. Coupling

with the lattice and subsequent time-dependent temperature processes, such as estab-

lishment of quasi-equilibrium states are considered to arise well after the pulse duration.

During pulse excitation, non-thermal inter-atomic coherences and nonlinearities govern

the system and dominate over thermal incoherent effects. Subsequent non-equilibrium

processes such as changes of the free-energy landscape, collisions, inhocerent recombi-

nation of electron-hole pairs and long range phonons which drive the system to a new

quasi-equilibrium state, are considered to occur in the picosecond time regime, slower

than the inter-site coherent processes described here. In this chapter we provide simula-

tions of the photoinduced ultrafast spins dynamics in the presence of strong local on-site

correlations, by solving the equations of motions of the density matrices and coherences

for a simple two-site cluster. Our purpose here is to highlight some of the properties of

the extended system.

4.1 Problem setup

We consider a system of two atomic sites which consist of single orbital atoms with local

(core) spins S = 3
2 antifferomagnetically aligned. The first site is considered undistrorted

(zero Jahn-Teller distortion) and lacks itinerant electron. The total spin population at

m = −S and its energy is E(m) = 0. The second site is distorted due to the presence of

an itinerant electron populating theM = S+ 1
2 state with energy E(M) = −2EJTQ. The

two-site system can be viewed as a minimal segment of the extended periodic structure.

The itinerant electron is prohibited to populate states with angular momentum J =

51
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S − 1
2 due to strong local restrictions discussed above, and populates |iaM〉 states with

J = S + 1
2 . A visual model of the system is considered in Fig.(4.1)

τ = −∞ τ > 0

Figure 4.1: Visual representation the dimer model which consists two Mn ions. The
blue site is considered as distorted and occupied by an itinerant eg electron. The other
site is considered empty. The local spins are presented with yellow arrows and the
itinerant electron spin with hazel. The optical field excites intersite the system and the

itinerant electron is tunneled to the unoccupied site.

Here the first atomic site is represented by a simple spherical object with spin arrow

pointing down while the second atomic site which undergoes Jahn-Teller distortion is

represented as ellipsoid object with spin arrow pointing up. The bright arrow represents

the occupation of a single itinerant electron. The z-component of the total spin can be

represented either with respect to a global z axis or each atomic site can have its own

z axis with respect to a canting angle θ. Here we adopt the second way of representing

spin states configured by the canting angle with respect to the laboratory axis. The

latter can be assumed parallel to the local spin of the second site. Thus for AFM system

we have θ1 = π and θ2 = 0 with initial conditions ρ1(m = 3/2) = ρ2(M = 2) = 1. The

system of atomic sites is fully antiferromagnetic with large energy gap between them

∆E = 2EJT . The static hopping amplitude t0 is considered far smaller than the energy

barrier t0 < ∆E. Tight binding models estimate hopping energies in manganites to be

in the range of t0 ∼0.1-0.2eV while first principles approaches estimate t0 ∼ 0.6eV. The

system is excited resonantly with the optical field oscillating at frequency ~ωp = ∆E ≈
1eV. Such energies are far higher than the vibration lattice modes as well as inter-site

hopping amplitudes. Direct excitation of vibration modes in manganites can be achieved

using mid-infrared photons whose energy is ranged in 50-100meV [61].

4.2 Equations of motion

In our toy model, we excite inter-site transitions The equations of motion for our system,

after setting
θij
2 =

θi−θj
2 , are simply written as:
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∂τρi(M) = 2Im
∑
jσ

Fσ(M)V (j, i)
〈(

cos
θji
2
ê†σ(j)− σ sin

θji
2
ê†−σ(j)

)
êσ(i,M)

〉
(4.1)

∂τρi(m) = −2Im
∑
jσ

Fσ(m+
σ

2
)V (j, i)

〈(
cos

θji
2
ê†σ(j)− σ sin

θji
2
ê†−σ(j)

)
êσ(i,m+

σ

2
)
〉

(4.2)

i∂τ 〈ê†σ̄(j)êσ(iM)〉 −
(
εσ(i)− εσ(j)

)
〈ê†σ̄(j)êσ(iM)〉 =

(
δσ̄σ cos

θij
2

+ σδσ̄,−σ sin
θij
2

)
×∑

N

F 2
σ̄ (N)Fσ(M)× V (i, j)×

(
ρi(M)ρj(N −

σ̄

2
)− ρi(M −

σ

2
)ρj(N)

)
(4.3)

Here we assume that energy levels are not spin dependent so we have εσ(1) = 0, εσ(2) =

−2EJT with EJT = 0.75eV. The electronic hopping driven by the optical-field coupling

(100fs FWHM gaussian pulse) with frequency ~ω = ∆E = 1.5eV is expected to modify

the inter-site interactions which triggers population imbalance and spin fluctuations.

Spin dynamics is expected to arise when populations with spin states with M < S + 1
2

are created. Such populations arise when a electron hops from site 2 into site 1 whose

local spin is pointing in the opposite direction. The ultrafast dynamics of interest here

results from photoexcited nonthermal populations ∆ρ = ρ − ρ0, where ∆ρ denotes the

deviation of the population with respect to the quasi-equilibrium value ρ0 determined

by the free-energy. The dynamics in Eqs (4.1) and (4.2) after noting the property

∆(AB) = (∆A)B +A0∆B, is triggered by the terms

∆
(
Vij〈ê†i êj〉

)
= Vij∆〈ê†i êj〉+ ∆Vij〈ê†i êj〉0 (4.4)

The main contribution comes from the term ∆〈ê†i êj〉 since any change in population

imbalance results from changes of photoinduced inter-site coherences while the second

term is proportional to the fast oscillating field times the coherence in quasi-equilibrium

which is neglected in our toy-model. The non-thermal photoinduced populations leading

to spin dynamics arise from 〈ê†−σ(j)êσ(iM)〉 between i and j site which describes linear

superpositions between spins states antiferromagnetically aligned where an electron spin

σ/2 populating an occupied site creating M = S + σ/2 state, hops to the neighboring

empty site occupying M = S − σ/2 state. The photoinduced non-thermal coherence is

described by the deviation ∆〈ê†σ̄(j)êσ(iM)〉 in Eq.(4.3) which is driven by
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∆
(
Vijρiρj

)
= tij∆(ρiρj) + ∆Vij(ρiρj) (4.5)

The first term comes from the photoinduced change in the local correlations induced

by the electron hopping. This change comes from the non-equilibrium carrier and spin

populations and lasts longer than the optical pulse, on a timescale determined by pop-

ulation relaxation and dephasing. Such transient order parameters last as long as the

nonthermal populations, which create an imbalance between atomic sites with different

Jahn-Teller distortions/energies and modify the magnetic exchange processes induced

by electron hopping. The second term in the above equations comes from the pho-

toexcitation of an electron from one site to a neigboring one driven by the optical field

which accelerates the electron to the neighboring site. The equilibrium properties ρ0 and

〈ê†i êj〉0 are given as static solution after setting ∂τρ = 0 and ∂τ 〈ê†i êj〉 = 0 and define the

quasi-equilibrium free-energy. For a simple two-site system we can ignore 〈ê†i êj〉0 terms

and setting a fairly localized charge density simplifies the calculations. Thus we obtain

a closed system of differential equations for the deviation of populations and coherences

which defines a quantum master equation and determines the photoinduced non-thermal

dynamics.

∂τ∆ρi(M) + γ∆ρi(M) = 2Im
∑
jσ

Fσ(M)V (j, i)× (4.6)

(
cos

θji
2

∆〈ê†σ(j)êσ(i,M)〉 − σ sin
θji
2

∆〈ê†−σ(j)êσ(i,M)〉
)

∂τ∆ρi(m) + γ∆ρi(m) = −2Im
∑
jσ

Fσ(m+
σ

2
)V (j, i)× (4.7)

(
cos

θji
2

∆〈ê†σ(j)êσ(i,m+
σ

2
)〉 − σ sin

θji
2

∆〈ê†−σ(j)êσ(i,m+
σ

2
)〉
)
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i∂τ∆〈ê†σ̄(j)êσ(iM)〉+ iΓ∆〈ê†σ̄(j)êσ(iM)〉 = (4.8)(
εσ(i)− εσ(j)

)
∆〈ê†σ̄(j)êσ(iM)〉+(

δσ̄σ cos
θij
2

+ σδσ̄,−σ sin
θij
2

)
×
∑
N

F 2
σ̄ (N)Fσ(M)×[

∆V (i, j)
(
ρi(M)ρj(N −

σ̄

2
)− ρi(M −

σ

2
)ρj(N)

)
+t(i, j)∆

(
ρi(M)ρj(N −

σ̄

2
)− ρi(M −

σ

2
)ρj(N)

)]

Eqs (4.6) and (4.7) describe the photoinduced non-thermal changes in populations of

the local t2g spins as well as local plus itinerant spin states respectively. The above

equations are expected to be more accurate in the deep insulating limit where EJT > t0

in which case the contribution of localized trapped electrons dominates due to large

on-site Jahn-Teller distortions (insulator gap) over that of mobile electrons. In above

equations, γ = 1/Tp is the decay rate of the photoexcited populations where Tp is

assumed to be ranged in the picosecond time regime based on experimental data on

atomic dimers while Γ = 1/Tc corresponds to an inter-site coherence dephasing rate

with Tc assumed roughly equal or shorter than the pulse duration which means that

inter-atomic coherences follow more or less the time-dependence of the pulse duration.

Eq.4.8 describes inter-site coherent excitations, between neighboring site i and the many

body states of site j whose energy difference defines the insulator energy gap, with two

main contributions with distinct time-dependent variation. The above equations can

be applicable for simulations on small atomic spin clusters but also for finite lattice

vacancies.

4.3 Numerical results: Photoinduced populations and spin

dynamics

Here we provide time-dependent simulation of the two-site system after solving numer-

ically the nonlinear equations of motion for the photoinduced density matrix Eqs (4.6),

(4.6) and (4.8). First we present time and Rabi energy dependent difference of the

quantum local spin δSz = ∆Sz(1)−∆Sz(2) using the Eq.(3.44). As shown in Fig.(4.2)

demonstrates a striking nonlinear dependence on Rabi energy which signals the arise

of FM correlations with increasing Rabi energy and photoexcitation intensity due to

photodriven fluctuations on populations and coherences as well the change of intersite
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hopping by the pulse. The nonlinear dependence on Rabi energy qualitatively agrees

with the time-dependence of magnetic circular dichroism (MCD) and magneto-optical

Kerr effect (MOKE) spectroscopy measurements [6] which imply the emergence of FM

correlations and development of femtosecond magnetization during the pulse excitation

and before the establishment of a new state due to insulator-metal transition. To ex-

plain the above results, we plot the non-thermal populations ∆ρi(m) and ∆ρi(M) for

the two-site AFM system for all M,m quantum numbers.

Figure 4.2: Time and Rabi energy dependent total spin δSz of the above two AFM
core spins driven by direct coupling of a 100fs optical field pulse with energy ~ω = 1.5eV

for non–thermal population lifetime Tp = 1ps and dephasing time Tc =50fs.

In Fig.4.3 we present time-dependent populations for the empty (site 1) and occupied

(site 2) atoms for Rabi energy d0 = 100meV excitation intensity and relaxation param-

eters Tp = 1ps and Tc = 50fs as in the previous figure. The electron on the site 2 with

local spin up, forms a |2,M = S + 1
2〉 relaxed groundstate. This population decreases

significantly due to laser driven hopping to site 1 which creates a quasi-electron-hole

excitation |2,M = S + 1
2〉 → |2,m = S〉 as well as minor subsequent excitations with

small amplitude. As a result the local spin does not change significantly so ∆Sz(2) ≈ 0.

The electron hops on site 1 and populates the state |1,M = S − 1
2〉 with respect to its

own z-axis while conserving its own spin. As a result the population |1,m = S〉 of the

groundstate decreases and a small increase of the |1,m = S − 1〉 state is observed. The

major increase of |1,M = S− 1
2〉 population suggests quantum local spin canting at site

1, so ∆Sz(1) 6= 0. The oscillatory noise observed in our population curves results from

static term ρi ∼ exp(−it(i, j)) after integrating Eq.(4.6)-(4.7) and does not cancel due to

the asymmetry of our system. However such oscillations may be exist in real molecular

systems but not already captured in experiments due to resolution issues. By increasing
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the Rabi energy at d0 = 300meV, the photoexcited populations are further enhanced

where additional states are developed. In Fig.4.4 we present the enhanced photoexcited

populations developed by higher pump intensity. Similarly, the electron hops from site

2 where we observe a robust decrease of the |2,M = S + 1
2〉 state and increase of the

|2,m = S〉 population. Additional populations develop after a few femtoseconds, with

the following sequence |2,m = S〉 → |2,M = S − 1
2〉 → |2,m = S − 1〉. The striking

point here is the distinct temporal difference between major and minor populations. The

electron hops to site 1 by enhancing |1,M = S− 1
2〉 state and decreasing |1,m = S〉 while

subsequent populations develop after 100fs. The enhancement of other states indicates

further increase on quantum local spin canting on both sites, ∆Sz(1) 6= 0,∆Sz(2) 6= 0

developing significant δSz while the electron cloud is shared between the two sites which

can be viewed as transient non-equilibrium bonding due to inter-site coherence. Quan-

tum spin canting and population imbalance between AFM sites can also affect inter-site

exchange interactions such as antiferromagnetic coupling.

As mentioned, each site z-axis is defined by its canting θi angle. The system could

also be presented assuming that the two sites have the same z-axis defined by the spin

direction of the site 2. In this case the above results can be represented by introducing

the following transformation on site 1 as |1, N〉 → |1,−N〉 where N is the spin quantum

number {M,m}.
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Figure 4.3: Time-dependent photoinduced changes in the populations of the local
configurations |iM〉 and |im〉 for each site. The relaxation time is set Tp = 1ps and
dephasing time Tc = 50fs with moderate excitation pump intensity determined by the

Rabi energy d0 = 100meV.

The effect of the non-equilibrium bonding between sites as well as the quantum spin
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Figure 4.4: Time-dependent photoinduced changes in the populations of the local
configurations |iM〉 and |im〉 for each site with the same relaxation and dephasing
times Tp = 1ps , Tc = 50fs respectively as in the previous figure. Here the system effect
is much more robust due to high pump excitation intensity which corresponds to Rabi

energy d0 = 300meV.

canting, can be suppressed by assuming short-lived coherences determined by the de-

phasing time parameter Tc. In Fig.4.5 we present photoexcited populations after setting

Tc = 10fs. In this case inter-site coherences are governed by the pulse duration but

fluctuations of the charge and spin are quickly suppressed. As seen in our model, the

photodriven deviation of the populations leads to spin fluctuations and quantum canting

which can be enhanced by increasing pump intensity and coherence decay. In all cases,

relaxation processes drive the non-thermal populations back to the ground state which

means charge redistributed from site 2 to site 1 photoexcitations returns back to the

initial site by recovering the initial population configuration.

4.4 Numerical results: Time-dependent hopping and spin

dynamics

Here we assume that the optical excitations induces an ultrafast change in the inter-

site hopping amplitude V from its equilibrium value. Such time-dependent change in

the hopping amplitude can be directly driven by the coupling of the optical field, which

induces charge fluctuations between the two sites. However, it can also come from the ex-

citation of non-thermal populations that change the local multi-electron configurations,

by introducing, e.g., non–thermal lattice distortions that last during 100fs non-thermal
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Figure 4.5: Time-dependent photoinduced changes in the populations of the local
configurations |iM〉 and |im〉 for each site with the same relaxation and dephasing times
Tp = 1ps but assuming fast coherence decay determined by the parameter Tc = 10fs.
The effect here appears to be suppressed even for high pump excitation intensities.

Here we set d0 = 100meV.

time scales and proportional to the non-thermal electronic populations. Here, such in-

teractions are modified by any time dependent pulsed change in the hopping amplitude,

which drives inter-site non-equilibrium charge fluctuations. Here we solve the quantum

kinetic equations of motion for the spin dependent density matrix of the two sites and

then calculate the z-component of the total core spin of the two above sites assuming

local populations time Tp = 1ps with the inter-site coherence dephasing time Tc = 50fs

by considering a pulsed change in the hopping amplitude as:

∆V = t0(1− e−τ/τ1)e−τ/τ2 (4.9)

where t0 = 200meV is the static hopping amplitude between site {1, 2}. Here we set

τ1 = 500fs and τ2 = 100fs. We assume that the two sites have the same spin configuration

as in the previous example with respect to their own z-axis. The site 1 is assumed

undistorted with zero energy populated by the local core spin state m = S while site 2

is distorted with lowered energy by −2EJT with respect to the site 1 energy level and

populated by an itinerant electron and a local spin m = S. In Fig.4.6 we present the

time development of the total spin δS = ∆Sz(1)−∆Sz(2) considering pulsed change of

the hopping induced by the optical coupling for several energy differences defined by the

EJT . The striking point here is the robust development of the local spin difference when

∆E < t0. In particular, ∆E = 0 is the case where hopping occurs between two sites

which have both zero energy difference. Similar hopping occurs between neighboring
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undistorted sites with the same charge configuration defined by antifferomagnetically

ordered planes in CE-type manganite structures. The contributions ∆Sz on both sites

tailor an increase in the total spin δS. In all cases the total spin increases with time

during the pulsed non-equilibrium change in the inter-site hopping amplitude from its

ground state value.
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Figure 4.6: Time-dependent total spin δS development induced by photoexcited
hopping change between AFM aligned sites for several energy differences defined by
EJT = 0 → 2t0 where t0 = 200meV. The hopping amplitude changes as a function of

time as in Eq.(4.9)

.

The total-spin time-dependence of the above example can be interpreted by plotting all

the calculated populations 〈|i,M〉〈i,M |〉 and 〈|i,m〉〈i,m|〉 for each site.
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Figure 4.7: Time-dependent populations directed by the hopping change Eq.(4.9)
due to optical field. Here we consider EJT = 0.75t0 which corresponds to energy gap

∆E = 1.5t0
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Figure 4.8: Time-dependent populations directed by the hopping change Eq.(4.9)
due to optical field. Here we consider EJT = 0.25t0 which corresponds to energy gap

∆E = 0.5t0
.

In Figs 4.7 and 4.8 we plot the populations induced by photodriven change of the hopping

amplitude for energy difference EJT = 0.75t0 and EJT = 0.25t0. The occupied with

electron distorted site 2 which is initially relaxed in M = 2 state depletes within 400fs

up to 25% in the first and up to 80% in the second case. The electron hopping creates

a quasi-hole excitation |M = S + 1
2〉 → |m = S〉 on site 2 while charge occupies site 1

creating an |m = S〉 → |M = S − 1
2〉. This process changes the local core spin of site 1

∆Sz(1) 6= 0 which is the main contribution captured by the calculation δS in Fig.4.6 for

EJT = 0.75t0. The effect is robust as we decrease the energy difference between the sites

up to EJT = 0.25t0 where ∆E is less than the hopping amplitude. In Fig.4.8 we observe

that not only the main populations change during the hopping as in the above case,

but additional populations develop, creating ∆Sz 6= 0 on both sites. The relaxation

is governed by the relaxation time Tp = 1ps and dephasing time Tc = 50fs where the

electron hops back to site 2.

4.5 Connection with experiment and conclusions

The quantum dimer demonstrated in this chapter constitutes the simplest and minimal

model that reveals the rich spin-charge dynamics described by quantum kinetic equa-

tions of motion based on Hubbard operators. Our calculations show how photoinduced

ferromagnetic correlations develop in the femtosecond time regime. Here we provide the

most interesting observations captured by our numerical simulations. In the strong limit
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JH → ∞, U → ∞ and in the deep insulating limit where EJT is sufficient larger than

the static hopping, ferromagnetic correlations can arise between antiferromagnetically

aligned atoms when considering quantum instead of classical spins. Charge hopping

between atoms with AFM spins is prohibited withing the classical spins approach. A

striking observation is the nonlinear dependence of these time-dependent ferromagnetic

correlations on the Rabi energy and photoexcitation intensity captured by the time-

dependent calculation of δS. Numerical results are provided for the total z-component

of the time-dependent t2g spins of a two–site cluster, after solving the nonlinear equations

of motion for the photoinduced density matrix. The main contribution to δS comes from

the photoinduced populations of quantum spin states addressed by coherent hopping of

the electron cloud between AFM sites for sufficient short times intervals. Such model is

connected with the realistic lattice structure on a polaronic picture, which assumes that,

for sufficiently short time intervals following coherent photoexcitation of the insulating

AFM ground state, any spin photoinduced at site i is mainly determined by coherent

excitations in the neighboring atomic environment, while the rest of the lattice largely

remains in equilibrium. A full comparison between theory and experiment must also

consider the collective behavior of such photoinduced quantum dimers. In real systems,

quantum dimers can form ferromagnetic spin chains which interact with neighboring

spin chains antiferromagnetically coupled. In such structures we must treat the inter-

play between spin chains such as inter-chain and intra-chain mobile electron excitations,

inter-plane hopping and the orbital degrees of freedom, which is expected to increase

the above photogenerated nonlinearities. Femtosecond pump-probe spectroscopy reveals

laser-generated femto-magnetization with critical intensity threshold in PCMO mangan-

ites whose ground state is insulating at all temperatures under weak external magnetic

field. The intensity dependent nonlinear behavior cannot be interpreted in terms of ther-

mal effects but possibly originates from the correlated hopping and flipping of electronic

quantum spins driven by the time-dependent optical field. In this scope, our model

clearly predicts femto-magnetism consistent with experimental measurements. The col-

lective behavior of individual magnetic clusters photoinduced as above are expected to

display macroscopic collective order via percolation with intensity threshold behavior.

In realistic systems such dimers may be appear as transiently ferromgnetic defects dur-

ing photoexcitation where their collective behavior can be manipulated by an external

magnetic field which introduce spin canting leading to nonzero total/macroscopic pho-

toexcited spin. The collective magnetization of such clusters allows observation of the

above effects, while also enhancing long-range inter-chain hopping. An external magnetic

field can also allow for percolation of the photoinduced local magnetic clusters, whose

size is expected to increase nonlinearly with photoexcitation intensity, thus establishing

a macroscopic ferromagnetic order above a critical pump fluence.
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Laser-induced non-equilibrium changes in the local density matrix affects the itinerant

quasi-particle dispersion, energy bandgap, and phonon properties in correlated systems

with soft energy bands. The density matrix of a quantum dimer could serve as a quan-

tum variable of a more rigorous density matrix embedding theory that treats strong

correlations by mapping the extended system into a self-consistent impurity plus bath

problem similar to dynamical mean field theory.



Chapter 5

Itinerant Quasi-Particle Bands

and Spin Fluctuations

In this chapter we discuss the energy band properties of composite fermion quasi-

particles and compare them with those of bare electrons. We shall provide supplementary

information about the quasi-particle operators and derivation of the eigenvalue equation

and provide results about the dispersion of energy bands in the k-space and their con-

nection with quantum spin fluctuations as well as lattice parameters. Our results are

compared with bare electron bands obtained by assuming classical spins. Finally we

examine the possible implications of quasi-particle bands and spin fluctuations related

to the non-equilibrium insulator-metal transition.

5.1 Hubbard operators and eigenvalue equation

Here we summarize the equations that determine the time evolution and energy bands of

composite fermion quasi–particles in the strong-coupling limit which lead to the eigen-

value equation. As we have seen in the previous chapter, the time dependence of the spin-

dependent populations is governed by the inter-site coherence amplitude 〈ê†bσ̄(j)eaσ(i)〉.
However the equation of motion that determines the inter-site coherence amplitude cou-

ples to four-particle density matrices of the form 〈[ê†bσ̄(j), êb′σ′(j)]+ê
†
a′σ′(l)êaσ(iM)〉 and

〈ê†bσ̄(j)êb′σ′(l)[ê
†
a′σ′(i), êaσ(iM)]+〉 with j 6= i, l. To truncate the above density matrices

we can either introduce a procedure such as the Hartree factorization or to transform

the Hubbard operators that diagonalize the two-site problem. We have adopted the

factorization into products of two-particle density matrix similar to the non-interacting

case.

64
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〈[ê†bσ̄(j), êb′σ′(j)]+ê
†
a′σ′(l)êaσ(iM)〉 = 〈[ê†bσ̄(j), êb′σ′(j)]+〉〈ê†a′σ′(l)êaσ(iM)〉 (5.1)

The above mean field approximation neglects fluctuations in the composite fermion

anticommutation relation [ê†bσ̄(j), êb′σ′(j)]+ as in the Hubbard-I approximation[99]. This

allows us to study the importance of quantum spin fluctuations induced by the strong

Hund’s rule interaction JH within a mean field approximation, but for quantum rather

than for classical spins, achieved by factorizing composite fermion, rather than bare

fermion, equations of motion. Thus we obtain to the equation of motion of the inter-site

coherences in the form:

i∂t〈ê†bσ̄(j)êaσ(iM)〉 − (εaσ(i)− εb〈σ(j))ê†bσ̄(j)êaσ(iM)〉 = (5.2)∑
l 6=(i,j)

∑
a′b′

Va′b′(l, j)〈[ê†bσ̄(j), êb′σ̄(j)]+〉
〈(

cos
θlj
2
ê†a′σ̄(l)− σ̄ sin

θlj
2
ê†a′,−σ̄(l)

)
eaσ(iM)

〉
∑
l 6=(i,j)

∑
a′b′

Va′b′(i, l)〈[ê†a′σ(i), êaσ(iM)]+〉
〈
e†bσ̄(j)

(
cos

θlj
2
êb′σ(l)− σ sin

θli
2
êb′,−σ(l)

)〉

which suggests that a good starting point for describing the itinerant quasi-particles is

a basis of delocalized normal modes

i∂têaσ(i, t) = εaσ(i)êaσ(i, t)− naσ(i)
∑
lb′

Vab′(i, l)
(

cos
θli
2
êb′σ(l, t)− σ sin

θli
2
êb′,−σ(l, t)

)
(5.3)

after denoting naσ(i) = 〈[ê†aσ(i), êaσ′(i)]+〉. We expand the above relation as

〈[ê†aσ(i), êaσ′(i)]+〉 = δσσ′

[ S+ 1
2∑

M=−(S+ 1
2

)

S + 1
2 + σM

2S + 1
ρai (M) +

S∑
m=−S

S + 1
2 + σ(m+ σ

2 )

2S + 1
ρi(m)

]
(5.4)

Thus we introduce the normal modes which permits the band description of composite-

fermion operators ê†aσ into a band representation

ên =
∑
iaσ

uσn(ia)
êaσ(i)

naσ(i)
(5.5)
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where n labels the different quasi-particle bands and u the eigenstate amplitudes. In

order to determine u we obtain from Eq.(5.4) the eigenvalue equation

(ωn − εaσ(i))uσn(ia) = −
∑
jb

Vab(j, i)
√
naσ(i)

√
nbσ(j) cos

θji
2
uσn(jb)

+σ
∑
jb

Vab(j, i)
√
naσ(i)

√
nb,−σ(j) sin

θji
2
u−σn (jb) (5.6)

where
θij
2 =

θi−θj
2 . The above equation describes quasi-particle energy bands in the

quasi-static limit ∂tên ≈ 0. In the previous chapter we developed the equations of mo-

tions in a representation convenient for performing calculations when local correlations

dominate over the kinetic energy that delocalizes the electrons between different atoms.

Here we adopt a different approach by describing delocalized electrons in a periodic

lattice by transforming the local quasi-particle operators into band operators that mix

the different spin and orbitals of all atoms.

5.2 k-space Energy Band Representation

By taking advantage of the Bloch theorem, we describe itinerant electrons while consid-

ering a periodic system with a unit cell consisting of few atoms with different equilibrium

spin orientations and two orbital states per atom. Assuming a periodic lattice of sites,

it is convenient to change notation by replacing the site index i with (i, Ri). The index

i labels the different sites in the same unit-cell and Ri labels the unit-cells displaced

by R vector. Employing the Fourier transformation we describe the composite-fermion

operators in the k-space representation as

êkσ(ia) =
1√
N

∑
R

e−ikRêaσ(Ri) (5.7)

where N is the number of unit-cells and k is the wavevector. Due to translational

invariance, the local density matrix is independent of Ri and

〈[ê†k′(i
′a′), êkσ(ia)]+〉 = δkk′〈[ê†a′σ′(i

′), êaσ(i)]+〉 (5.8)

In the case of many atoms per unit cell, we transform to band excitations defined by
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ênk =
∑
iaσ

uσnk(ia)
êkσ(ia)√
naσ(i)

(5.9)

The orthonormality relation is written as

〈[ê†mk, ênk′ ]+〉 = δkk′
∑
iaσ

uσ∗mku
σ
nk(ia) +

∑
iσ

∑
a6=a′

uσ∗mk(ia
′)uσnk(ia)

〈[ê†a′σ(i), êaσ(i)]+〉√
na′σ(i)naσ(i)

= δnmδkk′(5.10)

which implies that, on the average, ê†nk has similar properties as bare electron operators

in the given reference state.

Now the eigenvalue equation takes the form

(ωnk − εaσ(i))uσnk(ia) = −
∑
jb

V k
ab(j, i)

√
naσ(i)

√
nbσ(j) cos

θji
2
uσnk(jb)

+σ
∑
jb

V k
ab(j, i)

√
naσ(i)

√
nb,−σ(j) sin

θji
2
u−σnk (jb) (5.11)

where

V k
ab(j, i) =

∑
R

Vab(R+ j − i)e−ikR (5.12)

5.3 Properties of quasi-particle Bands

The above equations Eq.(5.6) and Eq.(5.11) define the energy band states with cou-

pled parallel and anti-parallel spin (σ = ±1) excitations. The main difference is that

for quantum spins considered here, a spin-up electron is allowed to hop on empty site

populated by an opposite local spin after flipping it while conserving the total spin.

The above equation for σ = 1,if we neglect contributions with σ = −1, recovers the

double exchange model for bare electrons and classical spins [76]. The two main con-

tributions here result from (a) locally parallel spin quasi-particles whose amplitude in

maximized for to hopping between ferromagnetically ordered sites θi = θj and (b) anti-

ferromagnetically ordered sites which allows quasi-particle hopping maximized between

sites with |θi− θj | ∼ π. In non-equilibrium conditions such as those during optical exci-

tations, quantum fluctuations occur in the non-thermal temporal regime which give rice
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to an imbalance between ferromagnetic and anti-ferromagnetic spin populations lead-

ing to quasi-particle delocalization. These changes result from the dependence of the

quasi-particle bands on the local on-site parameters such as quantum spin canting and

changes on charge populations of the different sites in the lattice due to the local density

matrix dependence of the anti-commutator naσ in Eq.(5.4). For instance during laser

excitation photogenerated non-thermal populations is expected to induce charge redis-

tribution and on-site spin canting which in turn affect the quasi-particle energy bands

properties such the energy band dispersion and band gap. In addition, classical param-

eters determine the quasi-particle bands such as the background spins via the classical

spin canting angles θi and the classical dynamics of the on-site lattice displacements Qi.

The latter is of great importance because determines the local distortion of each site

which in turn change the eigenstates |iaM〉 and |im〉 and the excitation energy εaσ(i).

Finally spin and charge imbalance as well as lattice excitation changes have an impact

on the hopping tight-binding tab(i, j) and photoexcited hopping Vab(i, j). For instance

changes in the hopping parameters such as reduction of xy-hopping and enhancement of

z-hopping, have been reported in strained manganite thin-films undergone by enhanced

xy-plane lattice distortions due to compressive tetragonal distortion [91]. Such changes

in the hopping amplitudes also affect the spatial, spin-charge and orbital modifications

which favor co-existing domains with different spins and orbital orderings.

5.3.1 Problem setup

We consider a periodic manganite structure such as in typical Pr1−xCaxMnO3 with

x = 0.5 where Mn ions are half in trivalent (Mn4+) and half in tetravalent (Mn3+)

state ordered in a checkerboard pattern along the xy plane (charge-ordering). Each

Mn ion exhibit 3d levels which are slit into a t2g triplet and eg doublet. The O2 ions

mediate the binding between the Mn ions while the role of divalent compounds such as

Pr or La, is to provide conduction electrons. In terms of ion/charge ordering in the z

direction the structures consists of stacked xy planes. Each Mn ion exhibits two orbital

states where for Mn3+ ions undergo Jahn-Teller distortions which lifts the degeneracy

of the eg orbitals while in Mn4+ they have zero distortion. This structure exhibits also

orbital ordering in the distorted ions which is energetically favorable as reported in

static experimental measurements. In particular, Mn4+ eg exhibit degenerated orbitals

|x2−y2〉 and |3z2−r2〉. Distorted Mn3+ ions form oriented lobes along x or y axis which

favor occupation on |3x2 − r2〉 and |3y2 − r2〉 orbitals respectively while higher energy

orbitals remain unoccupied. In terms of spin, each xy layer posses ferromagnetically

ordered zig-zag chains which are coupled antiferromagnetically with neighboring in-

plane chains. Each xy layer is antiferromagnetically coupled with neighboring stacked
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planes. This complex structure covers the so-called CE charge-ordered phase (CE-CO).

A typical model of a finite CE-CO type 3D cluster (bilayer) is presented in Fig.5.1.

Figure 5.1: Schematic representation of a bilayer CE-type structure. The bilayered
unit-cell shaded in orange, is the minimal unit-cell which consists on 16 sites.

As seen in the above model, each Mn4+ ion is presented as spheres stacked in corners

along the zig-zag chains so we call them as corner sites while Mn3+ ions due to the

extended lobes connect pairs of corner sites so we call them as bridge sites for simplicity.

Since our equations couple quasi-particle excitations for σ = ±1 where hopping between

anti-ferromagnetic ions is allowed for quantum spins, the complete energy dispersion can

be reproduced in the k-space representation assuming a periodic CE-CO type unit-cell

consisting of 16 sites. A typical illustration of the unit-cell is provided in Fig.(5.2). Many

works considering classical spins consider a minimal unit-cell consisting of only 4 sites

with periodic boundary conditions. In this case energy dispersion covers only a one-

dimensional ferromagnetic chain instead of a three-dimensional structure as in our case

considering quantum spins. In first approximation we assume that the system relaxes

with non-zero Jahn-Teller distortions on the bridge sites where the charge occupies the

|3x2 − r2〉 and |3y2 − r2〉 orbitals lowering their energy levels by ε− = −2EJTQ, while

keeping zero distortions on corner sites degenerated in energy ε = 0. In terms of spin,

the bridge sites are populated forming M = S+ 1
2 spins while corner sites form m = 3/2

spin with respect to their local z axis defined by the classical θi angle. Thus we assume

that sites θi = 0 and θi = π form ferromagnetic zig-zag background spin patterns anti-

ferromagnetically coupled each other. The above structure with this specific charge and

spin configuration are found to be energetically favorable for half filling as confirmed

by several works i.e. with large scale Monte-Carlo simulations assuming classical spins

[75, 76] or boson-slave mean-field approximation [70]. We note that the above structure

displays charge and orbital ordering. In order to demonstrate the main properties of
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quasi-particle energy bands and their dependence on quantum spin fluctuations, we

provide numerical calculations of the eigenvalues in the k-space as well as in real space

representation by exact diagonalizing the problem on finite size ion clusters.

Figure 5.2: Unit-cell 16 sites used for the band-structure calculation in the k-space.

5.3.2 Anti-commutator dependence on spin fluctuations

The eigenvalue equation is dependent strongly on the anti-commutators naσ(i) as men-

tioned above. That means that delocalized quasi-particle bands are strongly affected by

local correlations such as local on-site populations and spin fluctuations. The most im-

portant feature due to quantum spins is the quasi-particle hopping between anti-parallel

spins regulated by the anticommutators na,−σ(i). On the other hand, na,σ depends on

the local populations which may deviate due to local and inter-site couplings as well as

excitations due to optical coupling or lattice changes. The on-site spin fluctuations are

determined by the deviation of the total spin from its fully aligned orientation defined

by the local z axis. In our case, we examine the CE-CO type structure which possesses

fully anti-ferromagnetic aligned spin sites with zero canting angle between them. Thus

the deviation of the on-site total spin is defined as

∆Jaz = ∆Sz(i) + ∆saz(i) (5.13)

determined by populations with M ≤ S + 1
2 and m ≤ S − 1 spin states. Using the

completeness equation Eq.(3.44) and Eq.(3.45) as well as the relations Eq(3.2), Eq.(5.4)

and Eq.(5.13), we obtain the following relations for quasi-particle anti-commutators

na,↑(i) = 1− ∆Jaz (i)

2S + 1
, na,↓(i) =

1− fai + ∆Jaz (i)

2S + 1
(5.14)

for σ = 1 (↑) and σ = −1 (↓) where fai =
∑

M ρai (M) is the on-site total charge

populated on a orbital state. The above anti-commutators indicate that in the case of



71

quantum spins, quasi-particle excitations with total spin anti-parallel to the equilibrium

spin are allowed. Considering the above CE-CO structure, the spatial charge population

fai value is modulated by the charge distribution of each site. The bridge sites possess

charge which occupy the |3x2 − r2〉 and |3y2 − r2〉 orbitals while corner sites remain

empty. Thus we have fa = 0 for all sites and orbitals except fa = 1 for bridge sites

and a = |3x2 − r2〉, |3y2 − r2〉. In absence of spin fluctuations ∆Jaz = 0, the relations

Eq.(5.14) give na,↑ = 1 for all sites, na↓ = 1/4 for the corner sites while for bridge sites

we have n|3x2−r2〉,↓ = n|3y2−r2〉,↓ = 0 and n|3x2−r2〉,↓ = n|3y2−r2〉,↓ = 1/4. On the other

hand, considering classical spins S →∞ as in the case of bare electrons, from Eq.(5.14)

we have na↑ = 1 and na,↓ = 0 for all sites. These parameters regulate the quasi-particle

hopping amplitude in ferromagnetic but also in anti-ferromagnetic sites.

5.3.3 Quasi-particle Energy Band Dispersion

Here we compare the energy dispersions between bare electrons and composite fermion

quasi-particles. In particular in order to point the most striking differences between

quasi-particle and bare electron bands we compare our results with those in Ref[76]

using the same tight-binding and electron-lattice parameters. In classically treated spins,

electron hopping occurs only between different sites where i, j sites are ferromagnetic.

That means that the hopping amplitude can develop when the classical reference angles

θi, θj satisfy 0 ≤ |θi − θj | < π. Thus in fully anti-ferromagnetically coupled FM chains

in CE-CO phase considered here, hopping is allowed only along the chain where θi = θj .

However hopping between AFM sites occurs considering quasi-particle quantum spins

where the total hopping amplitude is regulated by the anti-commutators naσ(i). In

Fig.5.3 we compare the bare electron and quasi-particle band dispersion in three different

directions: kx directed along the in-plane zig-zag FM chains, ky perpendicular to the

in-plane chains and kz perpendicular to the xy planes.

Here the pronounced difference is the broad spectrum of bands above the insulator gap

as well as differences below the gap in quasi-particle dispersion with quantum spins. In

particular we observe energy lowering near the Γ point which suggests that the ground

state of the system has lower energy with quantum spins. Furthermore for quantum

spins, not only a broad dispersion is observed along the kx but also exhibits pronounced

dispersion along ky and kz directions which means that hopping occurs in three direction

instead of one direction kx as in the case of classical spins where hopping is prohibited

between AFM sites without spin canting. The above results have been calculated con-

sidering Jahn-Teller distortion strength EJT /t0 = 1.25 (g/t0 = 5, K/t0 = 10) and lattice

displacement on bridge sites Q = 0.7 which results by minimizing the total energy of

CE-CO phase with classical spins. In Fig.5.3 we plot the lowest bands for EJT /t0 = 1.25



72

-1 0 1
k

z
/ α

z

-4

-2

0

2

4

E
n
er

g
y
/t

-1 0 1
k

y
/ α

y

-4

-2

0

2

4

E
n
er

g
y
/t

E
JT

/t=1.25, Q=0.7

-1 0 1
k

x
/ α

x

-4

-2

0

2

4

E
n
er

g
y
/t

a) Classical Spins

-1 0 1
k

z
/ α

z

-4

-2

0

2

4

E
n
er

g
y
/t

-1 0 1
k

y
/ α

y

-4

-2

0

2

4
E

n
er

g
y
/t

-1 0 1
k

x
/ α

x

-4

-2

0

2

4

E
n
er

g
y
/t

b) Quantum Spins

Figure 5.3: Calculated band-structure dispersion of the composite-fermion quasi-
particles considering intersite energy gap ∆E = 1.75t0 (∆E = 2EJTQ). Here results
are provided considering (a) classical spins (S →∞) and (b) quantum spins (S = 3/2).

and EJT /t0 = 5 to observe the how the band dispersion is affected by increasing the

Jahn-Teller distortion.

We observe that, by increasing EJT , the band dispersion narrows due to the energy

barrier between alternating distorted and undistorted sites which lowers the kinetic

energy and localizes the charge in all three dimensions. The results obtained in the deep

insulating limit justify the use of a localized electron effective Hamiltonian for describing

spin interaction in the previous chapter. In the opposite limit, the bands broaden which

suggests enhanced electron kinetic energy and hopping between sites with reduced energy

level difference. In Fig.5.4 we present the dispersion in the extreme case of EJT = 0

where sites have zero energy difference and electrons behave completely delocalized. In

this plot, we use the hopping parameters of Ref[30]. The most pronounced difference

here with quantum spins is the absence of energy gap which means that the system

behaves as metal while we observe a pronounced energy gap in the case of classical spins

which means that even in this case of zero energy difference between sites, the insulator

gap is maintained.

However the bands have similar dispersion below and above the energy gap in comparison
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b) Quantum spins

Figure 5.4: Calculated band-structure dispersion of the composite-fermion quasi-
particles in absence of local distortions which sets the intersite energy gap ∆E = 0.
Here results are provided considering (a) classical spins (S → ∞) and (b) quantum

spins (S = 3/2).

to the non zero Jahn-Teller distorted system. The dispersionless bands result from a

linear combination of unidistorted sites in the case of classical spins while for quantum

spins they come from the lower energy levels of the bridge sites distorted with σ = −1

where the anti-commutator gives zero na↓ = 0. Thus block-diagonal parts are present

in the diagonalization of the eigenvalue equation.

In the deep insulating limit, the electrons are confined due to the large distortion around

the energy level ε = −2EJTQ so the energy gap dominates over all band dispersion. A

possible insulator-metal transition can be achieved by relaxing the amplitude EJT or

the displacement Q of the strongly distorted sites. Despite lattice relaxation processes,

here with quantum spin we observe an important feature which may open ups a channel

to a possible insulator-metal transition. As seen, finite dispersion quasi-particle energy

bands develop in the conduction band along kz due to deformation of the collinear AFM

background by the excited electrons which implies that inter-plane hopping and electron

delocalization can be further enhanced by quantum spin fluctuations. Additionally when

decreasing the electron-phonon coupling which reduces the Jahn-Teller splitting of the

bridge sites, the composite-fermion confinement weakens and the dispersion broadens
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due to hopping in all three directions (inter-site, inter-chain, inter-plane). Furthermore,

delocalization of AFM chains gained by anticommutators na↓ reduces the energy band

gap. As we have seen, the quasi-particles behave non-adiabatically in previous chapter to

external stimuli such as optical coupling so spin fluctuations are triggered during optical

excitations as well. Driving the system in an excited state enhances the possibilities of

a fast non-adiabatically gap quenching and insulator-metal transition by manipulating

spin fluctuations. In contrast, classical spins calculations suggests that a critical mag-

netic field much larger than the values measured in experiment is required in order to

drive a large canting of the average background spins to obtain metallic behavior.

Let us now discuss the band properties and the possibility of adiabatically induced

insulator-metal transition. In classically treated spins considering AFM CE phase, an

insulator-transition can be driven adiabatically by applying an external magnetic field

which induces spin canting of the AFM CE phase by a canting angle θ as displayed in

Fig.5.5.

Figure 5.5: Schematic representation of the spin canting angle θ. The spin-canting
angle θ = 0, describe the tilt of the local z-axis at site i as referred by the local canting
angles θi = 0 or π with respect to the laboratory z-axis (red lines) and define the local

reference frames.

The energy bands open, due to melting, and broaden while ferromagnetic components are

developed and dispersionless bands change due to non-zero hopping between difference

chain and planes. Quenching of the energy band gap is observed and the system melts

into a metallic phase. The gap is modified by the external magnetic field and a critical

transition field amplitude is required to completely quench the gap. However exact

diagonalization studies, indicate that a critical field amplitude of the order of gµbHc ≈
50meV is required to induce insulator-metal transition considering classical spins [76].

Here we demonstrate gap quenching due to spin canting angle in the case of classical

spins and we compare the bands and band quenching in the case of quantum spins.

We note that we compare these systems by using the same parameters. We start by

considering these CE AFM systems in an optimal Jahn-Teller lattice distortion state

as in previous examples with g/t0 = 5 and a canting angle θ = 28◦ due to an external

magnetic field. In order to compare our results with our previous examples, we assume

that the field does not affect the distortions.
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b) Quantum spins

Figure 5.6: Calculated band-structure dispersion of the composite-fermion quasi-
particles considering intersite energy gap ∆E = 1.75t0 for spin canting angle θ = 28◦.
Here results are provided considering (a) classical spins (S → ∞) and (b) quantum

spins (S = 3/2). The shaded area represents the band-gap.

In Fig.5.6 we present the effect of magnetic field induced spin canting angle on the

band dispersion in both cases. Indeed the development of the ferromagnetic component

changes the nature of the system. First we observe reduction of the energy band gap.

This is due to the hopping among different sites with different spin orientation but a

common spin component along the direction of the field. We observe a lowering of the en-

ergy band amplitude which indicates that a canted phase is more favorable energetically.

However our calculations neglect the contribution of the anti-ferromagnetic coupling in

the Hamiltonian which recovers the stability of the AFM CE phase and ensures that

a canted CE phase has higher total energy with respect to the fully AFM CE ground

state. Moreover we observe that in the case of composite fermion quantum spins the en-

ergy band gap is completely closed suggesting that the system has changed to a metallic

phase with critical spin canting angle θ = 28◦ while a non-zero energy (shaded area) gap

is still present in the case of classical spins where the system remains in the insulating

phase. Our results indicate that a much smaller critical magnetic field is predicted in

our model in order to induce insulator-metal transition in a adiabatic fashion. Classical

spin calculations generally produce critical magnetic fields much larger than the values



76

measured in experiment, as they require a large canting of the average background spins

to be induced by an external field in order to obtain metallic behavior. On the other

hand, quantum spin canting is induced instantaneously by the excited composite fermion

quasi-particles, whose population can be controlled by laser photoexcitation.

5.3.4 Quasi-particle Band Spin-Mixing

In previous sections we presented properties of the composite fermion band dispersion

which differs significantly from bare electron classical spins bands. The most important

feature of composite fermion bands is the quantum spin canting can result from triggering

coherent excitation. In the delocalized representation, quasi-particle excitations are

assumed to populate quasi-particles from the valence band to the conduction in a similar

way as bare electrons. Here we show that composite fermion quasi-electron excitations

of the extended AFM system are accompanied by strong quantum spin canting of the

collinear AFM CE phase. To see this, we compare the probabilities
∑

ia |u
↑
nk(ia)|2 and∑

ia |u
↓
nk(ia)|2 that describe the spin admixture as a function of the lower occupied energy

level of the bridge sites due to Jahn-Teller distortion ε = −2EJTQ for two eigenstates

at Γ point (k = 0) which correspond to a lower and upper the gap bands.
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Figure 5.7: Calculated probability of flipped spins for quasi-particles below (left
panel) and above (right panel) the energy gap. σ = 1 (-1) means quasi-particle to-
tal spin parallel (anti-parallel) to the equilibrium spin direction determined by θi = 0
or π. The pronounced difference in quantum spin canting between a quasi-electron and

a quasi-hole correlates with the difference in their energy dispersions.

In Fig.5.7 we present the probability Pnkσ =
∑

ia |uσnk(ia)|2 for a quasi-valence band

(left panel) and a quasi-conduction band (right panel). Pnkσ probes the probability of

finding a quasi-particle with spin parallel to the equilibrium background spin (σ = 1)

or anti-parallel spin (σ = −1). By probing Pnkσ for σ = −1 for a quasi-valence band

we find small non-zero probability for ε ≈ t which tends to zero as ε increases. However

the small probability contradicts with the expected results of finding all electron spins

collinear to the background spins in the valence band when considering classical spins

(
∑

ia |u
↓
nk(ia)|2 = 0 and

∑
ia |u

↑
nk(ia)|2 = 1). We note also that with classical spins



77

there is no deformation of the background spins with respect to the quasi-equilibrium

local canting angles θ(τ) during excitation and electron hopping timescales. For large ε

the probability agrees with the results for classical spins since in this limit the motion

of quasi-holes mostly occurs within a single FM chain and does not induce strong spin

dynamics. On the other hand when we calculate
∑

ia |u
↓
nk(ia)|2 on an upper gap band we

observe that the probability to find a quasi-electron with anti-parallel spin with respect

to the background quasi-equilibrium spin is very pronounced which indicates that spin

deformation is possible to be induced by quasi electron excitations above the insulator

energy gap during the electronic hopping. We also observe that for small distortions

we obtain Pnk↑ = Pnk↓ while by increasing ε we find slightly greater probability but by

averaging over all ε we have Pnk↑ ≈ Pnk↓ which is the most striking. This indicates

that in non-equilibrium conditions, populations of composite fermion quasi-electrons

excited above the insulator gap will instantaneously deform the anti-parallel background

spins and thus induce quasi-instantaneous FM correlation during excitation. In non-

equilibrium conditions multiple excitations of quasi-eh pairs developed to the insulator

gap during the relaxation of a photoexcited high energy pair. The subsequent spin

deformation may develop to macroscopic ferromagnetic component in femtosecond time

scales while the insulator melts into a metal. This is a possible mechanism to explain

the non-thermal ferromagnetic order and insulator-metal transition reported in Ref[6].

5.4 Dependence of Quasi-Particle Bands on Spin Fluctua-

tions and Lattice Distortion

In this section we discuss how energy bands are affected by changes of the lattice dis-

tortions and quantum spin fluctuations as well as the modification of the equilibrium

background spin. Our interest also lays on possible connections of these changes to the

ultrafast non-thermal insulator-metal transition mechanisms due to laser excitation. As

have we seen, local excitations affect non-equilibrium quantum populations which ad-

dress the on-site spin fluctuations ∆Jaz due to photoexcitation. Our calculations indicate

significant non-zero probability of finding quasi-electrons in the conduction band with

spin anti-parallel to the background spin. Such results imply the possibility to induce

quantum spin canting by exciting sufficient amount of charge density above the insula-

tor band gap. The background spins are also affected adiabatically by external stimuli

such as static magnetic fields. The magnetic field coupling cants the spins and breaks

the anti-ferromagnetic colinear order of all spins by a classical canting angle θ. Several

experimental works report non-thermal photoinduced phase transition in manganites ac-

companied by melting of charge and orbital order with critical pump fluences, increase of

the conductivity, polaron formation by itinerant electrons, changes of lattice parameters
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in metastable states and structural deformation due to non-equilibrium modifications

of Jahn-Teller distortions. Here we address electron-lattice effects by assuming that the

lattice motion can be described by classical coordinates Qi as mentioned in the theory

section. Our approach is limited by considering fixed on-site orbital linear superposi-

tions reproducing the CE phase found in static experimental measurements while the

eigenstates |iaM〉 in the local Hamiltonian are dependent on Qi. On first approximation

the Q1, Q2, .., Qn parameters of n sites are reduced to one by considering that all bridge

sites are distorted by Q and corner sites undistorted. The local on-site energies Ei(aM)

of |iaM〉 states are linearly dependent on Q and we assume hopping integrals tab(i, j)

and Vab(i, j) independent on Q as their dependence in real materials is still under debate.

5.4.1 Problem setup

We consider a finite three-dimensional cubic cluster of Mn sites alternately forming

bridges and corner sites where charge, orbital and spin ordering form AFM CE type

structure. Each Mn ion exhibits two eg orbitals, assuming half filling with each bridge

site undergoing Jahn-Teller distortion dependent on Q with strength g/t0 = 5 and

amplitude EJT = g2/2K where we assume fixed K/t0 = 10 lattice constant. Nearest

neighboring sites are interacting each via inter-site hopping tight-binding parameters.

To investigate the dependence of energy bands on the lattice parameter Q, we perform

calculations by solving the N -site system via exact numerical diagonalization of the

eigenvalue Eq.(5.6) represented in real-space where all eigenvalues are calculated as a

function of Q.

5.4.2 Energy bands dependence on lattice displacement

In this section we consider a finite AFM CE-type three-dimensional lattice consisting of

16× 16× 16 sites with periodic boundary conditions and we provide calculations of the

quasi-particle energy bands dependent on the energy levels of the bridge sites induced

by the local electron-lattice coupling εx(Q) = 2EJTQ(d|y2−z2〉 − d|3x2−r2〉), εy(Q) =

2EJTQ(d|z2−x2〉 − d|3y2−r2〉) for x and y oriented bridge sites respectively. We note

that our results for small-sized finite lattice converges for sufficiently large system and

reproduces the results obtained in the periodic system. For our purposes here we assume

corner site with distortions frozen at ε = 0. In Fig.5.8 we present the band Q-dependence

by comparing the bare-electron bands with classical spins and composite fermion quasi-

particles with quantum spins whose motion deforms the background spins.

In the upper panel we present the bands with classical spins. Our results are consistent

with previous works based on classical spins [30]. For Q > 0 the structure reproduces the
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Figure 5.8: Calculated energy levels as function of collective distortion amplitude Q
for different spin canting angles θ which describe FM correlations between FM chains
and planes with respect to the collinear AFM state θ = 0. In the upper panel, energy
band are calculated considering classical spins (S →∞) while in lower panel, results are
presented considering composite-fermion quasi-particles (S = 3/2). In all calculations

we assume EJT = 1.25t0.

d|3x2−r2〉, d|3y2−r2〉 orbitaly polarized CE phase measured in experiments while for Q < 0

we calculate bands for opposite orbital polarization favoring d|y2−z2〉, d|z2−x2〉 orbitals.

The bands exhibit discrete energy levels in the valence band for θ = 0 which result due

to small size effects. They show that a discrete degenerate state with energy ε = 0 is

the lowest conduction band which results from corner sites as mentioned in previous

k-space based calculations and is a linear superposition of the electronic configurations

in the two different corner sites of the zig-zag chain unit cell and it does not depend on

Q. Additionally, without adiabatic canting, the system appears to be insulating in all

Q range. With increasing spin canting angle θ between the chains, electronic hopping

between planes breaks the degeneracy of the above ε = 0 while broadens the conduc-

tion bands as well as the valence bands. For large FM correlation between the chains

as in the case with θ = 15◦, the bandwidth broadens even more and the energy band

gap quenches, which results in metallic behavior induced by classical spin canting. The
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lower panel shows the conduction band of composite fermion quasi-particles which ap-

pears to be already very broad and metallic in the collinear AFM ground state θ = 0

for a narrow range of Q. The difference from the classic spins results from the non-zero

anti-commutators na↓ which allows hopping among AFM ordered sites. Such metal-

lic conduction band arises from the quantum spin canting induced by the excitation

of the quasi-electron, which can tunnel between the different AFM planes and chains

due to electron-magnon quantum fluctuations that cant the background spins. While

treating the spin background as adiabatic assumes that it is slower than the electronic

hopping, for composite fermions quantum spin canting occurs during electronic hopping

timescales. This results in instantaneous metallic behavior and FM correlations during

quasi-particle excitation even for intermediate Q which can quench the energy gap prior

to any increase in θ. By increasing the canting angle θ, we enhance FM correlations.

The bands broaden even more and we observe that the critical range of Q where the

band gap closes, increases. Our results suggest that band gap closing indicates insulator-

metal transition which occurs for lattice distortions Q within the critical range {Qc}.
By increasing canting angle θ, the critical range {Qc} also increases. The existence of

two kinds of bands with different dependence on the lattice and spin degrees of free-

dom is consistent with previous descriptions of the equilibrium states and CMR phase

transition of AFM insulating manganites in terms of polaronic majority carriers and

metallic-like minority carriers in excited states.

Now we turn on quantum spin fluctuations. Unlike classical spin canting which results

by the application of an external magnetic field, quantum spin fluctuations here are

governed by the dynamics of the spins between Mn4+-Mn3+ many-body populations

controlled by optical coupling or coherent excitations. Such population dynamics affect

delocalized bands via the anti-commutators naσ(i). Thus anticommutators are deter-

mined by the non-thermal populations which obey the restriction rules discussed in the

theory section. Let us consider the fully collinear AFM CE phase in an excited state

during optical pumping where on-site non-equilibrium populations differ from equilib-

rium as in our dimer model in Fig.4.2 for time range between τ =0-20fs. We assume

that in equilibrium, the system relaxes in a state where each bridge site is occupied by

an itinerant electron forming ρai (S + 1
2) = 1 for a = |3x2− r2〉 or |3y2− r2〉 while empty

corner sites form m = S configurations ρi(S) = 1. We assume that each site has its own

reference z-axis and the AFM zig-zag pattern is recovered by classical canting angles

θi = 0 or π. Let us now assume that in non-equilibrium conditions the on-site popu-

lations are re-configured as in Fig.4.2 for τ = 100fs. In this case we assume all bridge

site populations are redistributed with the following configuration: ρai (S + 1
2) = 1 − λ

(a = |3x2− r2〉 or |3y2− r2〉) and ρi(S) = λ while for corner sites we have ρai (S− 1
2) = λ

(for a = |x2 − y2〉) and ρi(S) = 1 − λ where λ ranges between {0, 1}. In the following
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tables we present the anticommutator naσ values by assuming the above process for

different λ.

Table 5.1: λ = 0

a fa ∆Jaz na↑ na↓
d|y2−z2〉/d|z2−x2〉 0 0 1 0.25

d|3x2−r2〉/d|3y2−r2〉 1 0 1 0

d|x2−y2〉 0 0 1 0.25

d|3z2−r2〉 0 0 1 0.25

Table 5.2: λ = 0.4

a fa ∆Jaz na↑ na↓
d|y2−z2〉/d|z2−x2〉 0 0 1 0.25

d|3x2−r2〉/d|3y2−r2〉 0.6 0 1 0.1

d|x2−y2〉 0.4 0.4 0.9 0.25

d|3z2−r2〉 0 0.3 0.925 0.325

Table 5.3: λ = 0.6

a fa ∆Jaz na↑ na↓
d|y2−z2〉/d|z2−x2〉 0 0 1 0.25

d|3x2−r2〉/d|3y2−r2〉 0.4 0 1 0.15

d|x2−y2〉 0.6 0.6 0.85 0.25

d|3z2−r2〉 0 0.45 0.887 0.362

The above specific process induce ∆Jaz 6= 0 on corner site orbitals which increases with

λ. We also observe that even the unoccupied |3z2− r2〉 orbital at the corner sites posses

spin deviation which in turn increases na ↓ contribution. In Fig.5.9 left-panel we observe

a small band broadening due to quantum spin deviation based on the lased-induced

process adopted by the dimer model which also affects the critical {Qc} range.

In the ground state, the system is insulating so Q > Qc. Laser excitation can lead

to Q(τ) ≤ Qc(τ) and thus induce an insulator-metal transition in several ways. We

summarized the basic mechanism here. Insulator-metal transitions can be achieved by

driving the system in an non-equilibrium state using external stimuli and the critical

range to may be increased Qnec (τ) ≥ Qeqc with respect to the equilibrium rangor by

driving the system so Qne(τ) < Qc(τ). To capture the effects of spin canting due to

external magnetic field as well as by laser-driven quantum spin canting, we calculate the

Q-dependence of th energy band gap in three different cases. In Fig.5.10a we present

the band gap due to spin canting angle θ assuming classical spins. We observe a large

band gap of the order of t0 for Q = 0 in absence of any spin canting. In this case the

energy gap does not close without a large canting angle θ between AFM chains.

On the other hand, for composite fermions, Fig.5.10b shows quantum spin canting dur-

ing quasi-particle excitation softens the energy gap, which now closes below Q = Qc ≥ 0
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Figure 5.9: Composite-fermion anticommutators changes due to spin and charge
fluctuations. Such changes affect the band-structure. Here we provide calculation of
composite-fermion quasi-particles energy levels in the case of zero spin/charge fluctua-

tions (λ = 0) and non-zero fluctuations (λ = 0.6).
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Figure 5.10: Effect of FM correlation on the lattice dependence of the energy gap in
the case of (a) bare electrons with increasing θ, (b) composite fermion quasi-particles
with increasing θ, (c) composite fermion quasiparticles, increasing Jaz or fa. Here we
present band-gap as a function of the distortion amplitudes Q for different amplitudes

of the on-site electron population λ.

even for θ = 0. We abserve that the critical value Qc increases with background spin

canting θ for both classical and quantum spins. However, in the case of bare electrons

with adiabatically decoupled slower spins and thus more rigid bands, a large spin cant-

ing angle θ is required to reach a Qc comparable to composite fermions with soft energy

bands. As a result, the insulating state is more robust and rigid in the case of classical

adiabatic spins. In the case of composite fermions, the charge excitation gap depends

on the on-site spin fluctuations ∆Jaz (i) around the average direction θi. The latter spin

fluctuations can be induced by nonadiabatic photoexcitation of local spin populations

with M < S + 1
2 and m < S which results in time-dependent changes of the composite

fermion anti-commutator naσ(i) and to quasi-instantaneous non-perturbative changes in
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the quasi-particle properties and energy dispersion. In Fig.5.10c we present the quasi-

particle energy band gap affected by spin fluctuations assuming charge redistribution

and spin process similar to the dimer-model discussed in previous chapter. Here we as-

sume laser-driven electron hopping creating quasi-hole excitation |d|3x2−r2〉, S+ 1
2〉 → |S〉

on bridge sites. The photogenerated charge hops on corner sites by creating local ex-

citation |S〉 → |d|x2−y2〉, S − 1
2〉. Based on this example we calculate the on-site to-

tal spin deviation ∆Jaz and the total electronic population fa for different λ. Thus

the change on anti-commutators naσ(i) results from both contributions which in turn

affect quasi-particle energy bands and band gap. In particular we observe a change

∆na↓ > 0 especially on corner sites. We conclude that photogeneration of ∆Jaz (i) > 0

increases na↓(i) which instantaneously quenches the band gap and increases Qc. Also

independently of the details of fs spin photogeneration, both adiabatic θi(τ) > 0 and

nonadiabatic ∆Jz(τ) > 0 FM correlation induced by the photoexcited quasi-particles

leads to increased Qc(τ). As mentioned above, insulator-metal transition occurs when

Q(τ) < Qc(τ). This may already occur during photoexcitation of sufficient population

of composite fermion quasi-particles, which can leads to instantaneous FM correlation

due to quantum spin fluctuations. Fig.5.10 implies 6 implies a nonlinear dependence

of the electronic properties on the pump fluence, as the latter controls the non-thermal

populations of the composite fermion excitations that suddenly change the soft energy

bands and Qc while also inducing lattice displacements Q(τ) < Q. We expect that, with

multiple quasi-particle excitations, such nonlinear dependence will be even stronger than

the single quasi–particle results presented here. We note that classical spin equilibrium

calculations predict a very high critical magnetic field for inducing a CMR phase tran-

sition, due to the large charge excitation energy gap for adiabatically decoupled spins.

Here we argue that composite fermion excitations characterized by soft energy bands

that can be manipulated optically can make an insulator to metal and AFM to FM

transition possible for low magnetic fields and pump fluences.



Chapter 6

Time-Dependent Quantum

Fluctuations: Applications in

Two-Orbital Models

6.1 Introduction and problem setup

In this chapter we study the photoinduced quantum spin and charge fluctuations in two-

orbital models. Following a similar procedure as in our quantum dimer example, here

our two-orbital models consist of alternate Mn4+/Mn3+ sites forming three-dimensional

structures. Each Mn site is assumed to be surrounded by six oxygen ions O2 which

give rise to the crystal field potential and quenches the orbital angular momentum by

introducing the crystal field splitting of the d orbitals. The d orbital lobes then are

distinguished by those pointing on the oxygen ions and those pointing between them.

These two energy separated eg levels are noted as d|x2−y2〉 and d|3z2−r2〉 respectively.

Since our interest is mainly focused on half-doped manganites, it means that if a struc-

ture contains N sites, then we have N/2 Mn3+ sites exhibit four d orbital electrons

where three spin-electrons are put to t2g orbitals forming the core local spin and one

spin is occupied on one of the eg orbitals totally forming M = S + 1/2 spin due to

strong Hund interaction. The unoccupied Mn4+ sites exhibit only S = 3/2 local t2g

spin leaving empty degenerated eg orbitals. Several half-doped mangnite compounds

exhibit checkerboard charge-order and CE-type spin arrangement which is the most in-

teresting due to its complexity. Similarly in the two-orbital models considered here we

set fixed zig-zag CE-type spin arrangement and charge-order as the initial condition

for the time dependent dynamics. The structure is stacked along the z axis as men-

tioned in the previous chapter. The oxygen ions affect the electronic properties via the

84
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hopping integral between nearest neighbor Mn-O ligand to ligand 3d-2p hybridization.

It is assumed that in the classical limit, the eg electron is mobile and can hop to the

neighboring Mn4+ by forming a ferromagnetic double exchange coupling. The occupied

eg orbitals are ordered in the direction of these bonds to maximize the double exchange

coupling by forming hybridized Mn ligands such as |3x2 − r2〉/|3y2 − r2〉 states. In or-

der to understand the essential spin-charge dynamics, we neglect such hybridized states

found in realistic systems and we assume that in our models all Mn sites exhibit two

kinds of orbital states, |x2 − y2〉 and |3z2 − r2〉 along the entire structure. We assume

that the kinetic hoppings between nearest-neighbor eg orbitals can be parameterized in

accordance with the Slater-Koster rules so we have a complete set of hopping amplitudes

along xy and z directions (after setting a = d|x2−y2〉, b = d|3z2−r2〉). These are given by

txaa = −
√

3txab = −
√

3txba = 3txbb = 3t0/4 , tyaa =
√

3tyab =
√

3tyba = 3tybb = 3t0/4 and

tzbb = t0, tzaa = tzab = tzba = 0 where t0 is the global hopping amplitude used as energy

unit. This means physically that along the z direction, electrons can only hop between

d|3z2−r2〉 orbital and that all other z hoppings are zero by symmetry. While several

tight-binding and DFT works in manganites, estimate the global hopping amplitude

t0 ≈ 0.2eV [30] and t0 ≈ 0.6eV [88], here for our numerical simulations we adopt a

rather conservative approach by assuming a global hopping t0 = 0.1eV which is much

lower that in low bandwidth manganites just to clarify essential spin-charge physics.

CE-3X CE-3Z

Figure 6.1: Visual representation of two-orbital Mn-ion CE-type structure models
called CE-3X and CE-3Z. In CE-3X model the strongly distorted Mn3+ ions are oc-
cupied on d|x2−y2〉 orbital whose lobes are lying on the xy plane. These sites are
represented as cross-like lobe-sites. In the CE-3Z model each Mn3+ is occupied by one
eg electron occupying d|3z2−r2〉 orbitals which lobes lying along the z axis and repre-
sented as distorted double spheres. The empty sites are set as simple spheres. The
colors indicate the spin polarization of each site with respect to the local laboratory
axis, spin up and spin down. Our models are three-dimensional uniform cubic. For

simplicity here we present only a bilayer slab.

Our fictitious 3D models differ only on the Mn3+ eg orbital occupation (orbital-ordering).

In the first case the eg electron occupies the d|x2−y2〉 orbital while in the second case

it occupies the d|3z2−r2〉 orbital. We call them CE-3X and CE-3Z systems respectively
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and a simple visualization is presented in Fig.6.1 The Mn3+ eg orbitals are separated

by strong Jahn-Teller distortion as dictated by the electron-phonon coupling in the

mean-field approximation. The systems are assumed uniform without the presence of

on-site quenched disorder. Due to the large energy gap between eg levels, the electron

hopping is favorable in the xy plane in the first model where the electron occupied

the zero z-axis hopping d|x2−y2〉 orbital while in the second model it occupies d|3z2−r2〉

orbital which permits non-zero z-direction hopping with strong amplitude. By noting

all Mn3+ sites belong to A sublattice and Mn4+ sites to B sublattice, for our density

matrix we have the initial conditions ρi∈A(S) = 1 and ρai∈A(S + 1/2) = 1 for the CE-3X

model, ρbi∈A(S + 1/2) = 1 for the CE-3Z model. The rest quantum populations and

coherences are set to zero. We note that each local spin-site z-component is referenced

to its local frame whose z-axis is tilted with respect to the laboratory z-axis for each site

as in previous chapter. We also note that other spin interactions such as the spin-orbit

that affect mainly the energy levels of t2g local electrons and the AFM superexchange

interaction are neglected here for simplicity because in order to be treated exactly within

our Hubbard-operator density matrix formalism is very challenging. However, we expect

that the inclusion of the AFM superexchange interaction affects only the total energy

landscape and to first approximation it can be included as an effective spin coupling

which splits the on-site spin dependent energy levels.

The procedure followed for the calculation of the time-dependent properties of the two-

orbital models is as follows. First we assume a system in the deep insulating limit which

means that the Jahn-Teller distorted Mn3+ sites exhibit strong energy gap between eg

orbitals. The kinetic energy gain t0 is also correlated with the JT distortion, because the

hopping of eg electrons strongly depends on the Mn-O-Mn bonds. The hopping of the eg

electron is restrained in the strong distortion case (large EJT ) , and the corresponding

t0 is smaller than the normal case. The deep insulating limit ensures that the spin-

charge dynamics is governed only on the photoinduced non-linear processes instead of

excited lattice vibrational modes which take place in the scale of ∼ 50meV or energies

comparable to the global hopping amplitude∼ 100meV. The models as mentioned above,

differ only on the orbital-ordering determined by the electron-phonon coupling. The

electron phonon coupling in the mean-field approximation for the CE-3X model reads

HCE−3X
JT = 2EJTQ(d|x2−y2〉 − d|3z2−r2〉) (6.1)

while for the CE-3Z we have

HCE−3Z
JT = 2EJTQ(d|3z2−r2〉 − d|x2−y2〉) (6.2)
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We set EJT = 1eV and Q = 1. The undistorted sites have degenerate eg energy

levels set to zero. In the unperturbed limit we assume that the sites are interact-

ing via nearest neighbor static hopping amplitude in absence of static coherence which

means 〈ê†bσ̄(j)êaσ(i)〉eq = 0 with population initial conditions as mentioned above. The

time evolution of the spin and charge dynamics is extracted by numerically solving the

quantum kinetic equations of motion for the photoexcited populations and coherences

Eqs.(6.3)(6.5)(6.6) using fourth-order Runge-Kutta integrator.

i∂τ 〈∆ê†bσ̄(j)êaσ(iM)〉 − (εaσ(i)− εbσ̄(j) + iΓ)∆〈ê†bσ̄(j)êaσ(iM)〉 =

Fσ(M)∆

{∑
a′

ρa
′a(M)

[
Va′b(i, j)

(
δσ̄σ cos

θij
2

+ σδσ̄,−σ sin
θij
2

)∑
N

F 2
σ̄ (N)ρj(N −

σ̄

2
)

−
∑
l 6=(i,j)

∑
b′

Va′b′(i, l)

(
cos

θli
2
〈ê†bσ̄(j)êb′σ(l)〉 − σ sin

θli
2
〈ê†bσ̄(j)êb′,−σ(l)〉

)]}

− Fσ(M)∆

{
ρi(M −

σ

2
)
∑
b′

[
Vab′(i, j)

(
δσ̄σ cos

θij
2

+ σδσ̄,−σ sin
θij
2

)∑
N

F 2
σ̄ (N)ρbb

′
j (N)

+
∑
l 6=(i,j)

Vab′(i, l)

(
cos

θli
2
〈ê†bσ̄(j)êb′σ(l)〉 − σ sin

θli
2
〈ê†bσ̄(j)êb′,−σ(l)〉

)]}

+ ∆

{ ∑
l 6=(i,j)

∑
a′b′

Va′b′(l, j)〈e†bσ̄(j), eb′σ(j)+〉〉〈
(

cos
θlj
2
ê†a′σ̄(l)− σ̄ sin

θlj
2
ê†a′,−σ̄(l)

)
eaσ(iM)〉

}
(6.3)

where

〈e†bσ̄(j), eb′σ(j)+〉〉 =
(∑

N

F 2
σ̄ (N)ρbb

′
j (N) + δbb′

∑
m

F 2
σ̄ (m+

σ̄

2
)ρj(m)

)
(6.4)

i∂τ∆ρabi (M) + γ∆ρabi (M) =
(
Ei(bM)− Ei(aM)

)
∆ρabi (M)∑

ja′σ

Fσ(M) cos
θji
2

∆

{
Va′a(j, i)〈ê†a′σ(j)êbσ(iM)〉 − Vba′(i, j)〈ê†a,σ(iM)êa′σ(j)〉

}

−
∑
ja′σ

σFσ(M) sin
θji
2

∆

{
Va′a(j, i)〈ê†a′,−σ(j)êbσ(iM)〉 − Vba′(i, j)〈ê†a,σ(iM)êa′,−σ(j)〉

}
(6.5)



88

∂τ∆ρi(m) + γ∆ρi(m) = −2Im
∑
jabσ

Fσ(m+
σ

2
) cos

θji
2

∆

{
Vba(j, i)〈ê†bσ(j)ê†aσ(i,m+

σ

2
)〉

}

+2Im
∑
jabσ

σFσ(m+
σ

2
) sin

θji
2

∆

{
Vba(j, i)〈ê†b,−σ(j)ê†aσ(i,m+

σ

2
)〉

}
(6.6)

The ultrafast dynamics of interest here results from photoexcited nonthermal popula-

tions and coherences ∆ρi and ∆〈e†jei〉 , defined by ρi = ρ0
i + ∆ρi and 〈ê†bσ̄(j)êaσ(i)〉 =

〈ê†bσ̄(j)êaσ(i)〉eq+∆〈ê†bσ̄(j)êaσ(i)〉 where the thermal contributions ρeqi and 〈ê†bσ̄(j)êaσ(i)〉eq

are determined by a possibly time-dependent free energy. Unlikely with the simple dimer

or two ferromagnetic chains antiferromagnetically coupled, here each site interacts with

two ferromagnetic sites and four antiferromagnetic sites. Thus the photoexcited itin-

erant electrons are affected by both ferromagnetic correlations and quantum spin-flip

processes as described in the theory section. For every Mn3+ site, the M = S + 1/2

state is expected to be suppressed by creating a shared amount due to σ/2 electronic

excitation with the parallel-spin ordered neighboring corner sites along the same chain

which results from ∆〈ê†bσ(j)êaσ(i)〉. So far, this is similar to the classical spin case. The

quantum spin-flip process, induced by the off-diagonal part of the magnetic exchange

interaction, results from the AFM coupled sites which are governed by non-equilibrium

∆〈ê†b,−σ(j)êaσ(i)〉 terms. The above processes create a mixing of spin up, down or empty

states where zero populations became non-zero and describe the main deviations from

classical spin behavior.

During the very early non-thermal temporal regime, the spin dynamics is determined

by the equations of motion for the on-site density matrix elements Eq.(6.5)-(6.6) which

describes the rate of change of the spin and charge populations (a = b) and on-site

coherece (a 6= b) due to electron hopping within the same chain (σ̄ = σ) and interchain

hopping along the neighboring AFM sites (σ̄ = −σ). Interchain hopping is made possible

by quantum spin canting that can be induced out of equilibrium. This contribution is

absent in the classical spin limit S → ∞, where inter-chain hopping is prohibited for

AFM aligned spins. The hopping of a spin σ electron along the chain does not change

the local spin if both they have parallel spin. The dramatic change in the spin dynamics

arises from the creating of populations with spin M 6= S + 1/2. These spin-down

populations are given by the terms with σ̄ = −σ and describe the photogeneration, via

interchain and interplane hopping, of electronic populations with spin opposite to that

of the ferromagnetic chain. As mentioned in the theory section, spin-flipping processes

result form J = S+1/2 states (we have excluded J = S−1/2 states for simplicity) make
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interchain hopping possible at no extra Hund energy cost, since the magnetic exchange

energy only depends on J and not on M . Thus inter-chain as well as interplane hopping

introduces electronic excitations with spin opposite to that of the ferromagnetic chain

via quantum or classical spin canting. After noting

a = a0 + ∆a

∆(ab) = (∆a)b+ a0(∆b)

∆(abc) = (∆a)bc+ a0(∆b)c+ a0b0(∆c) (6.7)

the dynamics is mainly triggered by terms of the form

∆
(
Vij〈ê†(i)ê(j)〉

)
= 〈ê†(i)ê(j)〉eq∆

(
Vij
)

+ Vij∆
(
〈ê†(i)ê(j)〉

)
∆
(
Vijρiρj

)
= ρiρj

(
∆Vij

)
+ tij∆

(
ρiρj

)
∆
(
Vljρj〈ê†(l)ê(i)〉

)
= ρj〈ê†(l)ê(i)〉

(
∆Vlj

)
+ tlj〈ê†(l)ê(i)〉0

(
∆ρj

)
+ tljρj∆

(
〈ê†(l)ê(i)〉

)
(6.8)

The first term of the line in Eq.(6.8) is proportional to the high energy oscillating op-

tical field and is therefore unimportant for typical intensities. The major contribution

is typically arises from ∆〈ê†j êj〉 terms which describe the photoexcitation of intrachain,

interchain and interplane coherence. Electron hopping along the ferromagnetic chain

induces charge dynamics, but does not affect the total spin of the ferromagnetic chain.

Nonthermal changes in the spin can only arise from photoinduced coupling between an-

tiferromagnetically aligned sites, which necessarily implies photoinduced coherence and

hopping between them. The intersite coherences as said describe the linear superposi-

tions due to itinerant electron hopping with spin σ/2 from a state with parallel local spin

to a site with opposite local spin spin. All intersite coherences are described by Eq.(6.3).

It describes the local contribution and the interchain, intrachain and interplane delocal-

ization of the itinerant electron spins. The hopping between opposite spin sites whose

local frame is referenced via the classical canting alnge θ, vanishes for θij = π. Since

quantum spin canting processes takes place, the spins transiently are not longer opposite

and inter-site hopping gains amplitude. Spin canting effects are described for i 6= j and

σ̄ = −σ. However, quantum spin canting processes compete with intra-site hopping with

σ̄ = σ which mainly affects the non-equilibrium total charge transfer between occupied

and unoccupied sites within the same spin chain and dominates for small canting angle
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difference θij . In the non-equilibrium conditions, the main sources of photoinduced co-

herence arise from terms such in Eq.(6.8) second and third line. The second line relation

describes the photoexcitation of an electron from one site to a neigboring one that last as

long as the optical field. Furthermore it describes the photoinduced change in the local

correlations induced by the electron hopping and comes from the non-equilibrium carrier

and spin populations and lasts longer than the optical pulse, on a timescale determined

by population relaxation. The last relation describes the energy band dispersion of the

delocalized electron moving along the chain. The above equations show that inter-chain

couplings develop even in the absence of spin canting due to non-equilibrium transient

effects. As the local spins adjust to their new directions, the hopping is further gained in

new intersite directions classically forbidden due to θij = π. Such processes change the

total energy landscape dramatically which create possibly a pathway toward metastable

states as observed in experiments [58].

To account for the interaction with a laser pulse, we employ the so-called Peierls fac-

tor, where the classical light field enters in the Hamiltonian through the kinetic energy

operator. We therefore introduce a time dependence in the hopping

Vab(i, j) = tab(i, j) exp(−ieA(τ) · (Ri −Rj/~c) (6.9)

where the time-dependent phase is actually the vector potential of light whose form is

assumed to be an oscillatory Gaussian pulse. By expanding in terms of A(τ) our general

form is

Vab(i, j) = tab(i, j)(1 + d(τ)/~ωp) (6.10)

where d(τ) = d0 exp(−τ2/t2p) cos(ωpτ) is an oscillatory driving term and d0 = eaE

the Rabi energy. In our system the laser pulse excites intersite transitions resonantly

throughout a finite cubic periodic structure containing L3 sites. The photon energy ωp

is tuned resonant to the energy gap between the lowest Mn3+ orbital and the degenerate

Mn4+ eg orbitals, ~ωp = 2EJTQ. We assume that the penetration depth of the laser is

much larger than the structure’s thickness so the excitation density can be considered

as uniform over the entire volume. This assumption is true even for real-world systems

studied in experiments i.e. nanosized structures and thin films. Since we are interested

for the dynamical response of our system induced by uniform optical excitation and while

our the equations of motion are represented in the real space, the on-site dynamics

calculation over the entire L3 three-dimensional lattice structure can be dramatically

reduced by determining the dynamics of the Mn3+/Mn4+ sites contained in a unit-cell
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which consists only 16 sites considering periodic boundary conditions as presented in

previous chapter in Fig.5.2. This simplification reduces significant amount of CPU time

and memory.

Finally while examining such quantum systems, it is well known from atomic quantum

few level or multilevel systems, that determination of the relaxation and dephasing terms

in the above equations of motion is rather a challenging issue. Our system possesses

similarities with multilevel degenerated quantum systems and relaxation terms must

be treated within a complete relaxation theory. However we assume that during the

illumination of the system in the femtosecond time-regime of interest here, additional

relaxation terms are not significant and in first approximation such relaxation/dephasing

effects can be included successfully in universal parameters Γ and γ. Here Γ = 1/Tc

and γ = 1/Tp where Tc is the coherence dephasing time assumed less or equal to the

pulse duration and Tp the population relaxation time respectively. We set Tc = 90fs and

Tp =120fs for the majority of our simulations. As for the intra-site coherences dephasing

time we assume that lasts less than the intersite coherence so we set Tic = 30fs.

6.2 Numerical results: Time-dependent populations

Here we solved the quantum-kinetic equations of motion for the spin-dependent density

matrix Eq.(6.3),(6.5),(6.6) and calculated the z-component of the local t2g spin as well

as the itinerant electron spin saz populated at a orbital state for a = |x2− y2〉, |3z2− r2〉.
For our calculations we induce resonant intersite transitions with 100fs FWHM Gaussian

pulse considering the Rabi energy set d0 = 70meV. Since the hopping amplitudes tvab are

the same for all Mn sites, each Mn site is surrounded by four antiferromagnetic and two

ferromagnetic first neighbors and while each site possesses its own local spin frame, the

non-equilibrium on-site populations can be presented by plotting the population of only

two sites : one bridge Mn3+ site and one corner Mn4+ site independently or their spin

orientations (up or down). In Fig.6.2 we plot the full dynamics of all populations ρa(M)

and ρ(m) for a corner and a bridge site . In the left four-block we present populations for

the CE-3X model where the electrons initially relax on the |x2− y2〉 orbital while in the

right ones we present time-dependent populations for the CE-3Z model where electrons

initially relax on the |3z2− r2〉 orbital. One of the main differences the models as said is

that the electrons in CE-3X model possesses zero hopping along the z-direction while in

CE-3Z model the z-direction hopping amplitude between nearest neighbors is non-zero

and equal to t0 ≈ 100meV.

In the CE-3X model (Fig.6.2 left) the quantum state population for the bridge sites

ρα(M = S + 1/2) is reduced for about ∼ 25% and ρ(m = S) increases within 70fs. This
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Figure 6.2: Population dynamics induced by resonant intersite photoexcitation with
Rabi energy d0 = 70meV for CE-3X (left four-block) and CE-3Z (right four-block)
models. In the upper blocks, we plot the ρα(M) eg populations. The dashed lines
present populations of α = |3z2 − r2〉 orbitals and α = |x2 − y2〉 orbital population are
presented with solid lines. The lower blocks present t2g local ρ(m) populations simply

presented with solid lines.

results mainly on intersite hopping which occurs during resonant optical excitation.

Direct intra-site excitation from |a〉 to |b〉 orbital state does not occur due to the large

energy gap between these two states which is equal to 2~ωp, thus the excitation with

~ωp photons remains off-resonant. Development of other populations ρ(M < S + 1/2)

and ρ(m < S) remain zero or negligible which can be interpreted that the local spin on

the bridge sites is not significantly changed. The intersite excitation transfers charge to

the empty corner sites through xy directions via tx,yaa and tx,yab hopping. The itinerant

electron occupies the eg orbitals of the corner sites induces a small increase of the

ρa(M = S + 1/2) and ρb(M = S + 1/2) which mainly results from the hopping along

the same spin chain while development of small populations ρa(M < S + 1/2) arises

from AFM inter-chain hopping. A robust change on the local spin populations of the

corner sites is observed where the ρ(m = S) population decreases for about ∼ 85% and

non-vanishing ρ(m < S) populations are observed in a sequential fashion up to m = −S.

We also observe a time delay ∼ 80fs between peak-to-peak non-equilibrium populations

for m = S−1, ..,−S which may result due to the global hopping amplitude t0. However

such dramatic change in the local spin populations in the corner sites is attributed to

the interaction between neighboring corner sites with opposite local spin toward the

z-direction which results from itinerant electron hopping between degenerated energy eg

levels. Such robust change is interpreted as quantum local spin canting induced by the

non-equilibrium intersite charge-spin transfer.

Now we turn to the CE-3Z model. The eg electrons relax on the bridge sites where

occupied by the |3z2 − r2〉 orbitals. Despite the in-plane inter-site hopping, the eg
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|3z2 − r2〉 orbitals interacts strongly with neighboring bridge sites with opposite local

spins via tzbb non-zero hopping. Inter-site excitation affects the itinerant electron spin

and small changes in the total charge of bridge sites produces robust quantum spin

canting due to z-direction hopping. In the right four-block we observe a robust change

of the ρb(M = S + 1/2) bridge sites for about ∼ 85% which give rise to the on-site

non-equilibrium populations ρb(M < S + 1/2) in a sequential fashion. During the time

range between 0-200fs we observe that ρb(M) populations for M = S+ 1/2, ..,−S− 1/2

are oscillating near the value ∼ 0.25. This on-site transient state is a quantum linear

superposition which can be interpreted as strong quantum spin canting. Since these

populations last longer than 300fs, we conclude that the relaxation processes are not

only dependent on the relaxation/dephasing times due to scattering but also are strongly

dependent on the Rabi energy and the global hopping amplitude t0 as well as the initial

conditions. Small population development occurs even for ρ(m). Their small amplitude

indicates that only a small amount of charge is shared in the neighboring in-plane corner

sites creating a non-equilibrium bonding along the FM and AFM neighboring sites. On

the other hand the shared itinerant charge is redistributed on eg orbitals on corner sites

by creating small eg populations. The dominant population is ρa(M = S + 1/2) due to

strong hopping amplitude along the FM chain. The most interesting effect here is the

change in the ρ(m) populations due to the hopping between equal energy neighboring

corner sites. The ρ(m = S) population decreases as in the case of CE-3X model, which

give rise to the rest populations ρ(m < S). The m populations redistribution on the

corner sites is an indication of strong on-site quantum canting due to intersite charge

excitation and hopping along the z-direction.

The total charge density transfer from the bridge sites to the empty corner sites is

presented in Fig.6.3 for resonant excitation with Rabi energy d0 = 70meV. Several

studies in half-doped manganites, use the charge disproportionation δ as a measure of

the valence difference between Mn sites. When δ = 0, all Mn sites have equal valence

Mn3.5+ while when δ ≤ 0.5 the charge of the bridge sites develops favoring higher

occupancy of the former. Here we assume that in equilibrium the charges are confined

completely on the bridge sites (δ = 0.5) so any imbalance of the charge density between

bridge and corner sites, is measured from the corner sites. In Fig.6.3 we present the non-

equilibrium charge density transfer measured on the corner sites. Initially the corner

sites are completely empty. We observe that in the CE-3X model the maximum charge

density transfer is nearly ∼ 30% while in CE-3Z model ∼ 10% respectively. The confined

eg electron undergoes different hopping amplitude and different hopping channels in

these two model cases. The CE-3X model possesses a more confined xy hopping of the

electron from the bridge sites to the corner sites due to zero hopping matrix element

between neighboring bridge sites along the z direction while the CE-3Z model possesses
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three-dimensional hopping and a more delocalized charge transfer process which affects

the local spins. We observe also the non-equilibrium charge density relaxation which is

governed by the relaxation/dephasing rates in our quantum kinetic equations of motion.

The charge density develops during the first ∼ 100fs reaching its maximum value (within

70-80fs), before it relaxes back to the initial state.
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Figure 6.3: Time evolution of non-equilibrium charge density occupied by corner sites
developed for CE-3X model (dotted line) and CE-3Z model (solid line). In these models,
for a corner site the charge density as a fuction of time is f(τ), then the corresponding

bridge site charge density is 1− f(τ).

To clarify further the above effects, in Fig.6.4 we plot the on-site local spin Sz and

the on-site itinerant electron spin sαz probed at α orbital for α = a or b (|x2 − y2〉 or

|3z2 − r2〉). The on-site local and itinerant electron spins are defined in the theory

section, Eq.(3.42) and Eq.(3.43). In Fig.6.4 the dotted lines refer to the CE-3X model

response while the solid lines refer to CE-3Z model. With Rabi energy d0 = 70meV

resonant excitation we observe decrease in the local spin of the corner sites in CE-3Z

model for about ∼ 50% compared to the initial value Sz = S in equilibrium.
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Figure 6.4: Time evolution of on-site local t2g spin Sz induced by resonant intersite
photoexcitation with Rabi energy d0 = 70meV and the corresponding itinerant spin
dynamics saz probed on each orbital separately. The red lines correspond to sαz on
α = |x2 − y2〉 orbital while green lines correspond to α = |3z2 − r2〉 orbital. All solid

lines refer to CE-3Z model and dotted lines refer to CE-3X model respectively.
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On the other hand the corresponding local spin change of the corner sites for the CE-3X

model is more enhanced reaching a change for about ∼ 80% compared to the initial

value. This difference is attributed to the relatively enhanced charge transfer from the

bridge sites to to corner sites in CE-3X model as shown above. The itinerant spin change

as measured on the α orbital is presented in the lower blocks. The measured itinerant

spin on the corner sites is less than 0.1. The itinerant spin change is correlated with

non-equilibrium charge density transfer. We observe a small change of the itinerant spin

measured on both eg orbitals which indicates that the non-equilibrium bonding due to

charge transfer along FM chain dominates and does not contribute significantly on the

spin-flip process. However the charge presence undergoes z-direction hopping between

opposite sites which triggers local spin-flip process. The most striking difference between

these two model is observed on the bridge sites. The bridge sites possess nearly zero

local spin canting on the CE-3X model while on the CE-3Z model we observe completely

quench of the local spin from Sz = S to Sz = 0. Additionally the same happens for the

itinerant spin where in CE-3Z drops to zero while in CE-3X model the itinerant spin

drops only ∼ 20%. This supports the idea that interite resonant excitation transfers

charge from bridge sites to corner sites and charge fluctuations triggers significant non-

equilibrium spin-flip processes through the z-direction hopping between neighboring

opposite spin-sites.

6.3 Spin-Charge Dynamics

6.3.1 Dependence on the dephasing time parameters and laser inten-

sity.

The relative rates of coherent interaction and decoherence in quantum systems as well as

in novel structures such as superconductors, are of fundamental importance for under-

standing non-equilibrium processes at the sub-picosecond time regime. Non-equilibrium

quantum charge and spin dynamics is strongly dependent on the coherence i.e the

laser-assisted overlap between quantum states. In our case, the magnitude of the non-

equilibrium spin-flip process and charge bonding between bridge and corner sites driven

by resonant laser pulse is strongly dependent on the dephasing time and laser intensity.

Here we provide numerical results to compare the charge and spin dynamics for differ-

ent dephasing times maintaining the population relaxation time T1 = 120fs and Rabi

energy d0 = 70meV. We expect that for lower dephasing times, the bonding process

diminishes and spin-flip weakens. In Fig.6.5 we present the charge density dynamics

probed on the corner sites for both CE-3X, CE-3Z models in different dephasing times.

The corner charge density peak in CE-3X model is higher that in CE-3Z model in all
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cases which confirms that the absence of direct z-direction electron hopping creates con-

fined in-plane charge transfer and larger amount of transient charge density in corner

sites. An interesting observation is that the charge density peak for the CE-3X model

considering Tc = 30fs is higher compared to the CE-3Z charge density for Tc = 90fs.
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Figure 6.5: Non-equilibrium charge density dynamics probed at the corner sites and
their dependence on the coherence dephasing time Tc for CE-3Z model (solid lines) and
CE-3X model (dotted lines) considering resonant intersite excitation with Rabi energy

d0 = 70meV. The population relaxation time is considered Tp = 120fs.

The time-profile dynamics of the charge density is similar to a shifted-Gaussian-like

curve, constricted due to population relaxation parameter set-up. The peak value shifts

a few tens of femtoseconds by lowering the dephasing rate while the amplitude displays a

nonlinear dependence on the dephasing parameters in all cases which in a indication that

the charge density peak saturates for longer dephasing time values. We conclude that

the charge density dynamics is strongly dependent on the dephasing times which governs

the strength of the bonding between bridge and corner sites and related to the transient

maximum shared charge. Confinement of the charge transfer through in-plane channels

from bridge site ensures higher amounts of shared-charge whereas three-dimensional

hopping enhances delocalization. It is also noted the increase and saturation of the

charge density due to increasing coherence dephasing time which is restricted on the

population relaxation time.

Non-equilibrium dynamics on the on-site local and itinerant spin and their dependence

on the dephasing time is presented in Fig.6.6. Here the local spin on the corner sites

decreases nonlinearly within ∼ 200fs which indicates that the bonding due to charge

transfer from bridge sites to corner sites modifies the inter-site magnetic exchange inter-

action. The spin difference from the equilibrium is strongly correlated with the amount

of charge density involved to the inter-site bonding for both models. The bridge sites

in CE-3Z, maintain the major charge density and interacts via strong intersite hop-

ping with neihboring opposite aligned bridge-site spins and modifies the local spin. For

shorter dephasing times, the quantum canting is weak while for longer times dephasing

times, z-component spin vanishes within 100fs which indicates that the bridge site spins

are modified to spin-glass stripes with their spin components lying on the xy-plane.
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Figure 6.6: Non-equilibrium of the on-site local spin (upper blocks) and itinerant spin
for |x2 − y2〉 (middle blocks) and |3z2 − r2〉 orbitals (lower blocks) their dependence
on the coherence dephasing time Tc for CE-3Z model (solid lines) and CE-3X model
(dotted lines) considering resonant intersite excitation with Rabi energy d0 = 70meV.

The population relaxation time is considered Tp = 120fs.

.

We expect that in a similar hopping-engineered strained CE models, the corner and

bridge sites local spins should both drop to zero or nearly zero after illumination creating

a transient spin-glass with modified valence Mn3.5+ ions over the entire structure for long

dephasing times which corresponds to a charge-melted spin-disordered transient state.

In contrast in CE-3X model, the bridge site local spin remain nearly unchanged in all

cases which confirms that the presence of direct zero-cost-energy electron hopping is a

key ingredient for the development of FM correlations between AFM aligned sites. The

itinerant spin canting dynamics for the corner sites which initially is unchanged due to

the absence of itinerant charge, displays a slightly change from its initial value for both

eg orbital occupation. We note that in all cases we observe that the itinerant electron

spin canting develops within 100fs. We conclude that from the itinerant electron spin

canting results the fundamental source of FM correlations between all sites which arise

from intersite AFM interchain hopping upon photoexcitation and seems to be enhanced

by the intersite coherence lifetime.

Similar results are obtained when we examine the spin response in different intensity

regimes maintaining the relaxation time parameters unchanged. In these examples we

use Tp = 120fs and Tc = 90fs. In Fig.6.7 we present the time-dependence of the local

spin (upped blocks) and itinerant electron spin for electron density occupied at |x2−y2〉
(middle blocks) and |3z2 − r2〉 orbital (lower blocks). For weak intensities, spin-flip
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process is weak and the spins remain nearly unchanged. When we are switching toward

stronger intensities, spin-flip non-linearities develop and Sz reduces. The most striking

is the enhancement spin-flipping spins of bridge sites due to direct interplane hopping.

0

0.5

1

1.5

2

S
z (

lo
ca

l)

d=10meV
d=30meV
d=50meV
d=70meV

Corner Site

0

0.5

1

1.5

2

Bridge Site

0

0.02

0.04

0.06

0.08

s z (
x

2
-y

2
)

0

0.1

0.2

0.3

0.4

0.5

-300 -150 0 150 300 450
time (fs)

0

0.005

0.01

0.015

0.02

s z (
3

z2
-r

2
)

-300 -150 0 150 300 450
time (fs)

0

0.1

0.2

0.3

0.4

Figure 6.7: Time dependence of the on-site local spin (upper blocks) and itinerant
spin for |x2−y2〉 (middle blocks) and |3z2−r2〉 orbitals (lower blocks) their dependence
on the Rabi energy d0 for CE-3Z model (solid lines) and CE-3X model (dotted lines)
considering resonant intersite excitation with coherence dephasing time Tc = 90fs while

the population relaxation time is considered Tp = 120fs.

Finally in Fig.6.8 we present the charge dynamics dependence on the Rabi energy in

both models. The non-equilibrium charge transfer increases non-linearly with higher

intensities as expected.
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Figure 6.8: Non-equilibrium dynamics of charge density probed at the corner sites
and their dependence on the Rabi energy d0 for CE-3Z model (solid lines) and CE-
3X model (dotted lines) considering resonant intersite excitation and dephasing time

Tc = 90fs. The population relaxation time is considered Tp = 120fs.
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6.4 Comparison between single-layered and three-dimensional

structure

We have shown basic differences between CE-3X and CE-3Z models due to the electron-

phonon coupling and how the electron occupation in lower energy orbitals affect the

photoexcited spin-charge dynamics due to hopping. To clarify further such differences

which may help us to understand possible connections with realistic systems, we proceed

to a detailed comparison between a single-layered and a three-dimensional structure

which possess the same in-plane characteristics such as spin/charge/orbital ordering.

For a three-dimensional structure we consider the case of CE-3Z model described above

and as a single-layered structure we consider only one isolated CE-3Z layer. In particular

these two systems share the same in-plane hopping amplitudes and differ on the z-

direction hopping where in the single-layer case, all tz are set to zero. In realistic

systems, nearly zero inter-plane hopping can be achieved in manganite heterostructures

boundaries separated by buffer layers or in the case of extremely compressive strained

manganite thin-films. Also the long distance between coupled planes reduces the z-

direction hopping and enhances the in-plane hopping. For our purposes here we call our

single-layered model as CE-2Z to distinguish with the three-dimensional model CE-3Z.

We consider all structural and time parameters unchanged as in the previous examples.

Since for high intensity excitations the system response displays robust response in terms

of spin and charge time dynamics1, in the following simulations we consider resonant

intersite optical excitation with Rabi energy d0 = 200meV.

In Fig.6.9 we present the time evolution of the populations up to 300fs for CE-2Z on the

left four-block and for CE-3Z on the right four-block. The first observation is that since

these systems possess the same in-plane characteristics, they display different population

dynamics. In CE-2Z model we observe a fast drop of ρb(M = S+1/2) population within

∼ 50fs which gives rise on ρ(m = S) population which seem to dominate. This is an

indication that intersite resonant excitation dominates via charge transfer from bridge

sites to corner sites mainly along the FM aligned nearest neighbors which is a favorable

channel due to enhanced hopping along the FM chain. We observe also that very small

populations develop during the laser pulse excitation i.e. ρb(M = S − 1/2) while the

development of ρ(m < S) is negligible which indicates minor quantum canting processes.

These features can be interpreted with the fact that FM intersite hopping dominates over

AFM hopping due to large Jahn-Teller distortion considered here in the deep insulating

limit which favors double exchange interaction. Even in the case of a FM dimer model

instead of our AFM dimer presented in previous chapter, the amount of charge density

transferred from an occupied distorted site to an unoccupied undistorted site, would be

1See above our results with Rabi energy d0 = 70meV
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larger upon photoexcitation. Our statement is supported by a numerical experiment

presented in the Appendix A simulating the population redistribution between three

sites with spin configuration ↑↑↓.
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Figure 6.9: Population dynamics induced by resonant intersite photoexcitation with
Rabi energy d0 = 200meV for two-dimensional CE-2Z (left four-block) and three-
dimensional CE-3Z (right four-block) models. In the upper blocks, we plot the ρα(M)
eg populations. The dashed lines present populations of α = |3z2 − r2〉 orbitals and
α = |x2−y2〉 orbital population are presented with solid lines. The lower blocks present
t2g local ρ(m) populations simply presented with solid lines. We consider coherence

dephasing time Tc =90fs and population relaxation time Tp = 120fs

An interesting feature here is the rise of ρa(M = S+1/2) population which is zero before

photoexcitation. This energy level differs from the lowest energy level by ∆E = 2~ωp.
This is an indication that charge transfer occurs from the lowest level |3z2−r2〉 orbital of

the bridge sites to the two eg zero-energy levels of the corner sites and back to bridge site

via hopping while the laser pulse is still active, similar to a three-level-ladder system. The

amount of charge transfer is strongly dependent on: (a) the hopping amplitude between

neighboring sites related with the orbital degrees of freedom, (b) the photoexcitation

intensity where in our case corresponds to the Rabi energy, (c) the competition between

Jahn-Teller energy gap between occupied and unoccupied sites with the static global

hopping amplitude t0, and (d) the relaxation/dephasing parameters. The corner sites

become occupied by charge which mainly arises due to double exchange between FM

aligned sites and as a result we observe a development of ρa(M = S+ 1/2) and ρb(M =

S + 1/2) populations (both eg orbitals) as well as development of ρb(M = S − 1/2) and

ρa(M = S−1/2) which arise due to electronic hopping between AFM neighboring sites.

The difference between M = S + 1/2 populations on |x2 − y2〉 and |3z2 − r2〉 orbitals

arise from the different hopping amplitudes tbb < tab during intersite photoexcitation,

thus the populations referring to the |x2 − y2〉 orbital appear more enhanced compared

to the corresponding |3z2 − r2〉 orbital populations.
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The population dynamics appears dramatically different from CE-2Z model as we ob-

serve the three-dimensional structure CE-3Z in Fig.6.9 right four-block. For the bridge

sites we first observe a robust drop of the ρb(M = S+1/2) accompanied with sequential

development of all non-equilibrium populations ρb(M < S + 1/2) where display over-

damped oscillation near ρ = 0.1. Similar behavior is observed for the ρ(m) populations.

This can be interpreted as a sudden robust total spin canting Jz to zero and a short

term spin precession in the xy-plane. Here the bridge sites |3z2 − r2〉 orbitals couple

directly with AFM ordered neighboring bridge sites via zero-cost hopping amplitude. In

this case charge density variations due to intersite hopping i.e. along FM sites, gives

rise to 〈ê†bσ(j)êa,−σ(iM)〉 terms and ρb(M < S + 1/2), ρ(M < S) populations (quantum

canting). It is worth to note that the non-equilibrium populations ρ(M) of the bridge

sites in CE-3Z model, last longer compared to the CE-2Z. This can be attributed to

the larger amount of charge of the bridge sites and the non-equilibrium bonding with

the neighboring occupied bridge sites in z axis as well as the initial conditions. Addi-

tionally we observe simultaneous development of ρa(M) high-energy populations with

small amplitude which result due to three-level-ladder resonant excitation. The corner

sites display very similar population dynamics with the CE-2Z. The main differences

here are justified by the inter-plane hopping which redistributes populations by small

ρa(M < S + 1/2) amplitudes. As for the ρ(m) populations we observe sudden drop of

ρ(m = S) and sequential development of ρ(m < S) population with amplitude near 0.2

characterized by damped oscillations. These populations possess similar dynamics with

pb(M) populations of the bridge sites. These populations last for longer times even be-

yond 300fs. Their dynamics is attributed due to the enhancement of 〈ê†bσ(j)êa,−σ(iM)〉
terms which result from the z-axis hopping and the initial conditions.

In Fig.6.10 we present the total charge density probed at the corner sites for both CE-3Z

and CE-2Z models. The corner sites eg orbitals are initially unoccupied. We observe

that the charge density displays the same dynamics in these two models. This behavior

can be attributed to the dominant in-plane intersite excitation which is uniform for all

Mn3+/Mn4+ pairs and dependent on the energy gap between bridge and corner sites as

well as the hopping amplitudes in the xy-plane. Typically our models consist of Mn ions

which exhibit the same in-plane hopping amplitudes over the entire structure. However

realistic systems consist of several kinds of ion-sublattices which exhibit anisotropy over

the entire structure, inhomogeneities such as quenched disorder or strain which possibly

affect the non-equilibrium shared charge density displaying different dynamics in two-

dimensional and three-dimensional structures.

We proceed by representing the population dynamics in terms of on-site local and itiner-

ant electron spin for the two models in Fig.6.11. For the single-layered model we observe

diminished local spin canting for both bridge and corner sites while in three-dimensional
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Figure 6.10: Non-equilibrium charge density dynamics probed at the corner sites by
exciting intersite transitions resonantly for CE-3Z model (red solid line) and CE-2Z
model (green dashed line). We consider Rabi energy d0 = 200meV while dephasing

time Tc = 90fs and population relaxation time Tp = 120fs.

.

structure we observe robust local Sz spin quench from Sz = S to Sz → 0 within 100fs

and from Sz = S to Sz → 0.25 for bridge and corner sites respectively. The z-direction

hopping between opposite polarized spin-site contributes via zero-cost energy intersite

coherence and gives rise to ρ(M < S + 1/2) populations and driving the system into

a linear superposition of on-site spin states. The bridge site local spin time evolution

display damped oscillation interpreted as spin precession with direction lying in the xy-

plane. Thus the bridge sites form spin-glass stripes which last for ∼ 100fs. On the other

hand the corner sites become highly spin-canted by reducing the on-site total spin for

about ∼ 76%.
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Figure 6.11: Time dependence of the on-site local spin (upper blocks) and itinerant
spin for |x2 − y2〉 (red lines) and |3z2 − r2〉 orbitals (green lines) for the CE-3Z model
(solid lines) and CE-2Z model (dotted lines) considering resonant intersite excitation
with Rabi energy d0 = 200meV with coherence dephasing time Tc = 90fs while the

population relaxation time is considered Tp = 120fs.

The itinerant electron spin dynamics is slightly enhanced on the corner sites for the

CE-2Z model with maximum canting saz ≈ 0.125 while small formation of sbz develops
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with slightly higher canting. The different itinerant spin amplitudes are attributed

to the z-axis hopping while the charge density transfer is probed to be equal in both

cases. We conclude that upon photoexcitation, z-hopping intersite coherence affects the

non-equilibrium population redistribution forming highly canted transient states both

in bridge and corner sites while the absence of z-hopping creates diminished canted

states where itinerant electron spin fluctuations dominate in the total on-site canting.

Comparing these two similar models, the most striking thing is the total charge density

transfer is the same in both cases indicating that the main source of charge transfer is

the in-plane intersite resonant excitation.



Chapter 7

The Ground-State

Density-Matrices: A

Time-Dependent Approach

In the previous chapter we have shown basic features of spin-charge dynamics in two

and three dimensional structure models assuming two orbitals per site with CE-like

spin/charge/orbital ordering in the deep insulating limit. Under these conditions it is

energetically favorable for all eg electrons in the system to be self-trapped by local lattice

distortions since the JT energy gain is large in the half-doped regime. In particular the eg

electrons occupy the lowest energy orbitals forming a checkerboard structure of occupied

and unoccupied Mn ions. Moreover due to strong on-site Hund interaction, the local t2g

spin interacts ferromagnetically with itinerant eg electrons forming Jz = S + 1/2 total

spin states. Assuming that all Mn ions form a collective CE-type spin/charge/orbital

ordering phase over the entire volume, and translating these conditions in density matrix

form, we have: ρai∈A(S + 1/2) = 1 and ρi∈B(S) = 1 where A,B denotes the sublattices

of the occupied and unoccupied Mn ions while the rest of the populations as well as all

coherences are set to zero. However our equations of motion for the population dynamics

couple populations with two-body operators. Therefore using a simplification of the pure

ionic picture as the initial conditions described above, underestimates the ground-state

correlations involved in our quantum kinetic equations of motion and causes instabilities

of the obtained solutions especially for intermediate and low Jahn-Teller lattice distor-

tions. In order to improve our calculations, we use a time-dependent approach as an

approximation for the groundstate populations and coherences. Instead of applying this

approximation on artificial three-dimensional systems studied in previous chapter, here

we focus on the conventional half-doped CE charge-ordered/orbital-ordered structure as

a model used in several works [30].

104
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7.1 Problem setup

Several half-doped manganites have been confirmed to exhibit the so-called AFM charge-

ordered CE-phase proposed initially in the pioneering work of Goodenough et al.[19].

This model has been used in our itinerant bands calculations in Chapter 5 as well. In

order to understand details such as the hopping and ferromagnetic correlations of this

structure and to compare possible differences with our artificial 3D models developed

in previous chapter, we provide a short description of the CE-CO phase in order to

subsequently apply our calculations for the groundstate. Typically the CE phase is

characterized by an arrangement of charges and spins, such that in the MnO2 planes the

Mn4+ and Mn3+ ions, form a checkerboard pattern and equal charges are stacked one

above the other in the direction perpendicular to the planes. The spins of Mn3+ form

total spin Jz = 2 and Mn4+ Jz = 3/2 ions form ferromagnetic zig-zag chains, which are

antiferromagnetically coupled. The corner sites in the zig-zag chains are occupied by

Mn4+, whereas the bridge sites are occupied by Mn3+. While Monte-Carlo simulations

confirm spin and structural properties of half-doped manganites based on the above ap-

proach suggesting charge and orbital ordering, experimental measurements yielded no

evidence of charge ordering. The proposal of Goodenough’s CE groundstate for these

compounds was questioned where differences arise mainly due to non-zero charge dispro-

portionation between Mn sites measured in experiments. However in the work of Ewings

et al.[100] using time-of-flight neutron spectroscopy, small charge disproportionation is

attributed to next-nearest-neighbors ferromagnetic coupling as well as antiferromagnetic

superexchange coupling. In our case we assume that such differences in our model can

be revealed when considering groundstate spin/charge correlations and coherences.

7.1.1 Hopping amplitudes in CE-CO phase

Similar to our artificial two-orbital models, the CE-CO phase consists of ferromagnetic

zig-zag chains AF ordered, with d|3x2−r2〉/d|3y2−r2〉 orbitals alternately occupied. Monte-

Carlo studies on the stability of manganites justify that competition between spin/charge

and lattice degrees of freedom in half-doped manganites favoring CE phase and the

overlap between Mn-O-Mn sites can be effectively described by hopping among three

geometrically different types of Mn sites: corner sites with zero Jahn-Teller distortion

and bridge sites with finite Jahn-Teller lattice distortion respectively whose lobes are

polarized at chain segments parallel to the x or y axis due to hybridization along the

zig-zag chain. Each corner site possesses twofold degenerate eg levels while bridge site

levels are not degenerate and occupied in the lowest energy orbital d|3x2−r2〉/d|3y2−r2〉 the
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only one that hybridizes along the chain. For bridge sites the eg states can be described

by adopting the following basis orbitals:

|3x2 − r2〉 =
1

2
|3z2 − r2〉+

√
3

2
|x2 − y2〉 (7.1)

|y2 − z2〉 =

√
3

2
|3z2 − r2〉 − 1

2
|x2 − y2〉 (7.2)

|3y2 − r2〉 = −1

2
|3z2 − r2〉 −

√
3

2
|x2 − y2〉 (7.3)

|z2 − x2〉 = −
√

3

2
|3z2 − r2〉+

1

2
|x2 − y2〉 (7.4)

The kinetic hoppings between nearest-neighbor eg orbitals can be parameterized in ac-

cordance with the Slater-Koster rules. In the above basis, this yields the following

nonvanishing matrix elements between bridge and corner sites along the zig-zag chain

(intra-chain hopping)

tx|3x2−r2〉,|x2−y2〉 = −ty|3y2−r2〉,|x2−y2〉 =

√
3

2
t0

(7.5)

tx|3x2−r2〉,|3z2−r2〉 = −ty|3y2−r2〉,|3z2−r2〉 = −1

2
t0

The nonbonding |y2 − z2〉 and |z2 − x2〉 orbitals are unoccupied and can be neglected

in first approximation as in our quantum dimer model. However they are important

because contribute to the inter-chain interactions. The corresponding non-zero hopping

matrix elements are

tx|3y2−r2〉,|3z2−r2〉 = −ty|3x2−r2〉,|3z2−r2〉 =
1

4
t0

tx|3y2−r2〉,|x2−y2〉 = −ty|3x2−r2〉,|x2−y2〉 = −
√

3

4
t0 (7.6)

tx|3y2−r2〉,|3z2−r2〉 = −ty|3x2−r2〉,|3z2−r2〉 =
1

4
t0

tx|3y2−r2〉,|x2−y2〉 = −ty|3x2−r2〉,|x2−y2〉 = −
√

3

4
t0

tx|z2−x2〉,|x2−y2〉 = −ty|y2−z2〉,|x2−y2〉 =
3

4
t0

tx|z2−x2〉,|3z2−r2〉 = ty|y2−z2〉,|3z2−r2〉 = −
√

3

4
t0



107

Finally the inter-planar hopping amplitudes reads:

tz|3y2−r2〉,|3y2−r2〉 = tz|3x2−r2〉,|3x2−r2〉 =
1

4
t0

tz|z2−x2〉,|z2−x2〉 = tz|y2−z2〉,|y2−z2〉 = −3

4
t0 (7.7)

tz|z2−x2〉,|y2−z2〉 = tz|y2−z2〉,|z2−x2〉 = −
√

3

4
t0

while for the corner sites we have tz|3z2−r2〉,|3z2−r2〉 = t0. Comparing hopping amplitudes,

one can observe that the intra-chain hopping amplitude is larger which means that FM

intra-chain hopping is more favorable compared to inter-chain hopping. As shown in

previous chapter, in-plane intersite hopping governs the charge transfer upon excitation

while inter-planar hopping is the key for significant on-site spin canting. Here interplanar

hopping occurs on both eg orbitals of the bridge sites so we expect spin canting similar

to our CE-3Z model.

7.1.2 Groundstate approximation scheme

In order to approximate the groundstate, we use an adiabatic method to obtain a nearly

stationary solution in our quantum kinetic equation of motion. We start considering pure

ionic CE phase as the initial condition. For the bridge sites we have ρb(S + 1/2) = 1

where b = d|3x2−r2〉 or d|3y2−r2〉 while for the corner sites we have ρ(S) = 1. The rest

of the populations are set to zero. Initially we consider zero inter-site and intra-site

coherence in the non-interacting limit. The energy gap between bridge and corner sites

is defined by the electron-phonon coupling

HCECO
JT = 2EJTQb(d|y2−z2〉 − d|3x2−r2〉) (7.8)

while the corner sites maintain zero-energy twofold degenerate eg levels. We consider

the bridge site distortions as the main source of lattice distortions over the entire vol-

ume. Thus the energy gap is dependent on the Jahn-Teller energy EJT and the lattice

displacement Qb due to bridge site distortion which is considered as a classical param-

eter. For convenience we use the JT coupling parameter g from EJT = g2/2K with

K/t0 = 10. Furthermore the existence of the AFM superexchange coupling between

nearest-neighbor local spins, the existence of uniaxial anisostropy and the coupling with

an external magnetic field can be included with effective Hamiltonians. However the
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exact treatment of these interactions within Hubbard-operator formalism is rather a

challenging issue. Therefore in first approximation we assume that these interactions

can be included in the form of an effective magnetic coupling affecting all spin states

M,m. Uniaxial strain for example, with respect to the MnO6 octahedra, can serve as

a psuedo biasing magneitc field on the orbital state through the JT channels [27]. The

effective magnetic field acts on spin states by lifting the degeneracy of the eg levels as

Ei(a,M) → Ei(a,M) +Bef ·M

(7.9)

Ei(m) → Ei(m) +Bef ·m

while for the excitation energies

εaσ(i) = Ei(a,M)− Ei(M −
σ

2
) (7.10)

become

εaσ(i)→ εaσ(i)−Bef · σ/2 (7.11)

The above interaction lifts the degeneracy of eg orbitals which is expected to affect

the on-site spin-flip processes between opposite spin sites along the z direction. In

particular without this effective field, a spin-up electron can hop on an Mn site with

local spin pointing along the −z direction forming canted spin local configuration at

zero magnetic energy cost. The presence of the effective field creates a small energy

gap between all M,m states even for neighboring Mn sites along the z direction. This

small gap is expected to affect the electron hopping along z direction and spin-flipping.

In our case the superexchange interaction exists indirectly within the term Beff whose

strength is estimated from the static measurements and assumed to be nearly two orders

of magnitude smaller than the hopping amplitude t0. In the majority of our calculations

we use Beff = 10meV.

We calculate the correlated groundstate populations and coherences as a nearly station-

ary solution of the coupled equations of motion, by using an adiabatic method. Starting

with the non-interacting CE phase configuration of Mn ions as the initial condition, we

gradually turn on the tight-binding hopping amplitudes reaching their maximum values.
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This can be done by making the hopping amplitudes time dependent using a saturation

function

tvab → tvab(1− e
− 5τ
Tmax ) (7.12)

or a linear function

tvab → tvab
τ

Tmax
(7.13)

where Tmax constant is chosen large in order to suppress oscillating components which

come from the mixing of excited states. This method is based on the GellMann-Low

adiabatic theorem and has often been used to obtain correlated ground states. We per-

form this real-time evolution using the above scheme of time-dependent density matrix

with a fourth-order Runge-Kutta integrator. Since our simulations converge for both

cases in the deep insulating limit, we choose Tmax ≥ 2ps and a linear function Eq.(7.13)

(h(τ) = τ/Tmax) to gradually increase the hopping amplitudes tvab so we proceed to solve

the equations of motion Eq.(7.14),(7.15),(7.16). The above calculation scheme has been

tested successfully in strongly correlated nuclear systems and gives a good approximation

for the total groundstate wavefunction [101].

i∂τ 〈ê†bσ̄(j)êaσ(iM)〉0 − (εaσ(i)− εbσ̄(j))〈ê†bσ̄(j)êaσ(iM)〉0 =

Fσ(M)
∑
a′

ρa
′a
i (M)

[
h(τ)ta′b(i, j)

(
δσ̄σ cos

θij
2

+ σδσ̄,−σ sin
θij
2

)∑
N

F 2
σ̄ (N)ρj(N −

σ̄

2
)

−
∑
l 6=(i,j)

∑
b′

h(τ)ta′b′(i, l)

(
cos

θli
2
〈ê†bσ̄(j)êb′σ(l)〉0 − σ sin

θli
2
〈ê†bσ̄(j)êb′,−σ(l)〉0

)]

− Fσ(M)ρi(M −
σ

2
)
∑
b′

[
h(τ)tab′(i, j)

(
δσ̄σ cos

θij
2

+ σδσ̄,−σ sin
θij
2

)∑
N

F 2
σ̄ (N)ρbb

′
j (N)

+
∑
l 6=(i,j)

h(τ)tab′(i, l)

(
cos

θli
2
〈ê†bσ̄(j)êb′σ(l)〉0 − σ sin

θli
2
〈ê†bσ̄(j)êb′,−σ(l)〉0

)]

+
∑
l 6=(i,j)

∑
a′b′

h(τ)ta′b′(l, j)〈e†bσ̄(j), eb′σ(j)+〉〉〈
(

cos
θlj
2
ê†a′σ̄(l)− σ̄ sin

θlj
2
ê†a′,−σ̄(l)

)
eaσ(iM)〉0

}
(7.14)
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i∂τρ
ab
i (M) = (Ei(bM)− Ei(aM))ρabi (M) +∑

ja′σ

Fσ(M) cos
θji
2
h(τ)

(
ta′a(j, i)〈ê†a′σ(j)êbσ(iM)〉0 − tba′〈ê†aσ(iM)êa′σ(j)〉0

)
−

∑
ja′σ

σFσ(M) sin
θji
2
h(τ)

(
ta′a(j, i)〈ê†a′,−σ(j)êbσ(iM)〉0 − tba′〈ê†aσ(iM)êa′,−σ(j)〉0

)
(7.15)

∂τρi(m) = −2Im
∑
jabσ

Fσ(m+
σ

2
)h(τ)tba(j, i)

〈(
cos

θji
2
ê†bσ(j)− σ sin

θji
2
ê†b,−σ(j)

)
ê†aσ(i,m+

σ

2
)
〉

0

(7.16)

7.2 Results

7.2.1 Groundstates for g/t0 � 1

Using the above scheme we calculate the correlated groundstate populations and coher-

ences for all in the sites in the unit-cell considering the system in the deep insulating

limit while considering energy unit t0 = 100meV. In Fig.7.1 we provide results for all

populations obtained from the stationary solution, for an arbitrary corner-bridge site

pair, in two cases (a) for low intersite energy gap ∆E = 100meV which results from

weak lattice distortions at the bridge sites Qb = 0.1 (left four-block) and (b) for high

intersite energy gap ∆E = 1eV in the deep insulating limit with Qb = 1 (right four-

block). The final groundstate is shown at τ/Tmax = 1. In the first case, the intersite

energy gap is equal to the global hopping amplitude t0. Compared to the ionic picture,

we observe that the |b,M = 2〉 population at the bridge site state is reduced over ∼ 52%

compared with the non-interacting case τ = 0 while that of the |m = 3/2〉 at the cor-

ner sites reduces over ∼ 60%. Development of eg populations i.e ∼ 0.05% |b,M = 1〉
as well as m = 1/2 states presents significant spin canting. Similarly the corner sites

develop eg populations with dominant amplitudes 0.05 and 0.075 for |a,M = 2〉 and

|a,M = 1〉 states respectively. We also observe development of eg populations occupied

at |3z2− r2〉 orbital states (dashed lines) at the corner sites which indicates competition

due to hopping amplitudes.
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Figure 7.1: Groundstate populations of an arbitrary bridge-corner site pair as a func-
tion of τ/Tmax calculated by time-dependent density matrix nearly-stationary solution
given by Eqs.(7.14), (7.15) and (7.16). Here the dashed lines refer to spin states of
|3z2 − r2〉 and |3x2 − r2〉/|3y2 − r2〉 orbitals. The static hopping amplitude is consid-

ered t0 = 100meV and the effective field strength Beff = 10meV

High frequency oscillations with small amplitude are observed with period ∼ 15fs is

related to the intersite energy splitting due to Beff . However we assume that their exis-

tence does not affect the whole result significantly. On the other hand, in the deep insu-

lating limit (right four-block) we observe small changes compared to the non-interacting

limit. As expected due to the large energy gap, the dominant |b,M = 2〉 population of

the bridge sites is less than ∼ 5% reduced while the corresponding |m = 3/2〉 at the

corner site drops over 11%. These changes give rise to |b,M = 1〉 and |m = 3/2〉 popu-

lations of the bridge sites while small populations less than 1% exist at the corner sites.

The on-site spin canting also is expected to be weaker in the deep insulating limit which

indicates that the intersite energy gap suppresses the electronic hopping. The source of

spin canting here is the inter-plane zero-cost hopping. Due to large intersite energy gap,

the charge occupation at the corner sites is expected to be much smaller compared to

the corresponding charge occupation in low intersite gap systems. We conclude that the

above ground-state populations are strongly dependent on the initial conditions such

as the intersite energy gap and the global hopping amplitude. Additionally, the small

inter-plane energy gap due to the effective field Beff also affects the groundstate popu-

lations. As the Beff increases, zero cost inter-plane hopping diminishes and the system

tends to confine the charge into the FM channels along the zig zag chain.

In Fig.7.2 we provide results of all groundstate populations with increasing global hop-

ping amplitude set to t0 = 200meV instead of t0 = 100meV. Here the groundstate

populations are obtained for Q = 0.5 (right four-block) so the intersite energy gap be

the same as in Fig.7.1 (right four-block) ∆E = 1eV. The first observation is that the
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Figure 7.2: Groundstate populations of an arbitrary bridge-corner site pair as a
function of τ/Tmax using the time-dependent density matrix nearly-stationary solution
scheme. Here we consider static hopping amplitude t0 = 200meV and effective field

Beff = 10meV.

groundstate populations are quite similar with the previous example. In the deep in-

sulating limit (right four-block) we observe reduction of the |b,M = 2〉 population over

38%, enhancement of |b,M = 1〉 over 20% and development of small amplitude popula-

tions i.e. |b,M = 0〉. The corner site local population |m = 3/2〉 drops over 45% while

other populations i.e. |m = −1/2〉 enhance on the order of 10%. The global hopping

amplitude enhancement affects the on-site quantum spin canting especially the inter-

plane hopping, while the in-plane hopping enhances the groundstate charge transfer at

the corner sites, hence the charge disproportionation reduces. On the left four-block we

observe groundstate populations where global hopping amplitude t0 = 200meV is com-

parable to the inter-site energy gap, ∆E = 320meV. In this case we observe that the

on-site spin canting is enhanced dramatically. We conclude that for low intersite energy

gaps comparable to the global hopping amplitude, the groundstate of the system tends

to a highly spin canted phase and reduction of the charge disproportionation between

bridge-corner pairs, δ < 0.5. On the other hand, in the deep insulating limit as well as

for low hopping amplitudes, the groundstate configuration tends to be fully AFM CE

phase as in the ionic limit.

7.2.2 The groudstate populations in the limit Beff → 0

The ground-state properties of the CE phase depends, in addition, on the parameter

Beff . Here we present real-time calculation of the groundstate populations using the

above scheme in the low field limit Beff → 0 instead of Beff = 10meV as in previous

examples. In Fig.7.3 we present all groundstate populations considering intersite energy

gap ∆E = 1eV, global hopping amplitude t0 = 200meV and Beff ≈ 1meV.
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Figure 7.3: Groundstate populations as a function of τ/Tmax considering low inter-
planar energy splitting given by Beff = 1meV.

In this limit, the split-energy levels induced by Beff are reduced toward degenerate

states. Thus nearest-neighbor inter-plane sites ideally permits nearly zero-cost electron

hopping by flipping their local spins. We observe that bridge site M populations ρb(M)

saturate toward the value 0.2 while m population saturate at the corner sites toward

0.25. The rest of the populations also have negligible amplitude as they change less

than ∼ 0.5%. The above linear superposition of spin states with nearly equal weight is

identified as highly canted spin-glass state. On the other hand we used strong Jahn-Teller

distortions so we expect small charge disproportionation change due to large in-plane

intersite energy gap similar to the fully charge-ordered non-interacting case. The above

results are expected to change in terms of charge disproportionation and spin canting

as we decrease JT distortions by the parameter Qb.

7.3 Lattice dependent Spin/Charge properties : Mapping

the groundstate.

In previous section we showed examples of on-site population distribution in the ground-

state. A natural question is how the spin and charge properties are modified concomi-

tantly with the lattice. Since we assume that the main source of lattice distortions is

the electron-phonon coupling induced by the occupied bridge sites, we present ground-

state population distribution dependence on the lattice distortions while we extract our

data to address basic properties such as the charge disproportionation as well as the spin

configuration of the system as a function of the lattice distortion parameter Qb. Further-

more we explore the role of the effective field Beff and how it affects the on-site charge
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and spin. This practice serves as a versatile tool for mapping the groundstate total

energy as well as the non-equilibrium spin/charge/structural evolution of the system.

Following the scheme described above, in Fig.7.4 we plot all groundstate populations

(τ/Tmax = 1) as a function of the bridge-site lattice distortion parameter Qb in the case

of strong Jahn-Teller interaction g/t0 = 10 and Beff = 10meV.
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Figure 7.4: Groundstate populations for a corner-bridge site pair calculated at
τ/Tmax = 1 as a function of lattice distortion parameter Qb. Here we consider t0 = 200,

Beff = 10meV and ∆E = 1000meV.

In the deep insulating limit Qb � 0 we observe the populations tend to a configuration

similar to the pure ionic AFM system. As the intersite energy gap governed by Jahn-

Teller distortions become comparable to the intersite hopping for weaker distortions i.e

Qb < 0.5, we observe on-site populations M < S + 1/2 for the bridge sites and m < 3/2

for corner sites to be arose as a result of enhanced spin-flip process in the limit ∆E ∼ t0.

Rigorous analysis of the above results permit us to map the charge density probed at

the corner sites whose eg orbitals in the non-interacting case are completely empty. In

Fig.7.5 we present the charge density of the corner sites as a function of the Qb parameter

for Beff = 10meV while in the contour plot we map the charge density over a wide range

of Beff and Qb. The solid line plot reveals exponential decay of the charge density as

Qb lattice distortions increase. For small Qb the groundstate charge disproportionation

tends to zero forming distortion-free metallic phase with equal amount of charge on

each Mn ion. We note that the adiabatic computation of the approximated groundstate

becomes unstable for small Qb since the intersite energy gaps become smaller than the

static hopping amplitudes. Therefore, when unstable oscillations appear, eventually we

cannot provide consistent calculation in this regime. A possible treatment would be the

introduction of relaxation terms in the equations of motion. However for our purposes

here, computation of the population distribution over a limited range of Qb as in Fig.7.4

is completely satisfying to capture essential physics.
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Figure 7.5: (Upper plot) Groundstate charge density occupation at the corner sites as
a function of Qb lattice distortion parameter for Beff = 10meV. (Lower contour plot):
The same as a function of Beff and Qb. Here the Jahn-Teller strength is considered

g/t0 = 10 for t0 = 200meV.

For Qb = 0.2 the system undergoes minimal Jahn-Teller distortion and creates intersite

energy gap ∆E = 400meV which is twice the static hopping amplitude t0 = 200meV. In

this case the maximum charge density probed at the corner sites is less than 20% which

corresponds to δ < 0.3 charge disproportionation. Experimental measurements estimate

charge disproportionation less than 0.1 in half doped PCMO samples which is attributed

to significant second-neighbor interactions within the FM zigzag chains [100] and e-

e interactions neglected here. However for strong Jahn-Teller distortions considered

here, we assume that the predicted charge disproportionation as a function of lattice

distortions is a good approximation between to the ionic Goodenough model and realistic

systems. Our calculations reveal that even for Qb = 0.2, the charge-order character of

the systems is still maintained. Additionally the charge density seems to be not affected

significantly by Beff . We have shown that low Beff affects all populations toward highly

on-site spin canting due to nearly zero-cost interplane hopping which triggers spin-

flipping. Since we observe only a small shift in the charge density as a function of Beff

we conclude that the groundstate charge disproportionation is not significantly affected

by spin-flip processes while it displays strong dependence on the in-plane intersite energy

gap due to Jahn-Teller distortions. The small shifting is attributed to the reduction of

AFM charge hopping due to increase of the small spin-dependent energy gap as the

effective field Beff is increased. For large Beff , charge disproportionation increases to

δ → 0.5 (corner site charge density→ 0) due to cancellation of the AFM in-plane charge

transfer channel. Thus in this case the groundstate charge disproportionation is mostly
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regulated by FM intra-chain hopping (double exchange interaction).
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Figure 7.6: (Upper plots) Groundstate local spin Sz at the corner sites (left panel)
and bridge sites (right panel) as a function of Qb lattice distortion parameter for Beff =
10meV. (Lower contour plots): The same as a function of Beff and Qb for g/t0 = 10

and t0 = 200meV.

In Fig.7.6 we plot the local spins of a bridge (right panel) and a corner site (left panel) as

a function of Qb while in the contour plots we map the local spin dependence on the Beff

strength. We observe that for all Qb, the corner sites display low Sz. Let us describe the

local spin configuration for Beff = 10meV. The on-site spin difference from the ionic

picture (Sz = 3/2) in the deep insulating limit (Qb = 1.5), is ∼ 6.6% for the bridge

sites and ∼ 13.3% for the corner sites. For weak distortions i.e Qb = 0.2, the local spin

amplitude drops to ∼ 46% for the bridge site and ∼ 73% for the corner sites respectively.

As we observe the local spin tends toward Sz → 3/2 for large Qb. As Qb is increased,

the over-all Qb dependence is similar to a saturation function. We also observe linear

spin dependence on the effective field Beff for all sites. The above groundstate spin

configurations confirm the role of the interplanar nearest neighbor hopping amplitude

which affects dramatically the spin canting.

The itinerant charge from the bridge site is occupied by neighboring eg orbitals in the

groundstate. In Fig.7.7 we plot the itinerant spin versus Qb occupied at a = d|x2−y2〉

orbital of the corner sites (left blocks) and at a = d|y2−z2〉 (d|z2−x2〉) high energy orbitals

of the bridge sites (right blocks). As seen before, a small amount of charge occupies

mostly the corner sites at d|x2−y2〉 orbitals. The higher energy orbitals of the bridge sites

are nearly unoccupied. Thus we observe a spin change of the order of ∼ 1% for weak JT

distortions and ∼ 0.1% in the deep insulating limit. Therefore the groundstate itinerant
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spin displays a complex distribution for the Qb range of interest strongly governed by

the charge occupation of each orbital while the ferromagnetic Hund interaction with the

local spin plays a crucial role.

Similar results are obtained for the rest orbitals presented in Fig.7.8 a = d|3z2−r2〉 and

the lower energy orbitals a = d|3x2−r2〉 (d|3y2−r2〉). We observe that the itinerant spin

of the lower energy orbitals tend to the so-called ionic configuration for large Qb and

display Qb dependence similar the on-site local spin due to large Hund interaction. On

the other hand the charge density occupied on d|3z2−r2〉 orbital of the corner sites is

smaller compared to occupation. Therefore for large and intermediate Qb, the itinerant

electron spin occupied at d|3z2−r2〉 is smaller compared to d|x2−y2〉.

We conclude that charge disproportionation δ < 0.5 due to intersite electron hopping

processes originates and the competition between electronic hopping and Jahn-Teller

between in-plane AFM and FM channels. On the other hand, local spin canting arise

mostly from the inter-planar nearest-neighbor hopping regulated strongly by the effective

field Beff forming strong on-site local spin canting as the Jahn-Teller distortions became

weaker. Subsequently the itinerant electron spins interact via large Hund coupling with

the local spins, forming canted on-site total spin states.
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Figure 7.7: Groundstate itinerant electron spin saz for a = |x2 − y2〉 orbital at the
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a function of Qb lattice distortion parameter for Beff = 10meV. (Lower contour plots):

The same as a function of Beff and Qb for g/t0 = 10 and t0 = 200meV.
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Figure 7.8: Groundstate itinerant electron spin saz for a = |3z2 − r2〉 orbital at the
corner sites (left panel) and a = |3x2 − r2〉/|3y2 − r2〉 bridge site orbitals (right panel)
as a function of Qb lattice distortion parameter for Beff = 10meV. (Lower contour

plots): The same as a function of Beff and Qb for g/t0 = 10 and t0 = 200meV.

7.4 Groundstate Total Energy

In this section we apply the groundstate calculation scheme in order to find the optimal

spin-charge-lattice configuration of the system. This can be achieved by calculating the

total energy per site which is composed by the quasi-electronic hopping part

〈HGS
hop〉 = − 1

N

∑
ijσ

∑
ab

tab(i, j)

(
cos

θij
2
〈ê(i)†aσ ê(j)bσ〉0 + σ sin

θij
2
〈ê(i)†aσ ê(j)b,−σ〉0

)
(7.17)

the electron-phonon interaction which determines intersite energy gap due to Jahn-Teller

distortions

〈HGS
JT 〉 =

1

N

∑
i

(∑
aM

Ei(aM)ρa(M) +
∑
m

Ei(m)ρ(m)

)
(7.18)

and the potential (elastic energy) for the involved distortions
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〈HGS
lat 〉 =

1

N

∑
i

EJTQ
2
i (7.19)

whose lattice constant is related to the Jahn-Teller energy EJT = g2/2K. For all

simulations we use K/t0 = 10.

In our model, we use noncooperative Jahn-Teller distortions which means that every

bridge site possesses Qi distortion which is independent. In realistic materials however,

adjacent MnO6 octahedra share an oxygen. This can be solved by assuming cooper-

ative distortions by considering the oxygen displacements uvi along v direction, hence

extra terms are added while additional parameters are required to optimize the system.

However for simplicity, we assume collective Jahn-Teller distortions for all bridge sites

which permit us to reduce the optimization parameters dramatically. Additionally when

cooperative JT distortions are considered instead of non-cooperative, Monte Carlo sim-

ulations suggest that the charge, spin, and orbital correlations are found to be similar

to the noncooperative results [65].

The electron-phonon coupling is related to the eg orbital energies

Ei(aM) =

{
2EJTQb −M ·Beff i ∈ A
−M ·Beff i ∈ B

(7.20)

where Qi = −Qb for a ∈ (|y2− z2〉, |z2−x2〉) and Qi = Qb for a ∈ (|3x2− r2〉, |3y2− r2〉)
while we assume zero JT distortions at the corner sites where all local t2g energy orbitals

are set equal

Ei(m) = −m ·Beff (7.21)

The total energy per site is given by the Qb parameter

〈HGS
tot 〉 = 〈HGS

hop〉+ 〈HGS
JT 〉+ 〈HGS

lat 〉 (7.22)

and possible local minima define the groundstate as well as metastable states by de-

manding

EGSmin =
∂

∂Qb
〈HGS

tot (Qb)〉 (7.23)
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In Fig.7.9 we plot the total energy per site as a function of the distortion parameter

Qb for several JT strength g/t0 rates. Negative Qb indicates d|y2−z2〉/d|z2−x2〉 orbital

ordering while positive Qb indicates d|3x2−r2〉/d|3y2−r2〉 ordering.
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Figure 7.9: Equilibrium total energy landscape calculated as a function of Qb for
different amplitudes of Jahn-Teller coupling g/t0. On the left panel we consider |y2 −
z2〉/|z2−x2〉 orbital ordering (negative Qb) while on the right panel we consider |3x2−

r2〉/|3y2 − r2〉 ordering.

We observe that for all g/t0, the local minimum for Qb > 0 is lower. This indicates

that the groundstate is established with d|3x2−r2〉/d|3y2−r2〉 orbital ordering which is

consistent with theoretical predictions as well as experimental measurements. Moreover

in the deep insulating limit (large g/t0) the local minimum tends nearly Qb → 1 while

for lower Jahn-Teller coupling g, we observe a softening of the local distortions where the

total energy minimum shifts to lower Qb values i.e. Qb = 0.67 for g/t0 = 5. The charge

disproportionation δ tends to zero for lower g/t0 and Qb. In our example with g/t0 = 5

and Qb = 0.7 we predict charge disproportionation δ = 0.245 which is consistent with

experimental measurements while in contrast for strong JT distortions (large g), the

charge disproportionation is closely to δ → 0.5. For instance in the case og g/t0 = 10,

the local minimum is found on Qb = 0.98 where the charge disproportionation is δ =

0.482. Thus for large and intermediate g, the charge ordering is a key ingredient of the

groundstate. The observed charge ordering as confirmed by several theoretical works,

originates from the tendency of the Jahn-Teller distorted Mn ions to maximize their

relative distances to exploit the kinetic energy of the mobile carriers.



Chapter 8

Non-Thermal Spin/Charge Order

Melting: A Pathway Toward

Insulator-Metal Transition

In this chapter we present simulations of the photoinduced spin populations and charge

dynamics in a three-dimensional CE-type two-orbital model by solving the local quantum

mechanical equations of motion Eq.(3.37), Eq.(3.29) and Eq.(3.28). Initial condition

details are provided by employing the groundstate calculation procedure described in

the previous chapter, so are able to provide simulations of the photoexcited on-site

spin-charge dynamics for different intersite energy gaps determined by the local lattice

distortion parameter Qb. We further expand our investigation by mapping the temporal

evolution of the effective total energy landscape revealing that quasi-particle excitations

and spin-charge order melting are accompanied by collective lattice distortions dynamics.

We demonstrate a possible pathway to drive insulator to metal transition within ∼ 100fs

revealing the existence of a laser-intensity threshold to drive spin-charge order melting,

similarly found in realistic systems via ultrafast spectroscopy experiments. Our results

suggest that the charge-order melting plays the key role for the establishment of the

insulator to metal transition.

8.1 Non-Equilibrium Spin-Charge Dynamics

In this section we investigate the non-thermal evolution of quasi-particle on-site spin

populations in a three-dimensional CE-type lattice model where initial conditions are

calculated with the time-dependent adiabatic procedure described in Chapter 7. As seen,
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the ionic CE phase does not reproduce the groundstate for intermediate and weak col-

lective Jahn-Teller distortions but remains a good approximation for strong distortions

where intersite energy gap dominates. The local spin configuration also deviates from the

original AFM-CE phase and appears to form slightly canted-CE phase due to inter-plane

coupling. Charge disproportionation also appears to be enhanced in the deep insulat-

ing limit while for weak local distortions, intersite hopping develops considerable charge

density at the corner sites, tending to form sites with valence Mn3.5+ over the entire vol-

ume as we tend toward distortion-free configurations. Groundstates are governed by the

electron-phonon coupling which form local lattice distortions modes Q where in our case

are considered in the mean-field approximation assuming only one dominant effective

mode Qb mainly originated from the bridge sites. Inclusion of the effective distortion

mode Qc of the corner sites is considered in next chapter. In the mean-field approxima-

tion we assume that electron-phonon coupling affects the eigenstates |iaM〉 of the local

Hamiltonian by introducing linear–Q dependence on the energy eigenvalues Ei(aM).

So while this could be a good approximation for strong and intermediate distortions,

a detailed description of the eg levels in the weak distortion regime, where cooperative

distortions and phonon modes become significant, is still under debate. However in

our study, we will focus mainly on systems with strong Jahn-Teller lattice distortions

where initial conditions are governed by intersite energy gap ∆E > 1.5t0. In the follow-

ing paragraph we present time dependent populations and their interpretation on local

spin-charge temporal evolution for different initial conditions in two characteristic laser

pump intensities.

8.1.1 Redistribution of Quantum Populations: Two Distinct Pump

Intensity Regimes

Treating the quasi-electronic degrees of freedom at a quantum level is only feasible

for system sizes of several tens of atoms or under the assumption of a homogeneous

system. Here we present numerical results of the quantum spin population dynamics

by solving the equations Eq.(3.37), Eq.(3.29) and Eq.(3.28) in a minimal unit cell with

periodic boundary conditions described in Chapter 5. Initial conditions are determined

by the groundstate solution for intersite energy gap between eg orbitals of a bridge-

corner site-pair. In our investigation we consider inter-site energy gap ∆E > t0 (Q0 =

0.92). The electron-phonon lattice distortions are considered the same for all bridge

sites determined by the coupling parameter g/t0 and the static lattice constant K/t0.

Here we compare the full photodriven dynamics obtained from our equations of motion

for two distinct pump intensity regimes, including static groundstate terms calculated

in previous chapter.
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In Fig.8.1 we present all photoexcited populations 〈|im〉〈 im|〉 and 〈|iMa〉〈 iMa|〉 for an

arbitrary bridge-corner pair driven by resonant pump laser pulse with intensity defined

by the Rabi energy d0. Here we consider weak photoexcitation intensity d0 = 0.15t0

(left four-block) as well as strong intensity d0 = 0.5t0 (right four-block). The population

distribution before the arrival of the laser pulse, differs from that used in our simple

ionic two-orbital models in Chapter 6 where we neglected groundstate terms. The pulse

arrives reaching its peak intensity at τ = 0fs where a robust transient population re-

distribution occurs. In particular, in the weak intensity regime we observe that the

dominant populations, ρb(M = 2) for b = |3x2 − r2〉 (or |3y2 − r2〉) at the bridge sites

and ρ(m = 3/2) at the corner sites, drop over ∼ 41% and ∼ 50% respectively.
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Figure 8.1: Time-dependent changes in the populations of the local configurations
|iaM〉, |im〉 for a bridge and a corner site in CE-type unit-cell by exciting inter-
site transitions via resonant optical pump pulse in two intensity regimes (a) weak
and (b) high. Here the inter-site energy gap is considered ∆E = 4.5t0. The pop-
ulation lifetime and dephasing time is considered T1 = 120fs and T2 = 90fs re-
spectively. For iaM〉 configurations we display in dashed lines the temporal pro-
files for a = d|3z2−r2〉, d|3x2−r2〉, d|3y2−r2〉 while the corresponding profiles for a =

d|x2−y2〉, d|y2−z2〉, d|z2−x2〉 are displayed in solid lines.

We observe coherent changes in eg |x2 − y2〉 spin populations at the corner sites and

t2g at the bridge sites with different amplitudes reaching their maximum peak nearly

τ = 0fs while minor changes are observed in eg |3z2−r2〉 amplitudes and t2g populations

for m < 3/2 at the corner sites. The latter populations as well as eg populations for

M < 2 at the bridge sites, tend to reach nearly equal amplitude ∼ 0.15 in the temporal

range between 75–150fs. High energy eg states |y2 − z2〉 and |z2 − x2〉 remain nearly

unoccupied with amplitude nearly zero. On the other hand, the population dynamics

upon photoexcitation with enhanced pump pulse seems to be robust near τ = 0. For

example the dominant populations ρb(M = 2) at the bridge site drops over ∼ 80%

and ρ(m = 3/2) at the corner sites ∼ 76% respectively. Significant development of all

eg populations at the corner site indicates enhanced non-equilibrium charge transfer.

All transient population amplitudes nearly τ = 0, fluctuate in range between 0.05–0.2
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which indicate pronounced FM correlations and enhanced collective spin canting over

the entire unit cell. In all cases, after the pulse is gone, relaxation/dephasing processes

(Tp = 120fs and Tc = 90fs respectively) drive the system to recover its groundstate

within 500fs. Experimental works in photoexcited realistic systems report slow recovery

times in the picosecond time regime when the absorbed laser fluence is above a crit-

ical point. This fact indicates that relaxation parameters are strongly dependent on

the pump fluence [102] as well as by thermal effects neglected in our study since they

become pronounced in the picosecond temporal regime. Precise inclusion of relaxation

processes in quantum systems is known to be a rather challenging task. However we

focused here on pure quasi-electronic processes and spin fluctuations in the very early

(femtosecond) non-thermal regime during photoexcitation at zero temperature so we

keep the above relaxation parameters, constant in all times. Additionally time resolved

XRD measurements verify that laser-heating disorder cannot account the charge-order

and orbital-order changes i.e. in photoexcited LaSr2Mn2O7 samples, since the tempera-

ture increase due to laser heating is only ∼ 5K while the observed charge-order melting

and phase transition cannot be thermally established by increasing the temperature by

5K [103]. Thus in the femtosecond temporal regime, the whole dynamics is accounted

to electronic non-thermal processes. While the above non-thermal population time evo-

lution differs on the initial conditions defined by the groundstate which deviates from

the ionic AFM-CE phase to a slightly spin-canted CE-like phase, the overall time evo-

lution seems to be quite similar with our ionic two-orbital CE-3Z model described in

Chapter 6. Additionally, the overall temporal response of the photoexcited populations

for different initial conditions, displays the same qualitative similarities and differs only

on the non-equilibrium population amplitudes.

8.1.2 Spin-Charge dynamics: Low intensity regime

In this paragraph we proceed the analysis of the above data by calculating the temporal

evolution of the charge transfer between bridge-corner sites as well as the on-site spin

contributions. Time-dependent charge-order analysis is of crucial importance in realistic

materials which explain cooperative charge-lattice phenomena. It is well known from

several experimental works that the charge-ordered structures accompanied by periodic

lattice distortions, electronic and lattice modulations are easily identified in XRD or

neutron scattering measurements by providing patterns with bright superlattice peaks.

Their normalized intensities are approximately dependent on the bond lengths and sub-

sequently on the lattice distortions accompanied by displacement Q of the on-site orbital

ligands. The collapse of such XRD patterns upon external stimuli indicates the melting



125

of the charge-order. Charge-order melting in manganites as well as in many charge-

ordered structures, has been identified in several experiments to play the key role in

photodriven insulator-metal transitions [54, 59].

In our analysis, we calculate the charge disproportionation δ defined as the charge density

difference among the bridge and corner sites instead of calculating the occupied charge

density at the corner or bridge site separately. The above defines the difference in valence

between the bridge-corner Mn pair and provides a satisfying information about charge

dynamics. When transiently the system reaches δ = 0, the bridge-corner Mn pair have

equal valence Mn3.5+ while for δ > 0, the system favors increased charge occupation on

the bridge sites. Our data provide information about charge density in a wide range of

initial conditions defined by electron-phonon coupling and lattice distortion Qb which

affects the energy gap between bridge-corner pair. In Fig.8.2 we present temporal profiles

of the charge disproportionation δ for different initial conditions Qb induced by weak

laser pump neglecting higher order lattice dynamics. While in our 3D plots the over all

dynamics and amplitudes are well displayed, we provide additional information in the

Appendix B with supplementary contour plots.
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Figure 8.2: Time-dependent evolution of the charge disproportionation δ between
bridge and corner sites for different initial condition Qb induced by weak intensity

optical pulse (d0 = 40meV).

For strong Qb distortions, the charge disproportionation is similar to the ionic model

with nearly zero charge occupation at the eg corner site orbitals in the groundstate.

Weak distortions favor slightly enhanced charge occupation at the corner sites com-

pared to the strong distortion regime. Resonant excitation creates charge instability

followed by a rapid decrease in the charge-order parameter within 100fs. In the deep

insulating limit where intersite energy gap dominates, we observe weak changes in the

charge disproportionation. For Qb = 1.5 (strong distortions) the groundstate charge

dispropotionation is ∼ 0.47 and drops to ∼ 0.39 at τ = 80fs. In this limit the system

maintains charge-ordered characteristics for all times. For weak distortions on the other

hand charge transfer is enhanced and we observe a slightly pronounced change in δ for
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times nearly the peak of the pump pulse. The latter is a result of the competition

between static hopping and intersite photoexcitation energy. Here for Qb = 0.34 the

charge dispropotionation is ∼ 0.29 and drops nearly ∼ 0.1 at τ = 80fs. Such transient

change can be considered as a nearly charge-order-melted state since the Mn ions at

bridge-corner sites exhibit valence mixtures Mn3.4+-Mn3.6+ respectively. After the pulse

is gone, the system is governed by the relaxation terms and equilibrium is recovered

within 500fs.

To interpret the calculated time-dependence of on-site populations in terms on spin con-

tributions for different initial conditions defined by Qb, we plot in Fig.8.3 and Fig.8.4

(with supplementary contour plots Fig.B.2-Fig.B.3), the full dynamics of the photoin-

duced on-site local spins and the quasi-electron itinerant spins for all orbitals. The local

spin of the corner sites is slightly canted compared to the bridge in the groundstate.

All local spin amplitudes Sz are reduced as the intersite energy gap quenches. During

photoexcitation, FM correlations arise due to charge redistribution between AFM sites.

We observe sudden drop in local spin amplitudes for all sites within 100fs. In particular

for strong local distortions, bridge site local spins have a ∼ 1.25 local spin amplitude in

the groundstate which suddenly drops to ∼ 0.82 at τ = 140fs. Similarly the local spin

of the corner sites initially forms Sz = 0.76 amplitude that suddenly drops to ∼ 0.35 at

τ = 80fs. As the local distortions weaken, hopping competes with the intersite energy

gap. Charge redistribution due to resonant excitation and photoexcited intersite coher-

ence development between AFM sites, deforms the background local spins. For weak

distortions small deviations of the corner sites local spin amplitude changes from ∼ 0.36

to ∼ 0.19 withing 150fs. On the other hand the corresponding change in the bridge site

local spin amplitude that occurs within 90fs, varies from ∼ 0.76 to ∼ 0.35. The itinerant

quasi-electron spin contributions are presented in Fig.8.4. The dominant source of itin-

erant quasi-electron spin originates from the charge density occupied on the low-energy

orbitals |3x2 − r2〉/|3y2 − r2〉. During photoexcitation, the charge density is shared be-

tween all sites, the time evolution of the itinerant spin from |3x2−r2〉/|3y2−r2〉 orbitals

possesses similarities with the charge dynamics. However the itinerant spin evolution

at the rest orbitals is negligible since the maximum amplitude during photoexcitation is

less than 0.025 at τ = 100fs.

8.1.3 Spin-Charge dynamics: High intensity regime

In this paragraph we expand our investigation by translating our calculated temporal

profiles of the photoinduced populations for different initial conditions defined by local

distortions, into time profiles of charge and spin components when the pump pulse ex-

ceeds a critical intensity. We begin by providing results about charge dispropotionation
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Figure 8.3: Time evolution of the on-site local (t2g) spin Sz for a corner and bridge site
for different initial conditions of the inter-site energy gap defined by the local distortion

amplitude Qb. Photoexcitation intensity d0 = 40meV is considered here.

δ in high pump intensity regime. In Fig.8.5 we display charge disproportionation dy-

namics in a wide range of initial conditions defined by Qb local distortions up to 500fs.

The initial conditions result from the same groundstates as a function of Qb used in

previous paragraph which do not depend on the pump intensity.

In our analysis we observe that even for strong distortions, during the photoexcitation,

the charge disproportionation δ drops to zero at τ = 24fs and oscillates around zero

for ∼ 30fs. The oscillation period increases as the intersite energy gap quenches. This

observation indicates that the bridge-corner Mn pair exhibit nearly equal valence Mn3.5+

transiently. On the other hand, for weak local distortions we observe that the charge dis-

proportionation drops fast to zero and oscillates between -0.1 and 0.1 within 100fs. This

is an indication of the formation of non-equilibrium short-lived charge bonding between

bridge-corner Mn pair. Re-establishment toward equilibrium is completed within 500fs

in all cases governed by relaxation processes. In this case, unlike with the weak pump

regime where the charge order is reduced but not melted, we observe transient melting

of the charge order even for strong local distortions while as the intersite energy gap

quenches, laser driven extended period of the short-lived bonding between neighboring

Mn pairs is observed where charge oscillates between two nearest neighbor sites. Such

laser-driven process is similar to the dumped Rabi oscillations in a simple two-level sys-

tem. The extension of the non-equilibrium charge bonding results from instantaneous

charge excitation which flip a certain percentage of bond charges between neighbor-

ing sites. It means that during non-equilibrium bonding driven by high intensity pump

pulse, corner sites exhibit a slightly enhanced percentage of charge transiently compared

to the bridge site charge and vise versa.

In terms of spin we plot the on-site local spin dynamics in Fig.8.6 and Fig.B.5. First we

observe that the corner site local spin oscillates during the pulse excitation and drops fast
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Figure 8.4: Time evolution of the itinerant electron (t2g) s
a
z spin for a corner and

bridge site probed at orbital a for different initial conditions of the inter-site energy gap
defined by the local distortion amplitude Qb. Photoexcitation intensity d0 = 40meV is

considered here.
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Figure 8.5: Time-dependent evolution of the charge disproportionation δ between
bridge and corner sites for different initial condition Qb induced by strong intensity

optical pulse (d0 = 100meV).

within 100fs. The oscillatory behavior is attributed to the absence of local distortions

where intersite hopping between nearest neighbor AFM corner sites in z axis dominates,

while intersite coherence increases due to the transient change in charge density, and

strong FM correlations arise by flipping their spins. The oscillatory behavior is similar to

the Rabi oscillations of an electric field-driven two-level system with degenerate energy
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levels. Here with enhanced pump intensity we observe that these oscillations are present

even in the presence of strong local distortions at the bridge sites which indicates that

depends on the enhanced presence of the transient charge density compared to the

weak pumped system. The local spin drops nearly to 0.2 for strong Qb distortions

while for weak distortions the spin reaches Sz = 0 transiently. This is significant spin

canting driven non-thermally only by laser-driven charge transfer and intersite coherence.

The bridge site local spin on the other hand displays enhanced spin amplitude quench

compared to weak pumped system. Here the spin amplitude drops to 0.3 for strong local

distortions and nearly zero for weak distortions within 80fs. Additionally for weak local

distortions, dumped spin oscillations are present up to 300fs. This results from the same

mechanism as in the corner site spin oscillations due to the reduced Jahn-Teller energy

gap which becomes comparable to the static hopping amplitude in the z direction. As the

local distortions weaken, the intersite coherence in z direction arise FM correlations. In

all cases when exciting intersite transitions with strong intensity resonant pump pulse,

all local spins are flipped within 100fs, forming highly canted states while the entire

structure exhibits spin and charge order melting. As for the itinerant quasi-electron

spins at each orbital, in Fig.8.7 and Fig.B.6 we present the time evolution probed at

each orbital. We observe enhanced spin amplitude at |x2−y2〉 state which favors charge

density occupation at the corner sites. In the strong pump intensity regime, the quasi-

electron itinerant spins have a slightly enhanced amplitude in the |x2 − y2〉, |3z2 − r2〉
and |y2− z2〉/|z2−x2〉 orbitals due to the presence of transient charge density and local

FM correlations within the 80fs. Furthermore the presence of spin oscillations during

photoexcitation for weak local distortions supports our statement of high intensity laser-

driven bonding development between neighboring sites due to charge dynamics. Laser

driven ferromagnetic correlations also result in bridge sites where itinerant quasi-electron

spin interact with the local spin via strong Hund coupling. Thus the time evolution of

the itinerant |3x2−r2〉/|3y2−r2〉 spin at bridge sites displays similarities with the on-site

local spin.

For strong local distortions, the itinerant spin amplitude drops fast within 80fs from 0.4

to 0.05. However the charge disproportionation of the corner-bridge pair at τ = 80fs is

nearly zero which mean that bridge site exhibit nearly equal itinerant charge occupied

with the corner sites. Itinerant spin drops at |3x2 − r2〉/|3y2 − r2〉 orbitals while the

on-site charge density decreases transiently. Since the local charge at the bridge sites is

non-zero at τ = 80fs, the fast drop of the spin amplitude indicates strong spin flipping

toward xy plane. This is true even for weak local distortions where the spin flipping

occurs faster within 20fs where the itinerant spin drops nearly zero.
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Figure 8.6: Time evolution of the on-site local (t2g) spin Sz for a corner and bridge site
for different initial conditions of the inter-site energy gap defined by the local distortion

amplitude Qb. Photoexcitation intensity d0 = 100meV is considered here.

8.2 Discussion

In our model the charge and spin degrees of freedom are strongly correlated. Local cor-

relations and initial conditions determine the groundstate on-site properties of the entire

structure. For our studies we perform simulations in a minimal unit-cell with periodic

boundary conditions. Our calculations despite the small size of the used computational

cell, allows us to look at the response of the system to the photoexcitation and the

underlying non-equilibrium dynamics at the microscopic level. In equilibrium, intersite

hopping, spin ordering and intersite energy gap defined by the electron-phonon coupling

determine essential properties of the system such as the on-site charge density and spin

canting. In the non-equilibrium regime, resonant excitations induce intersite transitions

which destabilize the charge and spin degrees of freedom transiently. Intersite charge

transfer and spin flipping depend strongly on the pump intensity. There are three pro-

posed possible transition paths upon photoexcitation which induce destabilization of the

system in terms of spin and charge degrees of freedom. The first path is based on exci-

tations which induce transition between the energetically lower Mn3+ eg orbital and the

on-site higher Mn3+ eg level. The second path is based on transitions between the lower

Mn3+ orbital to the higher eg level of the neighboring Mn3+ sites. The third path excites

transitions between the lower Mn3+ orbital to the non-split Mn4+ eg levels. In realistic

systems, the third proposal is identified as the most preferred one since other proposals

violate electric dipole selection rules and require larger photon energies to overcome the

JT gap and the on-site Coulomb repulsion from the lower Mn3+ eg level compared to the

typical laser pump energies (∼ 1eV-1.55eV) used in pump-probe experiments [104, 105].

The charge and spin dynamics presented here are based on the third proposal and as

shown in the numerical results and the quantum population redistribution is driven by

the optical field and intersite hopping. Development of intersite coherence gives rise to
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Figure 8.7: Time evolution of the itinerant electron (t2g) s
a
z spin for a corner and

bridge site probed at orbital a for different initial conditions of the inter-site energy gap
defined by the local distortion amplitude Qb. Photoexcitation intensity d0 = 100meV

is considered here.

local correlations which permits quasi-electronic hopping between FM and AFM aligned

sites by flipping their spins. Intersite coherence which control spin flipping is strongly

dependent on the pump intensity. During excitation, the spin degrees of freedom for low

intensities are slightly flipped with major contributions from the local spins in the weak

lattice distortion regime. In the strong intensity regime we observe robust local spin Sz

amplitude quenching for all sites within 80fs where for low intersite energy difference,

drops to zero transiently. Non-equilibrium charge bonding at the corner sites induces

spin canting oscillations which arise due to intersite hopping at z direction between de-

generate levels. Local spin oscillations can be considered as a non-equilibrium quantum

spin precession due to the presence of partially occupied itinerant quasi-electron spin

interacting with the background local spin. The spin oscillations depend on the direct

intersite excitation intensity governed by the charge dynamics between bridge-corner

Mn pairs. Quasi-electron itinerant spin dynamics probed at each orbital shows robust

change of the favored occupied |3x2 − r2〉/|3y2 − r2〉 orbitals which indicates significant

quantum canting during the pulse excitation. Results on charge dynamics display charge

transfer from bridge sites to corner sites in both intensity regimes where we observe re-

duced charge order for weak pump intensity and transient charge order collapse using
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strong pumps. The most striking observation is the melting of both the charge and spin

order in the strong pump intensity regime. The phenomenon of ultrafast photoinduced

charge-order melting is an intriguing example of non-equilibrium dynamics. Experimen-

tal works in several physical systems such as VO2 [106], manganites [50, 52, 58] as well as

theoretical models in charge-density-waves [107] confirm establishment of charge-order

melted state and threshold-like behavior above a critical fluence optically within 100fs.

This is in agreement with our calculations in the strong intensity regime which display

transient charge order melting within 80fs via strong electron correlations. This is a

purely electronic process and occurs in the time scale of the energy transfer. Transient

spin order melting on the other hand arise non-thermally due to laser driven intersite

coherence development of the on-site many-body spin states as well as due to charge

redistribution. After the pulse is gone, the groundstate is recovered fast as driven by the

relaxation/dephasing terms. In our calculations we considered constant relaxation times

for all pump intensity regimes. On the other hand investigations of realistic strongly

correlated systems investigated by pump probe spectroscopy using laser pump ener-

gies ∼ 1.55eV and typically low fluence, reveal that the charge-ordering recovers after

a few picoseconds while for increasing fluence, the recovery times steadily increase to

nanosecond temporal regime. In other words, the re-establishment of charge and spin

ordering strongly depends on the pump fluence [108]. In real systems the establishment

of equilibrium overcomes the picosecond time regime due to thermal effects and struc-

tural changes which can be distinguished into three stages of the relaxation process:

CO melting, CO gap reopening, and thermal relaxation. Since we are interested for the

investigation of the early sub-picosecond time-regime dynamics where thermal effects

are possibly insignificant and assuming structural degrees of freedom frozen, despite the

relaxation dynamics we used for simplicity assuming constant relaxation/dephasing pa-

rameters, we believe that the laser control of intersite correlations which subsequently

induce charge and spin order melting, play the dominant role for the establishment of

non-equilibrium coexcisting phases or hidden metastable states [58] and the so-called

insulator-metal AFM-FM phase transition in strongly correlated systems [6]. Although

experimental works confirm spin and charge order collapse within 100fs, they also report

concomitant structural changes i.e changes of the lattice constants orbital ordering melt-

ing in the same temporal regime. While direct structural changes can be achieved by

triggering vibration or stretching mode excitations employing ultrashort pulses tuned

between 50meV–750meV [52, 61], a natural question is how structural changes arise

concomitantly with the charge-order melting using typical energies such as ∼ 1.55eV

[103] with respect to the transition proposal described above. In the next section we

investigate a possible explanation of the structural changes which may lead to a path-

way toward insulator-metal transition using our numerical results of the spin-charge

dynamics by assuming resonant intersite transitions.
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8.3 Phenomenological Model of Ultrafast Lattice Dynam-

ics

The sub-picosecond spin-charge dynamics can have a crucial effect even on the non-

thermally accessible metastable states of a photoinduced system, since it determines the

initial state for the dynamics of one or several order parameters in a multi-dimensional

energy landscape. In previous section, we demonstrated an intriguing property in our

photoexcited small-sized two-orbital model with CE-like spin pattern and charge/orbital

ordering. The most intriguing non-equilibrium response observed in our simulation, is

the melting of the charge and spin order by exciting resonant intersite transitions while

employing pump intensities above a critical point. However in experimental investiga-

tions on the charge and lattice degrees of freedom in manganites using ultrafast XRD

spectroscopy, it is reported that the charge order melting is accompanied by struc-

tural changes due to the motion of Jahn-Teller modes as well as the collapse of the

orbital-order and formation of polarons. The forces induced by the polarons set the

oxygen network in motion which is subsequently transmitted to the rare-earth elements

of the structure [103]. Such structural changes are produced due to the non-equilibrium

changes of the multi-dimensional energy landscape where charge, orbital, spin and lat-

tice degrees of freedom tend to minimize their energy. In the next section we present

a simple phenomenological model of the local distortion dynamics by mapping the dy-

namics of the total energy landscape using the numerical results found in the previous

section about the spin and charge time evolution. This simple model may explain the

ultrafast structural changes and coherent oscillations of the Jahn-Teller modes observed

in experiments.

8.4 Lattice Distortion Dynamics: Mapping the Total en-

ergy landscape

Addressing the effects of spin and charge dynamics into the lattice degrees of freedom is

a challenging issue due to the diversity of the involved cooperative and non-cooperative

couplings such as Jahn-Teller phonon modes, breathing phonons, rotation phonons and

ionic displacement oscillations. Investigating groundstate configurations where all de-

grees of freedom relax into a global minimal energy requires computationally expensive

optimization procedures which may demand extensive computational resources. Such

optimal interplay between competitive couplings in a small sized system i.e. a unit-cell,

can be investigated by optimization procedures such as Monte-Carlo calculations where



134

minimization of the multi-dimensional total energy provides a particular set of parame-

ters which minimize the energy. On the other hand, due to the complexity, investigation

of the time evolution of the system in non-equilibrium conditions, approximations are

required in order to reduce the number of order parameters and hence the dimensional-

ity of the total energy landscape in the time domain. The basic concept is that the rise

of the kinetic energy due to intersite resonant excitation, changes the energy landscape

and reconfiguration of lattice parameters occurs in order to stabilize in new energy min-

imum. Such changes in the energy landscape modify the crystal structure leading to a

new state of collective electronic properties.

In our model, the quasi-electronic contribution in the total energy results from the time-

dependent kinetic energy Hamiltonian in terms of Hubbard operators:

Hhop(τ) = −
∑
ij

∑
ab

∑
σ

Vab(i, j) cos
θij
2
ê†aσ(i)êbσ(j)

−
∑
ij

∑
ab

∑
σ

σVab(i, j) sin
θij
2
ê†aσ(i)êb,−σ(j) (8.1)

In our approximation we consider that the laser pulse excites the system uniformly

and each corner-bridge Mn pair displays the same dynamics with any arbitrary corner-

bridge pair as discussed in previous chapters. The local interactions are included in

the electron-phonon coupling which is the driving potential of the charge order. The

local electron-phonon coupling in the mean-field approximation is considered via the

average value of the Jahn-Teller mode Qi at each site, neglecting the coupling to the

breathing mode. We assume that the source of local distortions results from the bridge

sites which can be considered as the main active JT mode. In particular due to the above

approximation, yields the following set of local distortions Qb for i ∈ A (bridge sites). In

the groundstate the corner sites considered distortion-free Qc = 0 as justified by Monte-

Carlo simulations [65] and are assumed frozen for all times. The above approximation

reduces significantly the set of parameters involved in the total energy calculation. The

Hamiltonian which diagonalize such local interactions, reads

Eep(τ) = 2EJT
∑
i

∑
M

(ρbi(M, τ)− ρai (M, τ))Qi (8.2)

where a ∈ |3x2 − r2〉, |3y2 − r2〉 and b ∈ |y2 − z2〉, |z2 − x2〉. The above relation is

simplified as
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Eep(Qb, τ) = 2EJT
N

2

∑
M

(ρbA(M, τ)− ρaA(M, τ))Qb (8.3)

where N is the total number of sites. These modes yield the dominant contribution

to charge order [70]. Finally the electron-phonon coupling affects the elastic lattice

potential

U(Qb) =
N

2

1

2
KQ2

b (8.4)

For resonant intersite excitations, the charge-spin dynamics depends on the initial con-

ditions. Then the total energy landscape as a function of time and the local JT mode

Qb is given by

U(Qb, t) = Eep(Qb) + 〈Hhop(t)〉+ U(Qb) (8.5)

An estimation of the local distortion dynamics can be provided as follows. Starting

from the time dependent profile of the kinetic energy contribution 〈Hhop(τ)〉 and the

corresponding time dependent populations for a defined set of initial conditions deter-

mined by the groundstate, we find the suitable value Qb of the electron-phonon coupling

and the elastic lattice energy, which minimize the total energy potential Eq.(8.5) as

a function of time. Assuming Qb to be a classical parameter we construct the time-

dependent one-dimensional potential U(Qb, τ). The lattice equations of motion can be

derived easily by defining the forces determined by the potential U :

M
d2Qb
dτ2

= F (Qb, τ) (8.6)

where

F (Qb, τ) = −∂U(Qb, τ)

∂Qb
(8.7)

With the above equations we have a description of the total energy as a function of time

combined with classical equations of motion of the displacement amplitude Qb in order

to predict a possible dynamical path taken by crystal lattice upon intersite resonant

excitation. We note that we neglect any changes in the hopping parameters due to

displacement amplitude modes Q, which are less known in the real materials [109].



136

We proceed to the calculation of the total energy landscape Eq.(8.5) using data of the

kinetic energy time evolution extracted by the temporal profiles of the photoinduced

populations and coherences developed so far. In our calculations we consider electron-

phonon coupling strength g/t0 = 7. In this regime the groundstate distortion displace-

ment amplitudes relax at Qb = 0.92 creating intersite energy gap ∆E ≈ 4.5t0. Full time

simulations of non-thermal spin and charge dynamics which compose the time evolution

of the kinetic energy, are presented in sections 8.1.2 and 8.1.3 for Qb = 0.92.

The calculated temporal evolution of the energy surface is displayed as a function of Qb

mode in Fig.8.8 for two different pump intensity regimes as in previous section, for (a)

weak and (b) strong intensity. For better understanding, we display the energy surface

dynamics as a function of Qb mode. We observe that for times earlier than the pulse

arrival, the energy surface has a unique minimum which coincides with the groundstate

minimum calculated in Chapter 7. As soon as the kinetic energy develops in time due to

the resonant pump pulse and the subsequent intersite charge transfer from bridge sites to

corner sites takes place, the energy surface is displaced from its equilibrium position. In

both cases the potential minimum is shifted rapidly toward smaller amplitudes Qb < Qeqb

within 100fs.
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Figure 8.8: Temporal snapshots of the total energy landscape as a function of the col-
lective distortion amplitude Qb of the bridge sites induced by resonant photoexcitation

with (a) d0 = 40meV and (b) d0 = 100meV.

In particular for weak intensity the local on-site spin at the corner sites drops from 0.73

to 0.3 at τ = 80fs and the corresponding local spin at the bridge sites drops from 1.1

to 0.62 at τ = 100fs. In terms of charge imbalance between bridge-corner Mn pair, the

charge disproportionation changes from 0.44 to 0.28 within 100fs. The system during

the pump pulse exhibits reduced charge and spin order. In this case the energy minimum

is shifted from Qeqb = 0.92 to Qb = 0.75 for τ = 100fs as shown in Fig.8.5 a. The energy

difference between these two energy minima is ∆U = 0.49t0. After 100fs the system is

governed by relaxation processes and the energy surface shifts from Qb = 0.75 toward

the groundstate configuration within 500fs where the total energy reaches the lowest

value. Full video simulation of the energy surface dynamics is provided here1.

1https://www.dropbox.com/s/gaz20um9reludgc/U-weak.mp4?dl=0

https://www.dropbox.com/s/gaz20um9reludgc/U-weak.mp4?dl=0
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Figure 8.9: Time evolution of the collective distortion amplitude Qb(τ) of the bridge
sites with respect to the temporal changes of the total energy landscape presented in

Fig.8.8. (a) d0 = 40meV and (b) d0 = 100meV.

On the other hand for strong pump intensity, the on-site local spins of the corner sites

change from 0.73 to 0.14 within 70fs and the bridge sites local spin drops from 1.1 to

0.14 within 70fs. The charge disproportionation in this case changes fast from δ = 0.44

to δ = −0.1 during the pump pulse peak which indicates transient change of the charge

density imbalance between corner-bridge Mn pair and thus charge-order inversion. At

τ = 10fs the corner sites exhibit larger amount of charge density compared to the bridge

sites charge. Thus for strong intensities, the charge order is transiently melted along with

the spin order. The corresponding energy dynamics is shown in Fig.8.5 b where we ob-

serve the energy surface minimum shifts transiently from Qb = 0.92 to Qb = 0.12 during

the pump pule peak. The corresponding energy difference between these two minima is

∆U = 1.39t0 which is mach larger compared to the weak intensity excitation. After the

pulse is gone, relaxation processes lead the system energy surface to recover it’s ground-

state value. Full video simulation is provided here2. Solving the equations of motion

with respect to the above energy surface dynamics, we present the distortion amplitude

dynamics Qb(τ) for both weak and strong pump intensity regime, in Fig.8.5 (c)-(d). In-

deed the Qb(τ) follows the time evolution of the energy surface minimum in both cases.

In the strong pump regime however for τ > 0 we observe that Qb(τ) oscillates around

the time dependent energy minimum. The mode oscillates around a displaced position

as a result of the excitation of the intersite transitions by the pump pulse, consistent

with the displaced minimum of the energy surface. The oscillation period is ∼ 100fs and

similar oscillations have been reported in photoinduced manganites via ultrafast XRD

attributed to the Jahn-Teller modes [56]. We also note that in real systems, an other

type of oscillations have been observed with corresponding period ∼ 400fs. However

these oscillations are attributed to atomic oscillations of the rare earth elements [110].

This is an indication that in the very early non-thermal regime, the spring constants, the

lattice constants and hopping amplitudes, change during photoexcitation where charge

order melting occurs favoring insulator-metal transition within a few picoseconds [50].

While it is less known how these parameters change over time, in our simulations we

2https://www.dropbox.com/s/iyb8tptnjmqamai/U-strong.mp4?dl=0

https://www.dropbox.com/s/iyb8tptnjmqamai/U-strong.mp4?dl=0


138

present a simple concept of distortion amplitude dynamics based on the energy surface

time evolution. The above figures display the dynamics as a function of one mode and a

possible tendency of the system local distortions upon uniform photoexcitation. This is

a first indication of possible dynamical behavior related to the structural changes accom-

panied by charge and spin order melting, and a possible pathway toward the so-called

insulator-metal transition.

8.4.1 Discussion

We developed a simple phenomenological model which may explain possible structural

dynamics during photoexcitation. In our model is demonstrated that the rise of the

kinetic energy due to resonant intersite transitions is followed by lattice instability. This

results due to the transmission of the energy into the lattice degrees of freedom via the

electron-phonon coupling. While the charge order is reduced or melted during photoex-

citation dependent by the pump intensity, the local lattice distortions, which stabilize

the charge and orbital order, are released. As shown from the displacement amplitude

dynamics, in the strong pump excitation regime, local distortions are not necessary for

the transient charge-order-melted state where Mn sites exhibit nearly equivalent valence.

In the weak intensity regime, the electronic and distortion mode gap quench is the early

femtosecond regime, may serve as the initial condition of subsequent JT mode oscil-

lations reported in experimental measurements with period ∼ 70fs [54]. Furthermore,

extension of our results involving the time dependence of the orbital degrees of freedom

may explain the orbital order melting observed in several experiments [58, 105]. The

charge transfer excitations along and between zig-zag chains, triggers Jahn-Teller mode

rearrangement, which in turn drives the reduction or melting of the orbital order. The

dominant factor in the charge-order melting and the accompanied distortion quench, is

the pump intensity of the photoexcitations which govern the intersite charge transfer

between bridge and corner sites, as well as the resulting strong imbalance between the

charge and lattice degrees of freedom. As a consequence, coherent oscillations, which

correspond to the displacements modes stabilizing the ordered phase, is expected to be

generated. Such coherent oscillations have previously been reported in several examples

of photoinduced phase transitions. While the most intriguing property during charge

order melting is the quench of the local distortions and their observed coherent motion,

it does not appear to be crucial for the melting itself. The complete disappearance of

the charge and spin order as well as the reduction of local lattice distortions may set the

initial conditions toward the establishment of photoinduced insulator-metal transition

and the formation of coexcisting phases or hidden phases thermally inaccessible. This

model due to its simplicity, fails to describe the competition between the underlying
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different degrees of freedom i.e polarons, phonon modes, which are necessary to under-

stand the strongly different responses to photoexcitation and the subsequent picosecond

dynamics due to instantaneous heating. However our results indicate that charge and

spin order melting governed by the pump intensity along with the quench of the local

distortion mode Qb, and manifests a reasonable tendency of the system which leads to

the reduction of the energy band gap and a pathway toward transient metallization.

The above tendency appears to agree with experimental results where a laser pulse

with fluence above the phase transition threshold induces ultrafast structural transition,

accompanied by a noticeable change of optical and electronic properties i.e. after pho-

toexcitation, electrons are slowed down and the atoms in the lattice can adjust their

positions in a timely manner in response to changes in the electronic states as confirmed

by experimental measurements.



Chapter 9

Ultrafast Phase Transition

The photodriven interplay of spin-charge degrees of freedom in the non-equilibrium

temporal regime, determines the very early femtosecond dynamics and sets the initial

conditions of the subsequent structural changes due to the dramatic modifications of the

total energy landscape as shown by time-dependent simulations in the previous chapter.

Along with the detailed spin-charge dynamics up to 500fs in two distinguished pump

excitation regimes, we identified two fascinating properties. The first is the charge-order

melting which results from the intersite charge transfer determined by the laser intensity.

The second is the transient spin-order melting which results from enhanced FM corre-

lations originated by the intersite coherence of the non-equilibrium many-body states.

The latter plays a key role in the establishment of the AFM to FM phase transition

within 100fs - 1ps, as reported by novel experimental works [6, 62]. As shown in the

previous chapter, charge-order melting plays the key role in insulator-metal transition.

However the role of spin-order melting in the non-equilibrium total energy configuration

is not directly displayed by our time dependent simulations. The question arises on

how the quantum spins and spin-order melting affects the system along with the charge-

order melting for the establishment of insulator-metal transition in the time domain.

If charge-order melting is necessary and sufficient condition for insulator-metal transi-

tion, then spin dependent processes are not required and a alternative way to induce

insulator-metal transitions would be possible by triggering intersite transitions within

FM aligned spin chains i.e. via double-exchange hopping as in the case of classically

treated spins. In this case, spin processes are not involved and the system displays

similarities to a classically treated spin system1 while the non-equilibrium charge re-

distribution between Mn3+-Mn4+ via double-exchange interaction would be a sufficient

condition to induce insulator-metal transition. In this chapter we present the essential

differences between two possible proposed scenarios of non-equilibrium phase transitions.

1See chapter 5
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In the first scenario assumes that time-dependent non-equilibrium charge redistribution

induces charge-order melting and insulator-metal transition occurs via lattice modifica-

tion. The second scenario assumes that charge-order melting with intersite transitions

along the zig-zag chains and between AFM aligned chains, induce non-adiabatic FM

correlations which affect the energy bands toward insulator-metal transition efficiently

along with lattice deformation. Then insulator-metal transition occurs. Comparing

these two cases we are able to clarify how the energy surface and bands are modified

especially during the development of FM correlations in the time domain, and how such

changes affect the lattice distortion configuration of the system. Our demonstration

is provided by band-structure calculations supported by phenomenological on-site spin

and charge temporal profiles.

9.1 Problem setup

In the previous chapter we focused on the physical mechanism underlying the 100fs spin-

charge dynamics by an ultrashort optical pulse in the time domain. The model provides

an intuitive demonstration of the FM correlations development and intersite charge

transfer which determine the conditions of the so-called insulator-metal transition. As

shown, the reconfiguration of the energy surface in the non-equilibrium regime, triggers

quenching of the lattice distortions. In this section we display an alternative way to

present insulator-metal transition in the time-domain by using the quasi-itinerant band

representation with respect to the temporal profiles of the spin-change dynamics at

the femtosecond regime. The description of the ultrafast insulator-metal transitions

requires the inclusion of several components such a optical excitations, phonon modes

with various responses at individual timescales, the coherent motion of the rare-earth

elements and the accompanying changes in electronic structure. Although separately

these aspects can be described in much greater detail, an integrated description of such

components in the femtosecond time regime, requires approximations.

We begin with the real-space representation of the itinerant quasi-particle eigenvalue

equation2 in the quasi-static limit and

(ωn − εaσ(i))uσn(ia) = −
∑
jb

Vab(j, i)
√
naσ(i)

√
nbσ(j) cos

θji
2
uσn(jb)

+σ
∑
jb

Vab(j, i)
√
naσ(i)

√
nb,−σ(j) sin

θji
2
u−σn (jb) (9.1)

2See chapter 5
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and

na,↑(i) = 1− ∆Jaz (i)

2S + 1
, na,↓(i) ≈

1 + ∆Jaz (i)

2S + 1
(9.2)

the normalization parameters. The temporal responses of the on-site total spin com-

ponents Jaz (τ, i) upon photoexcitation have been already captured qualitatively by our

numerical simulations presented in previous chapters. Then we are able to provide

a quasi-static description of the bands in the time-domain. In order to address this

problem numerically, we assume a half-doped finite sized CE-CO two-orbital structure

where the electronic structure can be described by an effective Goodenough ionic model

consisting of 8× 8× 8 lattice as shown in Fig.9.1.

Figure 9.1: 3D representation of the 8× 8× 8 CE-type structure

.

Periodic boundary conditions are applied in the x, y, z directions while static hopping

amplitudes are described via first nearest-neighbor interactions between eg orbitals.

Since we apply the Goodenough ionic model, we assume alternately arranged Mn3+-

Mn4+ ions forming zig-zag FM chains. Also we assume that only the lowest energy

configuration is populated in the bridge sites Mn3+ with total spin M = S + 1/2 while

only S = 3/2 spin configurations are populated at the corner sites. The equilibrium

spins are arranged with respect to the angles θi which define the reference axis of the lo-

cal spin. We configure the arrangement of all spins in order to reproduce the well-known

CE-type structure over the entire volume. The effects of electron-phonon coupling are in-

troduced by a linear Q-mode dependence of the energy eigenvalues within the mean-field

approximation[30]. In time-resolved experimental measurements in half-doped PCMO

[54] charge-ordered samples, revealed decoupled nonequilibrium dynamics of electrons

and periodic lattice distortions during photoinduced melting of the charge-ordered phase.

In view of the complicated atomic structure of manganites and our limited knowledge

of the lattice eigenmodes, an exact treatment of the structural dynamics is not feasible.
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Since we assume that the laser pulse excites the sample homogeneously and the pene-

tration depth is larger that the thickness of our system, the excitation density can be

considered uniform over the entire probe volume which means that all quasi-electrons are

excited from the valence band to the conduction band homogeneously. Furthermore we

approximate the lattice distortion motion relevant to the phase transition, to the motion

of the non-cooperative collective distortion modes Qb, Qc of the bridge and corner sites

respectively. This permit us to tackle the problem in a lower dimensional space of a few

classical variables as in the work of Cepas et al.[76] and it rules out the appearance of

inhomogeneous or incommensurate phases at all times.

9.1.1 Initial conditions and the groundstate

The groundstate amplitudes of these modes are determined by the initial conditions.

The widely used limit of the Hund coupling JH →∞ is used in this work and we set the

electron-phonon coupling defined by the Jahn-Teller coupling constant at g/t0 = 5 as

estimated in narrow-band manganites such as PCMO [100, 111], with t0 = 200meV the

static hopping amplitude. The bridge sites exhibit two types of orbitals d|3x2−r2〉/d|3y2−r2〉

and d|y2−z2〉/d|z2−x2〉 whereas the corner sites exhibit d|x2−y2〉 and d|3z2−r2〉 orbitals.

Their occupation is determined by the optimum amplitudes of the collective distortions

Qb, Qc which minimize the total energy. In our problem setup, the Qb, Qc amplitudes

can have positive or negative values which define the energetically lower on-site eg or-

bital. In order to approximate the groundstate, we map the total energy landscape by

calculating the contribution of the quasi-electronic energy eigenvalues by diagonalizing

exactly the problem (Eq9.1) on the zero-temperature 8×8×8 site lattice, and the static

elastic energy of the lattice as a function of the collective distortions Qb, Qc. For each

configuration, we thus find the quasi-electronic energy levels by filling the states up to

the N/2 first lowest energy levels where N = 83 the total number of Mn sites. The above

treatment is similar used in the bare-electron operator framework, so the following ap-

proximation e†aσ(i) ≈ c†aσi of the Hubbard operators is used for the calculation of the

total energy. In Fig.9.2 we present the normalized total energy landscape as a function

of Qb, Qc in equilibrium. The optimum set of distortion paramaters which minimize

the energy, is pointed at the intersection of the two displayed yellow lines. We observe

that the calculation reproduces the prediction of strong lattice distortions at the bridge

sites which favor electronic occupation of the d|3x2−r2〉/d|3y2−r2〉 orbitals as predicted in

several works. In addition, small distortions get generated also on the corner sites that

favor the d|x2−y2〉 orbitals which agree with the calculations in the work of Cepas et

al.[76] considering classical spins.
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Figure 9.2: Equilibrium total energy landscape in the space of the collective distortion
modes of the corner sites Qc (x axis) and bridge sites Qb (y axis). The signs indicate
the on-site lower-energy orbital configuration/polarization. The approximation ê† ≈
ĉ† is used for the calculation of the total energy by summation over the first N/2
lowest energy levels for every Qb, Qc configuration. The lowest energy configuration

(groundstate) is presented in the intersection of the displayed yellow lines.

The formation of small distortions at the corner sites results from the charge dispropo-

tionation

δ = 0.5−
∑

i∈B,a,σ
|uσGS(ia)|2 (9.3)

which in the groundstate is equal to δ = 0.22. We observe four local minima in the

energy landscape which correspond to different orbital configurations and occupancy.

The upper minimum corresponds to the global groundstate described above. The left

minimum, belongs to the state where distortions are favoring occupation at d|x2−y2〉

orbitals of the corner sites and small distortions at d|3x2−r2〉/d|3y2−r2〉 of the bridge sites.

The right minimum favors occupation at the corner sites by lowering d|3z2−r2〉 orbitals

while the bottom minimum state, the bridge d|y2−z2〉/|z2−x2〉 orbital lowering is favored

with strong local distortions and occupancy. The bands of the groundstate configuration

are presented in Fig.9.3. The bandwidth is proportional to the static hopping amplitude

t0 and the valence band is similar to the classically treated spin systems. We observe

small band gaps deep in the conduction band originated from small-size effects which

are absent in the thermodynamic limit. The narrow band inside the bandgap results

from magnons of the low-energy bridge site orbitals with σ = −1. This band as well as

all bands, broaden as local spin fluctuations ∆Jaz (i) arise. Detailed results are shown

in chapter 5. An example of band broadening as a result of spin fluctuations ∆Jaz (i) is

provided in Fig.9.3 where we present the band structure with ∆Jaz (i) = 0 (left block)

and the band structure in the presence of weak on-site spin fluctuations ∆Jaz (i) 6= 0

(right block).
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Figure 9.3: Band-structure of the 3D 8 × 8 × 8 lattice with Jahn-Teller coupling
EJT = g2/2K calculated for the optimal configuration of lattice distortions Qb = 0.74
and Qc = −0.112. The energy state inside the band-gap represent low energy quasi-
particle of the bridge site orbitals with total spin antiparallel to the background local
spin (magnons). The conduction band in composed by different spin admixture states
of the corner and bridge sites. Here the band structure is calculates in presence of on-
site spin fluctuations ∆Jz 6= 0 (right panel) and without spin fluctuations (left panel).
The pronounced difference in the bandwidth and the band-gap in these two differences
is shown. The total band-gap ∆ is defined as the sum of the band-gaps ∆1 and ∆2.

(g/t0 = 5, K/t0 = 10)

We observe the broadening of the bands as a result of quantum spin fluctuations. The

degenerate states inside the band gap, broaden along with the conduction band and

the total band gap ∆ = ∆1 + ∆2 quenches. Band gap quenching is an indication

of the development of FM correlations. In ultrafast XRD, band-gap quench toward

insulator-metal transition is identified by the collapse of Bragg intensity spots related

to the charge-order accompanied by spectral broadening of the conductivity. Here for

our purposes we use the quantity ∆ to display the overall gap quenching related to the

insulator-metal transition. When ∆ = 0, the band gap is absent and the structure can

be characterized as metallic.

9.1.2 Time dependent spin fluctuations

In order to demonstrate band dynamics of our system upon photoexcitation and to

display the effects of the spin fluctuations over the band structure as a function of time,

we provide the temporal profiles of the on-site total spin for all orbitals. Our results

are based on the time-dependent calculations of the spin evolution described in chapters

9.1.3 and 6 The on-site total spin for a orbital is Jaz (i) = Sz(i) + saz(i) where

Sz(i) =

S∑
m=S

mρi(m) +

S+1/2∑
=−S−1/2

M
S

S + 1/2

∑
a

ρai (M) (9.4)

and
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saz(i) =
1

2S + 1

S+1/2∑
M=−S−1/2

Mρai (M) (9.5)

The Jaz (i) temporal profile can be approximated by using simulation data discussed

in previous chapter. The characteristics of the spin dynamics can be summarized as

follows. The local t2g on-site spins relax initially to the m = S state and itinerant

electrons that occupy the bridge sites, form a total spin M = S + 1/2. The laser pulse

destabilizes the spins by creating local FM correlations which develop intersite coherence

of the many body states. Charge transfer occurs from |3x2− r2〉/|3y2− r2〉 orbitals and

corner sites states |x2 − y2〉 and |3z2 − r2〉 enhance occupation creating nearly equal

valence between bridge and corner sites. The itinerant electron spin is flipped due to

direct on-site FM Hund coupling and a small increase of the total spin at the corner sites

occurs. This change is not pronounced because the z-component itinerant spin amplitude

shared from the bridge sites to corner sites is already quenched. Thus we expect the

total spin temporal profiles of the corner site probed at d|x2−y2〉, d|3z2−r2〉 orbitals, to

be very similar. The high energy bridge site orbitals remain nearly unoccupied and the

main contribution of the high energy orbitals in the total spin results from the local spin.

Therefore, for our purposes, with respect to the results obtained in previous chapters, we

obtain to the following temporal profile of the photoexcited on-site total spins presented

in Fig.9.4.
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Figure 9.4: Time-dependence of the on-site total spin Jaz for each orbital state a.
The above temporal profile can be obtained by solving the quantum kinetic equations
of motions of the spin populations and coherences, for a fully three-dimensional AFM
CE-type two-orbital structure. Typical parameters and initial conditions are discussed
in chapter 7 and 9.1.3. Here we assume that for all corner sites, the temporal pro-
file of the total spin for a = d|x2−y2〉, d|3z2−r2〉 is presented with black and red lines
while the temporal profiles of the total spin probed at orbitals a = d|3x2−r2〉, d|y2−z2〉
(d|3y2−r2〉, d|z2−x2〉) displayed with green and blue lines are considered for all bridge

sites.

The above temporal profiles can be directly used for the calculation of the composite

fermion anticommutators naσ(i) as a function of time. Mapping the band structure as

a function of time and the Qb, Qc modes can be used to extract essential information
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about phase dynamics. In the following sections we provide numerical results of the

total energy, lattice distortion dynamics and band structure dynamics.

9.1.3 Photoexcitation modeling

Along with the spin fluctuations temporal profiles, photoexcitation charge transfer oc-

curs from bridge sites to the corner site by changing the charge disproportionation as a

function of time. Photo-electrons are assumed to occupy states on the conduction band

edge or deeper depending on the photon frequency. Approximations are usually em-

ployed for the description of the effect of the optical pump excitation. In several works,

the main focus of the simulations is the dynamics after the optical pump, not during the

optical pump. Furthermore, the typical width of the optical pulse is much shorter than

the period of coherent oscillation of the phonon modes. Usually, the effect of the pho-

toexcitation is approximated as an instantaneous increase of the effective temperature

which modifies the electron density and the Fermi-Dirac distribution. However we take

advantage of the simulations provided in chapter 6 and of the charge disproportionation

dynamics where we can extract data of the photoexcited itinerant electron temporal

profiles.
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Figure 9.5: Time-dependence of the photoexcited electronic density. The above tem-
poral profile can be obtained by solving the quantum kinetic equations of motions
of the spin populations and coherences, for a fully three-dimensional AFM CE-type
two-orbital structure. The above curve can be extracted from numerical data of the
non-equilibrium charge population occupied at the corner sites as a function of time.
In our real-space 3D models the eg orbital of the corner sites are initially empty and
the charge transfer from bridge sites to corner sites occurs due to laser-driven coupling.
The above curve models the inter-band electronic density at the conduction band due
to photoexcitation as a function of time. Typical parameters and initial conditions are

discussed in chapter 6 and 7

In experiments, insulator-metal transition occurs when photoexcitation exceeds a critical

fluence. Similarly in previous chapter we predicted significant lattice distortion quench

as a result of resonant intersite transitions and modification of the total energy in the

strong intensity regime. Here we are focused on the role of the photoexcited spin fluctu-

ations on the band structure as a function of time. To simulate the photoexcitation with

respect to the charge disproportionation time evolution calculated in previous chapters,
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we approximate the effect by populating electrons transiently from the valence band to

the conduction band. While we assume homogeneous excitation over the entire volume,

we cannot assume that all electrons are transiently populate the conduction band. In-

stead, we assume that the effective photodoping excites transiently less than ∼ 65% of

the total number of electrons directly to the conduction band. Photoexcitation of high

electron densities ensures the melting of the charge-order as confirmed in experimental

measurements. The temporal profile of the electron density upon photoexcitation is

presented in Fig.9.5. The photoexcited electrons are expected to occupy the conduc-

tion band during the pump pulse and subsequently recombine back to the valence band

governed by relaxation processes. Similar temporal profile related to the photoexcited

charge dynamics, we have seen in chapter 6 and it provides a good qualitative description

of the effect.

9.2 Ultrafast Dynamics

In this section we investigate the essential differences between two possible photoexcita-

tion scenarios. The first scenario assumes that only the charge-order melting is required

to establish insulator-metal transition while neglecting time-dependent spin processes.

The first scenario assumes the system undergoes intersite transitions via high intensity

laser excitation which induces charge-order melting. The photo-electrons are able to

occupy σ = 1 or σ = −1 states in the conduction band and time-dependent spin fluctua-

tions are absent. In this scenario is considered that charge-order melting is only required

to induce insulator-metal transition and subsequent structural degrees of freedom are

melted while extension of the above scenario predicts AFM to FM transition driven

by adiabatic changes of the local canting angles θi. The second scenario assumes that

not only charge-order is required, but FM time-dependent correlations quenches the

band gap faster than the lattice deformation and set the initial conditions of subsequent

non-adiabatic AFM to FM phase transition in the femtosecond regime. In case of high

intensity excitation where robust FM correlations arise, spin-order melting is established

within 100fs. A spin-order melted state may serve as a favored initial condition of con-

comitant unadiabatic formation of coexcisting FM and AFM phases especially at the

surface, where quantum spin states are coupled with external magnetic field. Then sub-

sequent adiabatic processes such as temperature driven spin-lattice changes, rearrange

the spins by forming a collective FM phase which lasts beyond the scale of 100ps [6].

In the following paragraphs we provide simulations of the band-gap dynamics as well as

total energy landscape mapping where we calculate the distortion dynamics driven by

strong intensity photoexcitation. We examine the dynamics in two possible scenarios (a)

charge-order melting in absence of dynamic local spin fluctuations and (b) charge-order
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melting with time-dependent on-site spin fluctuations. In the second scenario, a quan-

tum spin fluctuations are excited, which will result in a femtosecond spin-flip processes

which consequently develop interchain FM coupling.

9.2.1 Band-gap Dynamics

In this paragraph we provide simulations of the non-equilibrium time evolution of the

band-gap ∆ defined in paragraph 9.1.1 as a function of the collective Qb, Qc distortion

modes. The calculation is performed by exact diagonalization of the Eq.(9.1) in a two-

orbital 8×8×8 CE-type unit-cell for every set of parameters Qb, Qc between {−1.3, 1.3}
for a time interval between τ = {-300fs,500fs}. The time dependence of the band-gap

∆(Qb, Qc, τ) is determined (a) by the hopping amplitudes V as a consequence of the

pulse optical field expressed via time-dependent Peierls factor, (b) the temporal profile

of the photoexcited electron density occupied in the conduction band as described in

Fig.9.5 and (c) the temporal profile of the quasi-particle anti-commutators naσ(i) via

quantum spin fluctuations as described in Fig.9.4.

In Fig.9.6 we present temporal snapshots of the band-gap ∆ as a function of Qb, Qc

parameters when on-site spin-fluctuations are neglected. At τ = −300fs we observe

the band-gap map in equilibrium where in the groundstate configuration Qb = 0.75,

Qc = −0.15 we have ∆ ≈ t0. The colorized areas present the band-gap ∆ ranged between

{0.1, 0} 3 where deep purple color indicates ∆ = 0. For small distortions we observe

grains of different colors which correspond to configurations with non-zero band-gap

value of the order of ∼ 0.04t0 or smaller due to small size effects. In the thermodynamic

limit, the band gap for weak distortions is zero. We also observe that the band gap is zero

or nearly zero for configurations near the diagonal Qb ≈ Qc. Metallic bands are expected

in the range of small distortions while for strong distortions the bandstructure exhibits

significant energy gaps in the conduction bands. Since bridge-site distortion dynamics

are expected to be ranged in the area of Qb = {0, 0.75} and the corresponding distortions

of the corner sites may ranged between Qc = {−0.5, 0.5}, we assume that the band-gap

dynamics presented in the upper half of the contour plot provides significant information

of possible spectral changes as a consequence of phase transitions i.e. metalization.

At τ = 0, the ∼ 52% of the photoexcited charge density occupies the conduction band

where charge-order collapses when transient changes in the intersite hopping amplitudes,

∆Vab(i, j) ≈ d0tab(i, j)/~ωp, occur due to the coupling of the optical field which reaches

its peak value. For τ = 0 we observe band-gap opening in the Qc ≈ Qb configurations

for Qb > 0. Such configurations possess nearly zero band-gap in equilibrium. Within

3In t0 units.
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Figure 9.6: Calculated temporal snapshots of the band-gap ∆ presented in the space
of the collective distortion modes Qb, Qc. Gray areas present band-gap values ∆ ≥ 0.1t0
while colorized areas represents the band-gap value ranged in the continuum between
red (∆→ 0.1t0) and deep purple (∆ = 0). Here the simulations for every configuration
Qb, Qc has been performed by ignoring on-site spin fluctuations ∆Jaz = 0 for all sites.

100fs the band-gap is slightly rearranged for Qc ≈ Qb and configurations previously

insulating, now appear with closed band-gap. The upper-left region with Qb > 0 and

Qc < 0 broadens which indicates the band-gap quenched states are being recovered. The

region broadening is attributed to the non-equilibrium charge redistribution which favors

band-gap quench for the majority of the Qb, Qc configurations. For times τ > 200fs, all

configurations are driven by relaxation processes, the photoexcited electron density in

the conduction band decays via recombination processes and we observe rearrangement

of the band-gap toward equilibrium. It is worth to note that band-gap quenching is not

observed for configurations near the groundstate which means that significant changes in

the total energy landscape are required to release the collective distortion modes toward

the critical range Qb ≈ Qc ≈ 0 where band-gap is zero and metalization conditions are

satisfied. Full video of the above simulation is provided in here4.

In Fig.9.7 we present temporal snapshots of the band-gap ∆ as a function of Qb, Qc

modes, where laser-driven charge-order melting and quantum spin fluctuations are con-

sidered in contrast with the previous example where spin fluctuations are absent. Here

the time-dependence in included in (a) the laser-driven hopping amplitudes Vab(i, j), (b)

the photoexcited electronic density occupied in the conduction band (Fig.9.5), (c) the

on-site total spins Jaz for each a orbital (Fig.9.4).

For the time interval between {0fs, 100fs}, we observe band-gap collapse for config-

urations Qb, Qc near the vicinity of the groundstate. In particular we observe robust

band-gap quenching for configurations in the region bounded by Qc = {−0.25, 0.25} and

4https://www.dropbox.com/s/qwl6747vdpwcev8/vid-gap-0-f.mp4?dl=0

https://www.dropbox.com/s/qwl6747vdpwcev8/vid-gap-0-f.mp4?dl=0
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Figure 9.7: Calculated temporal snapshots of the band-gap ∆ presented in the space
of the collective distortion modes Qb, Qc. Gray areas present band-gap values ∆ ≥ 0.1t0
while colorized areas represents the band-gap value ranged in the continuum between
red (∆→ 0.1t0) and deep purple (∆ = 0). Here the simulations for every configuration
Qb, Qc has been performed considering on-site spin fluctuations ∆Jaz 6= 0 as modeled

in Fig.9.4

Qb = {0, 0.55}. In this case we observe the dramatic increase of the critical values of the

displacement modes Qb, Qc in which transient metalization occurs. Therefore, transient

changes in the total energy landscape due to the occupation of the photoelectrons in the

conduction band would induce Jahn-Teller distortion relaxation. In this case, slightly

modifications of the distortion modes are required in order to obtain insulator-metal

transition. Not only enhanced interchain and intrachain charge transfer occurs, but

intersite coherences arise especially in AFM aligned sites with degenerate energy levels

in z direction, which generates transient ∆Jz changes of the order of ∼ 50% as seen

in Fig.9.4, for all orbitals within 100fs. Thus, quasi-instantaneous on-site changes in

∆Jz(τ) due to quasi-particle excitations by the optical field, induce dramatic changes

in the bandstructure by transiently quenching the band-gap and increasing the critical

displacements of the distortion modes required for a phase transition. The band-gap

in these configurations, re-opens as the spin fluctuations decay and the photoexcited

electrons recombine back to the valence band. However quenched band-gap configu-

rations last beyond 300fs which indicates that a possible metallic phase may last for

longer period depending on the duration of the spin fluctuations. As shown, our band-

gap calculations display a striking difference between excitations considering only strong

charge redistribution with negligible spin processes and quasi-particle excitations leading

to rich spin-charge dynamics and robust band-structure changes. The above band-gap

maps may serve as an intuitive example displaying the importance of the spin fluctua-

tions in insulator-metal transitions.
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9.2.2 Time-dependent distortion dynamics: Possible pathways toward

insulator-metal transition

Charge redistributon as well as on-site spin fluctuations induce band-structure deforma-

tions. The latter is known to affect the bands by broadening the spectral bandwidth

and band splitting. However photoexcitation also drives the time evolution of the Qb, Qc

modes which is governed by temporal changes of the effective potential. The effective

potential is tailored by the kinetic energy which describes the contribution of the oc-

cupied electronic states by the electrons in the valence/conduction bands, the electron-

phonon coupling and the elastic lattice potential. Additionally spin-charge processes, if

involved, determine the overall band dynamics as shown in previous paragraph. Thus

a phase transition can be identified by tracking the motion of the displacements ampli-

tudes Qb(τ), Qc(τ) described by equations of motion. The equations of motion can be

derived by a general procedure described in detail in Appendix C but here we adopt a

simpler viewpoint. We assume that the time-dependent many-body state of the system

is |Φ(τ)〉. The time-dependence of the distortion modes Qb, Qc is described by the forces

F (q, τ) = Meff
d2q

dτ2
+ ξ

dq

dτ
(9.6)

where q = (Qb, Qc), Meff is the effective mass of the atoms involved in Jahn-Teller

oscillations of the order of ∼ 100fs. Moreover we adopt a rather conservative approach

by introducing a dumping term in the equation which represents energy losses due to

incoherent processes. The damping parameter ξ = 0.02 is used in all simulations after

noting ξ =
√

4MeffK. The forces can be determined by the derivative

F (q, τ) = − ∂

∂q

(
U(q) + 〈Φ(τ)|H(q, τ)|Φ(τ)〉

)
(9.7)

The first term U is the lattice elastic potential which depends of the amplitudes Qb, Qc

while the second term represents the time-evolution of the quantum kinetic energy. In

our approximation, the second term in non-equilibrium conditions depends on the elec-

tronic densities occupied in the conduction and valence bands, the laser driven hopping

amplitudes and on-site spin fluctuations while the first term is described by an simple

harmonic potential. We note that the contribution of the electron-phonon coupling is

included in the Hamiltonian H(q, τ). Therefore, non-equilibrium changes in the total

energy landscape, triggers distortion modes in motion which evolve non-adiabatically

during photoexcitation. As shown in band-gap dynamics, phase transition occurs when

distortion modes surpass a critical effective amplitude q(τ) ≤ qcr(τ) which evolves in
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time. In realistic systems studied using ultrafast XRD, coherent oscillations are observed

due to the motion of several distortion modes. This means that a detailed description of

the lattice degrees of freedom is required which may include both coherent and incoher-

ent lattice processes [53, 112]. This can be achieved by including multiple phonon modes

in the Hamiltonian, treating the lattice degrees of freedom in a more realistic framework

[50] as well as assuming non-adiabatic change in the effective spring constants due to

external stimuli [113].

Here we present simulations of the distortion dynamics driven by dynamical changes of

the total energy landscape by solving Eq.(9.6) and (9.7) while tailoring the total energy

at every time step. In the following simulations we assume that during photoexcitation,

the laser tuning excites valence electrons directly to the edge of the conduction band

and the photoexcited electron density follows the temporal profile presented in Fig.9.5 in

the absence of on-site spin fluctuations. Following the above photoexcitation scenario,

we present in Fig.9.8 the time evolution of the distortion modes Qb, Qc. We observe an

abrupt reduction of the Qb mode amplitude for about ∆Qb = 0.26 within 50fs which

is recovered nearly back to the initial amplitude within 400fs following a long period

(∼200fs) dumped oscillation around the time-dependent total energy minimum. On the

other hand the Qc mode initially relaxes with amplitude Qb = −0.112 where d|x2−y2〉

orbital is favored and increases to Qc = 0.16 within 80fs. The sign inversion of the

amplitude mode Qc indicates orbital reordering of the eg states by transiently lowering

the d|3z2−r2〉 orbital and the occupation of the corner sites.
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Figure 9.8: Numerical solution of the Eq.(9.6) and Eq.(9.7) of the collective distor-
tion amplitudes Qb(τ), Qc(τ) with respect to the dynamic changes of the total energy
landscape, considering photoexcitation transitions near band-gap while ignoring any
contribution of spin fluctuations (∆Jaz = 0). The sign inversion of the Qc(τ) represents

the inversion of the eg orbital ordering.

As the photoexcitated electron density decreases over time as a result of relaxation pro-

cesses, the total energy re-establishes the groundstate minimum and Qc distortion mode

recovers its initial configuration by flipping the orbital phase toward its initial configura-

tion. The photoexcitation induces total energy change by shifting the local groundstate
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minimum toward q = (0.48, 0.16) configuration. This can be shown in Fig.9.9 where

we present temporal snapshots of the time-dependent total energy as a function of the

amplitudes Qb, Qc while we trace the time-dependent motion of the Qb(τ), Qc(τ) modes.

Full video simulation is provided in the following link5. Having a description of the

time-dependent distortion modes which represents the time-dependence of the diagonal

elements of the full Hamiltonian via electron-phonon coupling, we are able to provide the

full band-structure calculation at every time step. The above photoexcitation scenario is

presented in Fig.9.10 where we provide temporal snapshots of the full band-structure dy-

namics which represents qualitatively distinct re-arrangement of the collective distortion

modes upon photoexcitation as well as possible phase changes.

Figure 9.9: Temporal snapshots of the total energy landscape in the space of the
collective distortion modes Qb, Qc considering electronic inter-band transitions near
the band-gap edge ignoring spin fluctuations contributions (∆Jaz = 0). The trajectory
displayed in yellow represents the transient Qb(τ), Qc(τ) laser-driven configurations of

the system.

We observe the band-structure dynamics during photoexcitation as a result of distortion

dynamics and we identify the emergence of a transiently charge-order melted state as well

as a significant band-gap reduction. This state does not last for a long period since the

electrons recombine with the valence bands, the system enters the stage of recovering its

initial state while the band-gap increases. Full video simulations is provided in this link6.

However in the above photoexcitation scheme, while the charge-order melting conditions

are satisfied and the band-gap is significantly reduced compared to the groundstate,

insulator-metal transition does not occur.

We proceed by providing calculations based on the proposed photoexcited scenario where

unlike with the previous example, time-dependent on-site spin fluctuations are involved

as well as charge-order melting conditions are satisfied. We consider that laser pulse

5https://www.dropbox.com/s/zpjtb89krd0b3q2/vid-total-0-f.mp4?dl=0
6https://www.dropbox.com/s/axavyg77rghud2n/vid-bands-0-f.mp4?dl=0

https://www.dropbox.com/s/zpjtb89krd0b3q2/vid-total-0-f.mp4?dl=0
https://www.dropbox.com/s/axavyg77rghud2n/vid-bands-0-f.mp4?dl=0
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Figure 9.10: Temporal snapshots of the band-structure dynamics considering inter-
band transitions near the band-gap edge with ignored spin-fluctuations. The band-gap

appears significantly reduced during photoexcitation but not completely vanished.

excites inter-band electron transitions where the photoexcited electron density is follow-

ing the same temporal profile as in previous example while the on-site spin fluctuations

are considered with respect to the temporal profiles presented in Fig.9.4 for every eg

orbital. In the Fig.9.11 we present the time-evolution of the amplitudes Qb, Qc where

at first glance is seems very similar with the previous example with slight differences.

This indicates that the inter-band transitions of valence electrons directly to the con-

duction band edge induces changes in the total energy for all distortion configurations

near the groundstate in a similar way with previous example determined by the pho-

toexcited electron density. The bridge site distortions decrease abruptly from Qb = 0.74

to Qb = 0.54 within ∼ 50fs while the corner site distortions increase from Qc = −0.12 to

Qc = 0.22 within ∼ 80fs. The above differences are attributed to the band-broadening

due to on-site spin fluctuations. The energy bands are soften by broadening their energy

spectrum toward lower energies. The total energy contribution from the conduction elec-

trons is now transiently lower when on-site spin fluctuation are present and the overall

total energy landscape exhibits soften hills and valleys which determine the maximum

∆Qb,∆Qc displacement difference during photoexcitation. Thus the bridge site distor-

tions appear slightly different maximum displacement difference compared with previous

example. However we observe transient orbital inversion and lowering of the d|3z2−r2〉

of the corner sites orbitals with maximum amplitude Qc = 0.22. Temporal snapshots

of the total energy landscape is provided in Fig.9.12 (video provided here7) where we

observe the dynamics of the upper local minimum which shifts toward q = (0.55, 0.22)

within 100fs. Afterwards, relaxation processes lead and electrons recombine back to the

valence band while the distortion amplitudes re-arrange their initial value within 500fs

following dumped oscillation.

Combining the above calculations, we tailor the band-structure dynamics in presence of

on-site non-adiabatic spin fluctuations. Temporal snapshots are provided in Fig.9.13 and

video simulation is provided in the following link8. Here the effects of the time dependent

spin fluctuations are more evident. We observe spectral broadening of all bands while

7https://www.dropbox.com/s/gsyj79h04cfatiu/vid-total-0-J.mp4?dl=0
8https://www.dropbox.com/s/t3jvspin70kfrvs/vid-bands-0-j.mp4?dl=0

https://www.dropbox.com/s/gsyj79h04cfatiu/vid-total-0-J.mp4?dl=0
https://www.dropbox.com/s/t3jvspin70kfrvs/vid-bands-0-j.mp4?dl=0
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Figure 9.11: Numerical solution of the Eq.(9.6) and Eq.(9.7) of the collective distor-
tion amplitudes Qb(τ), Qc(τ) with respect to the dynamic changes of the total energy
landscape, considering photoexcitation transitions near band-gap and considering non-
adiabatic on-site spin fluctuations (∆Jaz 6= 0). The sign inversion of theQc(τ) represents

the inversion of the eg orbitals.

Figure 9.12: Temporal snapshots of the total energy landscape in the space of the
collective distortion modes Qb, Qc considering electronic inter-band transitions near the
band-gap edge considering non-adiabatic spin fluctuations (∆Jaz 6= 0). The trajectory
displayed in yellow represents the transient Qb(τ), Qc(τ) laser-driven configurations of

the system.

structural deformations due to collective distortion dynamics induce spectral band-shift

δE ≈ 0.2t0. Similar band-shifts are identified in strain-controlled systems [41] with in-

direct methods such as ultrafast XRD where structural deformations are monitored by

measuring the intensity of regular Bragg reflections [52]. The most striking observation

is the band-gap collapse at τ = 0 retained up to τ ≈ 260fs which indicates that fast

suppression of the charge-order, Jahn-Teller distortion release and spin fluctuations in-

duce insulator-metal transition as well as sets the initial conditions of transient phase

separation such as AFM to FM phase transition. This suggests a direct evidence that

the spin degrees of freedom play key a role in non-thermal phase transitions. Compar-

ison of the above two photoexcitation scenarios reveal that ferromagnetic correlations
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and charge-order melting results an efficient way to induce insulator-metal transition

and a intuitive way to explain the early stages of the laser-induced AFM to FM phase

transition reported in ultrafast experiments [6].

Figure 9.13: Temporal snapshots of the band-structure dynamics considering inter-
band transitions near the band-gap edge where on-site spin-fluctuations are present.
The conduction band broadening and Jahn-Teller distortion release due to photoex-
citation, quenches the band-gap and insulator-metal transition occurs. The metallic

phase lasts for ∆τ ≈ 260fs.

9.2.3 Frequency-Controlled Lattice Dynamics

As we have discussed, laser-induced phase transition is driven by transiently changes of

the total energy landscape, therefore Jahn-Teller distortion deformation and develop-

ment of ferromagnetic correlations play a lead role. However the total energy landscape

depends strongly on the electronic kinetic energy contribution which is determined by

the laser pump intensity and frequency tuning. Here we investigate how does the high-

energy photoexcitation deform the total energy landscape and its effect on the motion

of the Jahn-Teller distortion modes. In particular we assume that unlike the previous

example where laser tuning excites transitions from the valence band to the band-gap

edge of the conduction band, here we assume that laser frequency is tuned properly to

excite inter-band transitions where electrons transiently occupy high energy levels above

the band-gap. In order to compare with other examples, we assume that the photoex-

cited electron density follows the same temporal profile with respect to the Fig.9.5 and

time-dependent on-site spin fluctuations are also considered with respect to the Fig.9.4

as in previous examples. In Fig.9.14 we present the temporal evolution of the Jahn-Teller

distortion modes Qb, Qc considering the above photoexcitation scenario.

Exciting above the band-gap transitions, the kinetic energy rises significantly and the

subsequent distortion dynamics is characterized by instantaneous Jahn-Teller distortion

release for all sites. In particular the distortion amplitude of the bridge sites Qb de-

creases from Qb = 0.74 to Qb = 0.15 within 140fs while distortion amplitude of the

corner shrinks to zero at τ = 80fs. Relaxation is observed for times τ > 150fs where

Qc modes follow oscillatory behavior around its initial value while Qb recovery toward

groundstate occurs without oscillations. The strong reduction of the normalized actual
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Figure 9.14: Temporal evolution of the collective distortion amplitudes Qb(τ), Qc(τ)
with respect to the dynamic changes of the total energy landscape, considering excita-
tion of high-energy inter-band transitions above the band-gap (deeper in the conduction

band) and considering non-adiabatic on-site spin fluctuations (∆Jaz 6= 0).

distortion compared to the normalized equilibrium distortion clearly shows the effect

of nonequilibrium dynamics. In this case the distortion dynamics differs significantly

compared to the previous examples. Electronic occupation of high energy states de-

forms the total energy landscape by transiently suppressing all distortion modes toward

distortion-free configuration. The enhanced rise of the kinetic energy due to high energy

photoexcitation, suppress local lattice distortions and promotes weak distortion configu-

rations due to the collapse of the four local energy minima in the total energy landscape

within 100fs as seen in Fig.9.15. Full video simulation is provided in this link9.

We conclude that different structural dynamic pathways toward insulator-metal transi-

tions can be accessed by tuning the laser frequency in resonance to specific inter-band

transitions. The corresponding band-dynamics is presented in Fig.9.16. We observe

band-gap collapse at τ = 0 which indicates the establishment of insulator-metal tran-

sition. This transient phase is retained for the next ≈ 260fs. Afterwards the band-gap

re-opens and collective distortions re-arrange with respect to the global energy mini-

mum. An interesting observation here is the bandwidth shrink during the first stages of

the metallic phase formation which is attributed due to the suppression and collapse of

the collective distortions.

To compare the band dynamics with the alternative photoexcitation scheme where

high electron transitions are considered and spin fluctuations are absent, in Fig.9.17

we present the time evolution of the bands considering the same distortion motion as

in Fig.9.16. We observe that by employing high energy excitation, the band-gap closes

while the metallic last for ≈ 150fs which is shorter when spin fluctuation are involved.

We provide the video simulation in this link10. Thus the role of the spin fluctuations

9https://www.dropbox.com/s/ehdq15162mz4vh1/vid-total-4-J.mp4?dl=0
10https://www.dropbox.com/s/9i01r4j9fm7ywtn/tband-0-4.mp4?dl=0

https://www.dropbox.com/s/ehdq15162mz4vh1/vid-total-4-J.mp4?dl=0
https://www.dropbox.com/s/9i01r4j9fm7ywtn/tband-0-4.mp4?dl=0
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Figure 9.15: Temporal snapshots of the total energy landscape in the space of the
collective distortion modes Qb, Qc considering high-energy electronic inter-band transi-
tions above the band-gap while considering non-adiabatic spin fluctuations (∆Jaz 6= 0).
The trajectory displayed in yellow represents the transient Qb(τ), Qc(τ) laser-driven

configurations of the system.

Figure 9.16: Temporal snapshots of the band-structure dynamics after photoexcita-
tion of high energy transitions involving non-adiabatic spin fluctuations.

is crucial. When spin fluctuations are involved, faster response of the system toward

metallization is observed while the transitions occurs more efficiently due to lower pho-

toexcitation energy which is required for the establishment of insulator-metal transition

compared with the case where spin fluctuations are neglected.

Figure 9.17: Temporal snapshots of the band-structure dynamics after photoexcita-
tion of high energy transitions in absence of spin fluctuations.

Suppression of the lattice distortions along with charge-order melting and quasi-instant

formation of metallic phase at high pump fluences has been reported in experiments

[50] which suggest not only suppression of the Jahn-Teller modes occurs, but also the

transformation of the structure where atoms are arranged into high-symmetry position
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triggered by vibrational motion of rare earth ions [114]. While these phase transi-

tions are attributed to the photoinduced electronic and lattice changes and spin degrees

of freedom are ignored, our results agree with the experimental findings in the early

femtosecond regime. In a more realistic approach where non-equilibrium lattice rear-

rangements described via time-dependent changes of the intersite hopping amplitudes

as well as orbital time-dependent changes such as orbital waves [57], the complexity and

dimensionality of the energy landscape is increased. Then possible alternative path-

ways toward insulator-metal transitions may be revealed. However we argue that our

approach captures essential qualitative properties observed in experiments.

9.2.4 Qualitative description

Combining the dynamics of the charge/spin/lattice degrees of freedom as predicted by

our model, the above photoexcitation scenario can be summarized as follows. In a half-

doped two-orbital 3D structure consisted of Mn ions arranged in a cubic lattice, relaxes

in equilibrium with fully CE-type spin arrangement forming FM zig-zag chains AFM

aligned. Collective strong lattice distortions are present at the bridge Mn sites by favor-

ing electronic occupation and energy lowering of |3x2 − r2〉/|3y2 − r2〉 eg orbitals of the

bridge Mn ions while the rest Mn ions remain undistorted or weakly distorted. Competi-

tion between Jahn-Teller coupling and inter-site nearest neighbor hopping determines the

initial electronic properties such as the band-gap and charge dispropotionation between

bridge and corner sites. An 100fs optical pump pulse with high fluence excites inter-site

transitions by transferring charge densities from bridge site to corner sites. The charge

ordering melts into a state where Mn ions exhibit nearly equal valence. Destabilization

of the groundstate spin configurations by flipping the local and itinerant spins occurs

due to the non-adiabatic laser-driven coherent coupling of atomic quantum states in

different lattice sites, in particular due to optical-field-driven electronic excitations and

intersite hopping between AFM aligned sites. Laser-induced non-equilibrium changes in

the local density matrix affect the itinerant quasi-particle dispersion, energy band-gap,

and phonon properties in correlated systems with soft energy bands. Application of high

intensity photoexcitation induces spin flipping enhancement and formation of transient

spin-melted state which arises within the first 50fs. The AFM aligned zig-zag chains are

now collapsed transiently into a quasi-uniform spin-order-melted/charge-order-melted

state. In the collective viewpoint provided by band representation, the pump pulse

excites high energy inter-band transitions by rising the kinetic energy of the system.

Electronic population inversion between valence and conduction band induces quasi-

instantaneous rise of the kinetic energy which deforms the total energy landscape in the

space of the collective Jahn-Teller distortion modes of the bridge and corner sites. The
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local energy minima in the total energy landscape collapse into a global one which favors

transiently a distortion-free configuration of the system. The collective distortions re-

lease and electron band broadening/splitting due to on-site spin fluctuations, increases

the critical distortion amplitudes where insulator-metal transition occurs. As a result

of the lattice distortion reduction, modification of the band-structure bandwidth and

collapse of the insulating band-gap occurs. The metalization of the system lasts for

a few hundreds of femtoseconds as the collective distortions remain weak. In Fig.9.18

displays schematically the qualitative behavior of the system during the first hundreds

of femtoseconds, prior and after photoexcitation. The most pronounced difference prior

and after photoexcitation is the transient spin-order melting and collective distortion

release (quenching). Subsequently the conduction electrons governed by relaxation pro-

cesses, recombine back to the valence band, the electronic kinetic energy drops while

the total energy landscape recovers its initial configuration. The collective lattice distor-

tions are governed by the details of the total energy landscape and recover their initial

configuration via (dumped) oscillatory motion around the global energy minimum.

Figure 9.18: Qualitative representation of spin and lattice configuration of the system
upon photoexcitation. Initially the atoms relax in a CE-type configuration where FM-
spin chains are formed with spin up (red) and spin down (blue) while lattice distortions
favor occupation of the bridge sites by lowering their d|3x2−r2〉/|3y2−r2〉 orbitals while
the rest Mn sites remain empty. An intense optical pulse excites inter-site transitions
between bridge and corner sites creating charge-order melted state. Along with the
charge-order melting, FM correlations are developed by flipping all spins and spin-

melted state (green).

9.3 Discussion

In this chapter we demonstrate the essential impact of the local on-site spin fluctuations

and their role in establishment of insulator-metal transitions. We present a compre-

hensive approach describing the pathways of transient photoinduced phase transition

non-thermally and we declare the essential role of the on-site spin fluctuations in the

femtosecond regime. In several works, photoinduced insulator-metal transitions are at-

tributed due to instantaneous lattice deformations as a result of charge-order melting

while the spin degrees of freedom are usually ignored. We declare that spin processes
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are important although not indispensable ingredient of the physics of charge and or-

bitally ordered manganites. The photoexcitation transition scheme we propose, indi-

cates that describing quantum spin processes within quasi-particle framework of the

Hubbard operators, permits charge transfer between AFM aligned chains which induces

spin-flip/canting of the migrated electron from Mn3+ to Mn4+ sites as well as canting

of the local spins where subsequently inter-chain FM coupling is formed. We assume

that in the scale of inter-atomic transitions, charge transfer occurs between the strongly

distorted lower energy orbitals of the bridges sites toward the degenerate (or weakly

distorted) corner site orbitals. Upon phtoexcitation with intense resonant pump pulse,

charge redistribution occurs and charge-order melting is established transiently. How-

ever, insulator-metal transition requires dramatic change of the multi-dimensional total

energy landscape which in turn triggers structural deformations via Jahn-Teller phonon

mode motion as well as atomic motion [54]. In our simple model, we treat collective

Jahn-Teller modes as classical parameters while for the calculation of the total energy we

used an approximation inspired from the bare-electron operator approach. Additionally

we treat the elastic lattice potential as a simple two-dimensional harmonic potential.

While this approach is rather an estimation of the energy landscape, the obtained en-

ergy can be used for semiquantitative analysis and numerical modeling of photoinduced

distortion dynamics. Photoexcitation is simulated by considering electronic popula-

tion inversion between valence and conduction bands. Band-structure description of all

bands is provided by exact diagonalization of the eigenvalue equation (Eq.(9.1)) in a

small charge-ordered/orbital-ordered three-dimensional system with CE phase spin ar-

rangement. Photoexcitated electronic density and non-adiabatic spin fluctuations tem-

poral profiles are used for our purpose based on our findings in chapters 6 and 9.1.3

in two-orbital models. Possible structural changes are simulated by tailoring the total

energy landscape time-dependence in the space of the collective distortion amplitudes

Qb, Qc, where energy hills and valleys are deformed due to the rise of the kinetic en-

ergy which results from the occupation of quasi-electrons in the conduction band. The

broad bandwidth on the conduction band consists of different admixture of bridge and

corner sites states with spin ↑ or ↓. Thus the static distortion displacements at bridge

and corner sites become time-dependent and their motion, for instance their transient

release and coherent oscillations around a local energy minimum, is determined by the

details of the total energy landscape. While this approach does not capture all of the

quantitative details of the experiments for the early femtosecond regime during pho-

toexcitation, it provides a consistent qualitative explanation of the experimental data.

We compared two different photoexcitation proposals which reveals the role of on-site

spin fluctuations in insulator-metal transitions. The first proposal considers that charge-

order melting conditions are sufficient to induce insulator-metal transitions by triggering
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collective distortions modes in motion (quenching). In this case, insulator-metal tran-

sition could be possibly driven only by the lattice degrees of freedom. However this

scenario is not reproduced by our simulations considering excitation transition near the

band-gap since band-gap collapse is not observed. Indeed, while the Jahn-Teller modes

are released in this case, band-structure calculation reveals that band-gap still exists

at all times but appears significantly reduced during the pump pulse peak. The sec-

ond proposal considers not only lattice distortion dynamics, but also local quantum

spin processes which deforms dramatically the electronic band structure and bandwidth

during photoexcitation in an non-thermal fashion. Our findings suggest that spin fluc-

tuations destabilize (increase) the critical distortion amplitudes where insulator-metal

transition occurs. This is not the case considering only charge-order and lattice dis-

tortion melting ignoring photoinduced FM correlations for low energy photoexcitation.

However considering excitation of higher energy states, insulator-metal transition oc-

curs even without time-dependent spin fluctuations in both cases. Our simulations we

reveal that quenching of the insulator band-gap by the spin fluctuations, facilitiates a

quasi-equilibrium lattice structure with small Jahn-Teller distortion amplitudes due to

the differences between the polaronic valence band and the broad metallic conduction

band. Our results indicate that Jahn-Teller release and motion are dependent on the

initial conditions such as laser fluence and tuning. In our simulations we found different

distortion dynamic pathways toward insulator-metal transition by considering transient

occupation of quasi-electrons in two cases: (a) transitions near the edge of the conduction

band and (b) high energy transitions above the band-gap. We conclude that enhanced

kinetic energy induced by high energy electrons at the conduction band, deforms the

total energy landscape in a way that all local energy minima collapse, promoting a uni-

form distortion-free configuration of the Mn atoms in the periodic lattice. We also note

in our band-structure calculations, we considered that only non-adiabatic spin fluctu-

ations are involved and we ignore adiabatic spin contributions which results from the

dynamic motion of the local frames θi(τ). However, independently from the details of

the photoinduced spin processes, both adiabatic and non-adiabatic spin FM correlations

increase of the critical distortion amplitudes where insulator-metal transition occurs as

shown in chapter 5. Our findings can be justified by ultrafast XRD measurements using

properly tailored laser frequencies as the pump pulse. The most interesting part in our

investigation is the demonstration of direct band-gap collapse when high energy electron

transitions are excited and time-dependent FM correlations are involved, which suggests

a direct evidence of the establishment of a short-lived (∆τ ≈ 260fs) metallic phase. The

corresponding metallic phase found without time-dependent spin fluctuations and em-

ploying high energy electronic inter-band transitions, lasts for ≈ 150fs. This suggests

that incorporation of non-adiabatic spin fluctuations along with lattice dynamics, the
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metallic phase is formed faster, lasts for longer while occurs even for lower photon ener-

gies. In a more realistic model the full phase transition occurs not only by the melting

of charge order along with on-site (and inter-site) spin fluctuations and Jahn-Teller dis-

tortion re-arrangement, but also by the motion of the atoms to a higher-symmetry site

position that is coherently driven by electronic excitation via a fast change of the total

energy landscape. The early metallic phase formation is supported by transient on-site

ferromagnetic correlations. While the key role in insulator-metal transition is evident in

our model, however due to the symmetry our system, AFM-FM phase transition is not

directly presented in our analysis. In the novel experimental work of [6], an AFM to

FM phase transition is reported along with insulator-metal transition. The experiment

is performed on a PCMO thin film with excess of holes where the equilibrium phase

diagram is characterized by two competing phases (AFM and FM) as a function of tem-

perature and magnetic field strength. The system upon photoexcitation revels robust

magnetization signal within 100fs when the measurements are performed at sample tem-

peratures 20K-50K in presence of a weak external magnetic field. The magnetic field

strength is not sufficient to induce AFM to FM phase transition itself. However when

the experiment performed in absence of external magnetic field, the magnetization sig-

nal vanished. We argue that the application of external magnetic field creates AFM-FM

coexisting phases where charge-order state is suppressed in the vicinity of the thin film

surface [115] as well as formation of local defects [47]. Therefore the above condition,

brakes the symmetry of the system and photoinduced transient ferromagnetic correla-

tions development promotes spin-order melting state in the early femtosecond regime.

We assume that spin-order melting upon photoexcitation, destabilize the balance be-

tween FM and AFM clusters in the surface by promoting the formation of the former.

However in the spin-order-melted state, direct coupling of local magnetic moments with

the external magnetic field is possibly to induce quantum spin transitions in similar

way as the in a simple spin in a magnetic field problem by enhancing the alignment

of the local moments in a preferred direction. The formation of structural/charge/spin

defects in photoexcited systems is far the scope of this thesis, however we argue that

composite fermion excitations characterized by soft energy bands that can be manip-

ulated optically, can make an insulator to metal and AFM to FM transition possible

for low magnetic fields and pump fluences. Our findings suggest that development of

ferromagnetic correlations may explain the early stages of the FM coupling in mangan-

ite samples obtained after intense photoexcitation [6, 105] as well as the early stage

of subsequent generation of hidden states in the picosecond temporal regime [58]. We

argue that quasi-particle dynamics predicted in our models as well as the subsequent

distortion dynamics in the femtosecond regime may have a decisive effect even on the

long-lived final states of a photo-induced system, as it determines the initial state for
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the subsequent evolution of one or several order parameters in a multi-dimensional en-

ergy landscape. Description of ultrafast structural transitions reported in experimental

measurements such as monoclinic to orthorombic transition, is beyond the scope of this

thesis since they require a detailed description of the lattice degrees of freedom which

compete at the picosecond temporal regime. Possible realistic expansions of our devel-

oped approach which may reproduce the main properties of photoinduced manganites in

the time domain, may include a detailed description of the antiferromagnetic superex-

change coupling which play a significant role in equilibrium/non-equilibrium conditions

[100], consideration of multiple phonon modes [54] as well as a description of the thermal

adiabatic effects which dominate in the picosecond temporal regime.



Chapter 10

Conclusions

To conclude, in the present work we described a possible mechanism for photoinduced

insulator to metal and AFM to FM simultaneous transitions triggered by non-thermal

quasi-particle populations of a metallic conduction band. This mechanism involves non-

adiabatic and nonlinear spin-charge-lattice coupling in the case of an AFM ground state

consisting of FM chains and planes with JT distortions that stabilize the insulator energy

gap. We propose that this mechanism may be relevant to explain the nonlinear pump

fluence threshold dependencies in narrow-bandwidth manganites investigated by ultra-

fast magneto-optical spectroscopy. It may also be relevant to several other ultrafast

spectroscopy experimental observations of nonlinear behavior during the non-thermal

temporal regime following fs laser excitation of the AFM state of different insulating

manganites. In particular, we present development of the photoinduced ferromagnetic

correlations in the very early femtosecond regime in a simple AFM quantum dimer as well

as in three-dimensional two-orbital structures. We also predict that electron-spin corre-

lation leads to a broad conduction metallic band and quenches the electronic component

of the insulator energy gap below a critical value of the Jahn-Teller lattice displacement

that depends on the photoexcitation. Such laser-induced effects are pronounced in the

case of composite fermion quasi-particles with “soft” energy bands, which mostly pop-

ulate the lower magnetic Hubbard band due to the large Hund’s rule interaction and

excite spin flucuations that lower their energy during electronic hopping timescales.

Photoinduced FM correlations and spin canting following composite fermion quasipar-

ticle photoexcitation instantaneously increases the critical lattice distortion amplitudes

below which the energy gap closes and leads to a metal-insulator phase transition that

is also facilitated by the non-instantaneous relaxation of the Jahn-Teller distortions. In

particular, above a critical photocarrier density, the collective distortion amplitudes can

become comparable to the equilibrium lattice distortions, while the latter decreases fol-

lowing lattice motion. Both effects act cooperatively to induce non-equilibrium insulator

166
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to metal and AFM to FM simultaneous transitions. We showed that FM correlation can

develop instantaneously, so it can induce an instantaneous insulator to metal transition

if the critical lattice distortion amplitudes, increase during the laser pulse. Otherwise,

lattice relaxation or oscillation is also required so the effective distortion amplitudes

decrease. The excitation of multiple quasi-particles should increase the above nonlin-

earities by enhancing the deformation of the AFM background. After such excited

quasi-electrons have relaxed on a fs timescale, electron-lattice and spin-lattice relax-

ation determines the subsequent ps dynamics. The above theoretical framework, based

on quantum femtosecond magnetism induced by fs laser excitation, may be relevant

for explaining several experimental observations when worked cooperatively with lattice

deformation and free-energy quasi-equilibrium effects. Based on the presently available

experimental data and the uncertainties about the exact properties of the real materials

discussed in the literature, we cannot rule out other possible mechanisms for explaining

the exprimentally observed fs spin and charge non-linearities. Ultrafast coherent phonon

dynamics, ultrafast lattice displacements that change the shape and distance of the in-

dividual chains and planes, structural phase transition, and melting of orbital order can

all contribute to the observed effects and may work cooperatively with the proposed

electronic/magnetic quasi–instantaneous mechanism and nonlinearities. For example,

FM correlation arising from lattice distortions will enhance the critical distortion ampli-

tudes and change the composite fermion energy dispersion, which also depends on the

changes in the hopping matrix elements for the modified local electronic configurations.

Such effects can be studied more directly with fs XRD, which unlike for conventional

pump-probe spectroscopy can distinguish the different order parameter components.

The observation of a time-dependent spring constant and nonlinear dependence of the

coherent phonon amplitudes on the pump intensity during non-thermal fs timescales

are consistent with “soft” quasi-particle energy bands such as the ones proposed here.

The lattice contribution is particularly important for the experimental observation of

the ps component, as rare-earth atoms will adapt to their final equilibrium positions

at such ps time scales. Other interpretations may involve higher-order electronic scat-

tering such as conventional Auger Coulomb processes, which appear less likely to be

crucial because the two measured relaxation times are almost constant as function of

pump fluence. In all cases, any interpretations of the pump fluence nonlinear depen-

dence observed here must involve spin-flip dynamics in the excited state in order to

explain the sudden fs magnetization threshold behavior shown by both the MOKE and

MCD magneto-optical signals. Our theory suggests such quasi-instantaneous photoex-

cited effects, so we hope that it can open a discussion of whether the electronic/magnetic

pathway proposed here creates a non-equilibrium initial condition that could initiate a

photo-induced non-adiabatic phase transition. The “soft” energy bands of composite

fermion quasi-particles make it easier to obtain a quasi-instantaneous insulator to metal
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and AFM to FM transitions as compared to bare electrons adiabatically decoupled from

the spin background. In the latter case, the mechanism must rely on a more elaborate

non-instantaneous lattice motion in order to close the energy gap. In addition, a com-

plex energy landscape, possibly with multiple local minima due to the harmonic elastic

lattice potential, should facilitate the phase transition mechanism proposed here by in-

creasing the critical distortion amplitudes and creating metastable states. The insights

from our results and our proposed “sudden quench” mechanism based on the “soft”

quasi-particle energy bands may also prove useful for revealing the crucial many-body

processes in other intertwined electronic phases, as the proximity of magnetic states ap-

pears ubiquitous with unconventional superconducting and exotic electronic phases in

strongly correlated electronic materials. In the long run, new insights can be gained by

applying complementary ultrafast spectroscopy techniques, especially in the terahertz

and infrared spectral regions, and by combining spin and charge quantum fluctuations

with quasi-equilibrium free energy and self-energy effects.



Appendix A

The Three-site model

τ < −∞ τ > 0

Figure A.1: Visual representation the three-site model which consists of three Mn
ions. The middle red site is considered as distorted and occupied by an itinerant eg
electron with local spin up. The other right red site is considered empty and its local
spin parallel to the neighboring distorted site. The third site represented in blue, is
considered undistorted with spin anti-parallel with respect to the red sites. All local
spins are presented with yellow arrows. The itinerant electron spin is represented with
hazel. The optical field excites intersite transitions and the itinerant electron spin is

tunneled between all sites.
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Figure A.2: Time-dependent photoinduced changes in the populations of the local
configurations |iaM〉 and |im〉 of a three site system with spin configuration ↓↑↑. The
relaxation time is set Tp = 1ps and dephasing time Tc =50fs with moderate excita-
tion pump intensity determined by the Rabi energy d0 = 100meV. This simulation
shows that the significant charge redistribution is favored between parallel spin sites
while smaller charge amount is shared between anti-parallel spin sites. However FM

correlations are produced between anti-parallel spins.
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Supplementary Figures

In this Appendix we provide supplementary figures which accompany the numerical

results found in Chapter 8. All these figures represent the same numerical data obtained

in Chapter 8, in the form of contour plots instead of three-dimensional plots.
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Figure B.1: Supplementary figure of Fig.8.2.
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Figure B.2: Supplementary figure of Fig.8.3.
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Figure B.3: Supplementary figure of Fig.8.4.
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Figure B.4: Supplementary figure of Fig.8.5.
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Figure B.5: Supplementary figure of Fig.8.6.
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Figure B.6: Supplementary figure of Fig.8.7.
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Equations of Motion of the

Lattice Coordinates

We introduce an orthonormal basis of many-electron states |n〉 and expand the time-

dependent many-body state |Φ(τ)〉 evolving from the equilibrium state |G〉 following

photoexcitation. Inspired by the work of Todorov [116], the time-dependence of the

on-site lattice distortions Qi are described by the equation of motion

F (Qi, τ) = Mi
d2Qi
dτ2

(C.1)

where the forces

F (Qi, τ) = − ∂

∂Qi

(
U(Qi) +

∑
nn′

〈n′||Φ(τ)〉〈Φ(τ)||n〉〈n|H(Qi, τ)|n′〉

)
(C.2)

are determined by the electronic density matrix

ρn′n(τ) = 〈n′||Φ(τ)〉〈Φ(τ)||n〉 (C.3)

Using the many-body eigenstates of H(Q) as basis ans separating the contributions of

the equilibrium state |G〉 from the continuum of excited states |E〉 shown, we obtain

after using the completeness populations fE(τ) = ρEE(τ) of the many-body states

Fl(Q, t) ≈ −
∂

∂Ql

(
〈G|H(Q)|G〉+ UL(Q)

)
−
∑
E 6=G

fE(t)
∂εE(Q)

∂Ql
(C.4)
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where

εE(Q) = 〈E|H(Q)|E〉 − 〈G|H(Q)|G〉 (C.5)

are the e−h quasi-particle excitation energies which depend on Q(τ). The first term on

the rhs of EqC.4 gives the adiabatic potential which determined the lattice motion in the

case of adiabatic time evolution of the insulating state |G〉 without quasi-particle exci-

tation. The second term describes a quasi-instantaneous change in the lattice potential

ad forces from their quasi-equilibrium values when the population of excited many-body

states |E〉 becomes significant. Such potential changes initiates lattice motion following

quasi-particle excitation and change along with the non-equilibrium populations fE(τ)

and by the dependence of the Q(τ)-dependent excitation energies EqC.5.

Laser-induced changes in the lattice potential and forces with quasi-particle excitation

initiates lattice motion that depends on both fE(τ) and ∂εE(Q)
∂Q . New metastable quasi-

equilibrium lattice configurations Qeq(τ) can be obtained from EqC.4 by setting Fi(Q) =

0. Such configurations depend on the elastic potential UL(Q) determined by the multiple

lattice modes and anharmonicities. Assuming for simplicity that UL(Q) = 1
2kQ

2. Then

the quasi-equilibrium lattice configurations that depend on the photocarrier density are

expressed by the following formula:

Qeq(t) = −1

k

∂

∂Q
〈G|H(Q)|G〉 − 1

k

∑
E 6=G

fE(t)
∂εE(Q)

∂Q
(C.6)

The first term determines the equilibrium lattice distortions which are modified fol-

lowing photoexcitation of the continuum of many-body states |E〉. Assuming that the

Q dependence of the Hamiltonian H(Q) mainly comes from the energies Ei(aM) and

noting that

∂〈n|H(Q)|n〉
∂Q

= 〈n|∂H(Q)

∂Q
|n〉 (C.7)

the EqC.6 becomes

Qeq ≈ −
1

k

∑
iaM

∂Ei(aM)

∂Q

[
〈G||iaM〉〈iaM ||G〉

(
1−

∑
E 6=G

fE(τ)

)
+
∑
E 6=Q

fE(τ)〈E||iaM〉〈iaM ||E〉

]
(C.8)
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[83] Cengiz Şen, Gonzalo Alvarez, and Elbio Dagotto. First order colossal

magnetoresistance transitions in the two-orbital model for manganites. Physical

Review Letters, 105(9), Aug 2010. ISSN 0031-9007, 1079-7114. doi:

10.1103/PhysRevLett.105.097203. URL

https://link.aps.org/doi/10.1103/PhysRevLett.105.097203.
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