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SYNOPSIS

Though the last few decades have witnessed a tremendous success for the semiconductor
technology [1], yet oxides may be better poised than semiconductors to address the future
technological challenges. The reasons for this are as diverse as the oxides being better
suited for miniaturization of electronic devices, improvement of memory devices, dissi-
pationless operation, data and energy storages, etc. [2—8]. Furthermore, oxides manifest
more complex and richer phase diagrams, exhibit a wider range of phenomena such as su-
perconductivity, charge-denisty-waves, spin-density-waves, orbital-density-waves, colos-
sal magnetoresistance, multiferroicity, etc. [6,9, 10]; these require a deeper understanding
of the fundamentals of condensed matter physics. Low-dimensional oxides specifically
present new opportunity where electronic, magnetic, orbital, and lattice properties can be
optimized by engineering many-body interactions, geometries, fields, strain, disorder, etc.
It is true that semiconductors can be fabricated into complex structures and modelling them
is relatively easy and straightforward. On the other hand, the material chemistry for oxides
is challenging and, although state-of-the-art fabrication techniques are slowly evolving,
the overall development is still lagging behind that of the semiconductors. The tunability

is however very high for oxides due to competing, close-in-energy, ordered phases; for



semiconductors tunability can only be moderately achieved by doping or electric fields.
Miniaturization can be achieved in oxide devices because wave functions of charged par-
ticles are confined within few angstroms; whereas for semiconductors, wave functions are
far more extended. Thus, to explore new physics and functionalities and also to put them
to use, the field of oxides provides rich avenues of research, both for experimental and

theoretical condensed matter physics.

Systems that are strongly correlated often exhibit properties that do not fit into the
conventional band theoretic predictions. The reason behind this is attributed to the strong
Coulomb repulsions (electron-electron) present in such systems, much higher in magnitude
to the kinetic energy of the free electrons, leading to insulating properties in an otherwise
metallic system. Such insulators are termed Mott insulators or Mott-Hubbard insulators
since in the simplest possible way, the system is described by the non-degenerate Hubbard
model [11-13]. The Mott insulators have characteristic features of electron localization,
with one electron per site, if the electron density is 1 (i.e, we have a half-filled band). Thus,
if we start with electrons that are non-interacting, i.e., a fully metallic system, and slowly
increase the ratio of the electron-electron repulsion to the kinetic energy of the system, we
should observe a metal-insulator transition called the Mott-transition. There exist many
transition metals that exhibit Mott transition with partially filled d orbitals in place of a
single electron per site for conventional Mott insulators. Along with these transitions there
is change in crystal structure and magnetic ordering in the system. Regarding magnetic
ordering, appearance of localized electrons immediately implies there must be localized
spins or magnetic moments in the system. For a partially filled system of d orbitals in a
transition metal (TM) and for strong Coulomb repulsions, it is well known that the ground
state of such a Mott insulator is antiferromagnetic. Doping the Mott insulators essentially

introduces strong interactions between the doped minority carriers and the background spin

ii



configuration. Depending on the doping concentration, there can be a plethora of magnetic
phases, namely, ferromagnetic state, various types of antiferromagnetic (AFM) order (such
as A-type, C-type, CE-type, G-type, etc.), canted antiferromagnetic phase, ferromagnetic
droplets in an antiferromagnetic background, phase separated states, etc. From isolated TM
ions, moving over to TM ions placed in a crystal, we have bands for different d orbitals
coming into the picture. Thus not only correlations for the charges and the spins but also
the correlations for the orbitals starts to play a role. For large number of d electrons, we
may end up having itinerant e, electrons besides localized t,, electrons in the system while

filling various energy levels.

However, we generally deal with compounds of TM elements, such as oxides, halo-
genides, etc., which are Mott insulators but have a rich physics involved with them [14].
For undoped oxides or halogenides, we have hybridization between d electrons of TM and
s or p electrons of the oxygen or halogen ion called the ligand ion. Depending on the orbital
overlap, we may have either antiferromagnetic or ferromagnetic interactions between the
spins, via oxygen atoms, termed the superexchange interaction. A doped Mott insulator,
on the other hand, shows coupling of localized and itinerant electrons (due to large Hund’s
coupling) leading to double exchange interaction. Thus in TM oxides, which is broadly
the topic of interest in this thesis, there is a very close interplay between the charge, spin
and orbital degrees of freedom. In many oxides, a fourth degree of freedom called the
lattice degree of freedom is also important in explaining the rich phase diagrams that they
showcase. Oxides of the type ABO3 showing a perovskite crystal structure have adjacent
BOg octahedra that share oxygen atoms. Here ‘A’ represents a rare-earth ion and ‘B’ a TM
ion. These octahedra undergo cooperative octahedral distortions that bring about strong
electron-lattice interactions in the system. Apart from large electron-electron repulsions in

strongly correlated systems, these cooperative electron-phonon interactions are closely in-

il



terlinked with the charge, spin, and orbital degress of freedom and explain many emergent

phenomena displayed by oxides.

Focusing specifically on manganites [15—18] in the oxide family, which show unique
magnetic phase diagrams, we try to explore in this thesis novel phenomena associated with
manganite heterostructures which do not have a counterpart in the already intriguing bulk
systems. Although enough work has been done on bulk doped managanites [19], inter-
face physics generated from heterostructures of two parent oxides has still much to offer,
both for fundamental understanding as well as for technological advancement. There has
been an upsurge of interest, both experimentally [20-27] as well as theoretically [28-33],
in understanding novel aspects of conductivity, magnetism, ferroelectricity, and orbital
order in pure manganite-manganite TMnO3;/DMnOj heterostructures where T refers to
trivalent rare earth elements La, Pr, Nd, etc. and D refers to divalent alkaline elements
Sr, Ca, etc. At low temperatures, the bulk TMnOj is an insulating A-type antiferro-
magnet (A-AFM); on the other hand, the bulk DMnOs is an insulating G-type antifer-
romgnet (G-AFM). Furthermore, the doped alloy T;_,D,MnQOj3 is an antiferromagnet for
x > 0.5; whereas for x < 0.5, it is a ferromagnetic insulator (FMI) at smaller values
of x (ie., 0.1 < z < 0.2) [9,10, 18] and is a ferromagnetic metal at higher dopings in
La;_,Sr,MnQOg, La;_,Ca,MnOg, Pr;_,Sr,MnO3, and Nd;_,Sr,MnOj3. Representative
studies of doped manganite-manganite heterostructures can be found in Ref. [34-36]. We
exploit the fact that the different magnetic phases occurring in the phase diagram are very
close in energy and hence small perturbations can cause transitions from one phase to
the other. Cooperative electron-phonon interaction (CEPI) is shown to be an important
component behind these physical phenomena, though a competition with various other
interactions mentioned earlier decides the nature of the phase. We approach the two prob-

lems presented in this thesis by first constructing a Hamiltonian for the manganite het-
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erostructure by considering all the relevant interactions (discussed earlier) in manganites.
In the strong electron-phonon coupling limit, i.e., large g and in the non-adiabatic regime
t/wo < 1, an effective polaronic Hamiltonian is derived, where ¢ is the electron-phonon
coupling strength, ¢ is the hopping integral, and wy is the optical phonon frequency. Here,
an originally strong-coupling problem, with small parameter < gwy/t, is mapped on to a
weak-coupling problem with small parameter o< ¢/gwy. This strong-weak duality trans-
formation is crucial in trying to solve the problem analytically using perturbation theory.
Since we are using the cooperative effects of the electron-lattice interactions, a modified
Lang-Firsov transformation is used to produce the transformed Hamiltonian for perturba-
tion theory. Subsequently, with some algebra, we derive the effective Hamiltonian restrict-
ing it to second-order perturbation terms. In the first problem of this thesis, assuming
a heterostructure of the form

(Insulator) /(LaMnOs3), /(CaMnO3), /(Insulator) [37], we establish that a giant magne-
toelectric (ME) effect occurs away from the interface utilizing the basic property of man-
ganites that electric order (charge order) can control magnetic order (spin order) and vice
versa. A lot of work has been reported earlier regarding ME effect [38—41] such as the
coupling between the electric polarization of a ferroelectric and the magnetization of a
ferromagnet due to proximity effect in a Ferroelectric-Ferromagnet heterostructure. Con-
trastingly, we have shown that in a heterostructure composed of a few layers of LaMnOj3
and CaMnOs, both of which are antiferromagnetic insulators, charges leak from LaMnO3
to CaMnOj causing a strong multiferroic effect; furthermore, a striking magnetoelectric
effect ensues when electric fields are applied. We find that there exists an effective electron-
hole attraction resulting from the CEPI in the system. Double exchange, when an electron
at a site virtually jumps to its nearest-neighbor site and comes back, brings about ferro-

magnetic (FM) order in the system by producing magnetic polarons in the system. Hence,



production of minority carriers in the system, i.e., holes on the LaMnOj side and electrons
on the CaMnOj side, accounts for both charge polarization (due to production of dipole
moments in the system) perpendicular to the interface and ferromagnetic ordering (due to
the combined effect of CEPI plus double exchange). We have worked out the problem both
analytically and with greater accuracy also simulated it numerically to demonstrate the ro-
bustness of the ME phenomenon. For analytic treatment, charge profile is calculated based
only on the effective polaronic Hamiltonian and the Coulomb interaction in the continu-
ous approximation. There is a net positive charge on the LaMnOQOj side and a net negative
charge on the CaMnOj side and the system acts like a capacitor. For a symmetric het-
erostructure comprised of an equal number of layers of LaMnO3 and CaMnO3, the charge
density of the interface layer is calculated to be 0.5, which is irrespective of the presence
or absence of an electric field, and hence is perfectly ferromagnetic. For the magnetization
calculations, we invoke superexchange interaction and assume negligible kinetic energy in
the system. On the CaMnOj side (which, in the undoped case, is a G-AFM band insu-
lator), using a FM domain percolating from the interface, the magnetization is shown to
decay with distance from the totally FM interface. On the LaMnQOj3 side (which, in the
undoped case, is an A-AFM Mott insulator) however, starting with a few MnO, layers,
we show that the magnetization changes away from the interface from being antiferromag-
netic to fully ferromagnetic when a sufficiently strong electric field is applied. Numerically,
we compute the charge densities and average magnetization of the layers by using exact
diagonalization of the single particle total Hamiltonian (containing the charge and spin de-
grees of freedom together) and minimize the system energy to reach the ground state by
classical Monte Carlo technique using Metropolis algorithm. For strong g, we have site-
localized minority carriers in the system and charge density is found to be checkerboard

type near the interface leading to ferromagnetic order. Away from the minority carriers,
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the magnetic profile is still representative of the bulk, but in their vicinity magnetic po-
larons are formed in the system. A collection of interacting magnetic polarons forms the
FMI region. Application of an external electric field above a cut-off creates greater number
of minority carriers away from the interface and results in higher magnetic order due to
the magnetic polarons coalescing to form larger ferromagnetic domains. Thus, the FMI
region expands at the cost of the A-AFM region producing a giant ME effect as high as
~ (.17/site. We further demonstrate that this effect is persistent for larger values of g and
yields a greater change in magnetization for symmetric heterostructures. We also show that
this heterostructure/device can be used near helium liquefaction temperatures; on the other
hand, the magnetoelectric function disappears before nitrogen liquefaction temperature is
attained (possibly due to reduced dimensionality). Putting this work in perspective with
other reported works in the literature, we observe that the FMI phase which is key to the
ME effect is not captured in the phase diagram of the bulk LCMO reported in Ref. [32]; this
is possibly because small values of A\ = 2E;r/t (with E ;7 being the Jahn-Teller energy)
were chosen and cooperativity in the electron-phonon interaction was ignored. Inspired by
the results of the first problem, we further probe the FMI region in the second problem of
this thesis [42]—FMI phase being a generic feature in the phase diagrams of manganite het-
erostructures. The FMI phase is manifested in the wide-band manganite La; _,Sr,MnO3 in
the doping region 0.1 < z < 0.18 [43], in the intermediate-bandwidth La,_,Ca,MnOQOj in
the doping range 0.1 < x < 0.225 [43,44], and in the narrow-bandwidth Pr;_,Ca,MnOs5
in the region 0.1 < 2 < 0.3 [43]. Understanding the coexistence of ferromagnetism
and insulating behavior in manganites is an unsolved problem. Though in Ref. [45, 46]
only a localized polaronic band is relevant and the upper wide band cannot overlap with
the lower narrow polaronic band leading to an insulator, the ferromagnetism in the sys-

tem has been described by a phenomenological polaronic energy term. In another work,

vii



a simple type of phase separated state with ferromagnetic droplets (each containing one
carrier) in an antiferromagnetic matrix was shown to be possible [47]. The moblity of
these magnetic polarons is low and they are easily localized by disorder and Coulomb in-
teractions. ~ We propose a localized-band model involving effective intermediate-range
electron- electron (electron-hole) repulsion (attraction) generated by cooperative electron-
phonon interaction. As stated before, double exchange mechanism produces magnetic
polarons in an antiferromgnetic environment; when these magnetic polarons coalesce and
percolate the system, we get an FMI. Ferromagnetism gets more pronounced when the
hole carrier concentration increases or when the ratio hopping/(polaronic-energy) domi-
nates over superexchange-coupling/hopping. While considering cooperative effects in the
system we keep track of occupancies of nearest neighbors of the intermedite site when a
hole jumps from an originating site to its nearest-neighbor intermediate site. In doing so
we involve next-to-next-neartest-neighbor (NNNN) and next-nearest-neigbor (NNN) inter-
actions in the system. The temperature variation of the total magnetization of the system in
the experimentally relevant doping regime of 0.1 < z < 0.3 in bulk manganites indicates
an almost fully FMI at x=0.3 for an intermediate-band width manganite in two dimensions
(2D) and for temperatures low enough compared to superexchange energies. This is in
agreement with the percolation picture described in Ref. [48]. For lower hole dopings,
the system of holes remains non-interacting and, by virtue of ferromagnetic superexchange
interaction along columns, yields a low magnetization. Increased carrier concentrations
bring forth first NNNN and then NNN interactions that aid in forming larger spin po-
larons in the system. A competition between the temperature and the antiferromagnetic
superexchange interactions is visible from the crossover region at moderate dopings where
magnetization curves for different temperatures intersect, after which percolation effects

completely set in. Lastly, comparative studies of the low-bandwidth A-AFM manganites

viii



with the moderate-bandwidth G-AFM managnites helps in understanding the reason for
wider crossover regimes, importance of antiferromagnetic superexchange interactions in
producing frustrations in the system, and finally in suspecting the possible occurrence of
a superspin glass phase at lower temperatures in tune with the experimental findings in
Ref. [49]. In summary this thesis presents a yet unobserved giant ME effect in the pure
manganite-managnites heterostructures; it also acts as a theoretical guide for the experi-
mentalists to realize this ME effect in the laboratory. That there is a scope for future device
fabrication, if this effect is properly established experimentally, makes the work notewor-
thy. Apart from having a technological importance, the study of the FMI region, captured
through our theoretical modeling and complying with available experimental evidences,
helps in adding to the current understanding and resolution of this unexplained generic

phase in the complex phase diagram of manganites as well as manganite heterostructures.
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INTRODUCTION

Unveiling the physics behind the Strongly Correlated Electronic (SCE) materials has gar-
nered the interest of most condensed matter physicists for a long time. For SCE materials,
which harbor non-trivial electron-electron correlations, the independent electron approx-
imation (i.e., treating the electrons as non-interacting) turns out to be invalid and model
Hamiltonians are used to study their exotic properties. The model Hamiltonians may be
very simple to write with electron-electron or Coulomb interactions, Coulomb-lattice in-
teractions and tunneling of electrons between various atomic sites (or lattice sites) dictated
by tight-binding hopping integrals, but solving them analytically may often become quite
demanding. Though scientifically sound approximations may help in a little advancement
in this respect, very often absence of small parameters makes the expansion of the many-
body SCE Hamiltonian next to impossible. Computational measures therefore become
indispensable in solving the SCE systems, the primary aim being finding the many-body
ground state of the system. Furthermore in SCE systems, the surprising co-existence of

myriads of phases that closely compete and show non-linear responses when subjected to



small perturbations like magnetic field, electric field, strain, disorder etc., calls for the study
of the excited states of the SCE systems also. Although understanding the behavior of SCE
materials is hard, the wide range of technological applications that they present is quite

exciting and useful.

1.1 Strongly correlated oxides

Among the different SCE systems, oxides have gained considerable importance because
of the various fundamental and application oriented phenomena displayed by them. The
cuprate family of superconductors brought forth by Bednorz and Miiller [50] challenged
the applicability of the BCS (Bardeen-Cooper-Schrieffer) picture [51] incorporating sim-
ple mean-field descriptions and involving Cooper pairs of larger size. In this new “high-
T.” superconductors, Cooper pairs were found to be comparable to inter-carrier distances,
mean-field theoretic approaches were rendered inapplicable and phase competition be-
came unavoidable leading to different inhomogeneous patterns of carriers giving rise to
stable states. Attention is also being given to doped bismuthates, specifically Pb or K
doped BaBiO3, which show metal-semiconductor phase transitions with change in doping
concentration and temperature, charge-density-wave ordering and superconductivity with
moderately high T [52]. Nickelates find applications in the study of artificial neuromor-
phic devices; SmNiQOg, that shows a metal-insulator (MI) transition in the bulk form, has
been used to produce a synaptic transistor to imitate the working of neural synapses [53].
MI transitions are typical of rare-earth nickelates, the study of which remains one of the
most sought after phenomena in solid state physics [54]. Titanates, such as BaTiO3, on the
other hand are very good ferroelectrics [55]. They form the base material for the construc-

tion of monolithic ceramic multilayer capacitors that find applications in semiconductor



circuits [56]. Single-layer perovskite cobaltates are finding relevance in the SCE family
since, much like the high-T. cuprates [57], they produce the hourglass excitation spec-
trum. The incommensurate magnetic peaks in Las /3511 ;3C004 may be indicative of charge

stripes which directly connect to the hourglass shaped spectrum [58].

1.2 Superlattices, thin films and heterostructures of ox-
ides

The interest in finding new collective states slowly digressed from single crystals or nat-
urally occurring compounds of TMOs (transition metal oxides) to surfaces and interfaces
formed by structurally and chemically dissimilar materials [6,59]. This revival aimed at
exploring physics similar to that exhibited by junctions of two different semiconductors
(SCs) to which fractional quantum Hall effect [60,61], spin-Hall effect [62] and other such
phenomena owe their discovery. In semiconductor interfaces, differences in work func-
tions are responsible for charge transfer across the junction which ultimately make the
chemical potentials of both the sides to be equal. Initially the idea was simply to have a
better version of semiconductor junctions since oxides were found to have (1) carrier den-
sities ~ 10?2 cm 3, orders of magnitude greater than SCs; (2) much shorter Thomas-Fermi
screening lengths so that charges could be confined within 1-2 nm unlike in SCs which
have length scale confinements of ~ 10 nm [63, 64]. Present day endeavors are however
mostly focused in utilizing the oxide heterostructures as SCE systems, engineering and
controlling charge, spin, lattice, and orbital properties to tailor states at the interface not

achievable or obtained in bulk.
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Figure 1.1: Schematic diagram showing the various degrees of freedom (such as charge,
spin and orbital degrees) that are interrelated to each other and the various symmetries that
can be engineered at oxide interfaces (From Hwang et al., Nature Materials 11,103113
(2012)).

As compared to the bulk doped oxides where volume effects are operative, if we zero
in on surfaces of bulk materials, thin films and consequently interfaces of TMO oxides,
we find a complete change in the correlated behavior, transport and electronic properties
and opening of new paradigms of device fabrication possibilities. This is mostly due to the
two-dimensional character of the surfaces or interfaces, breaking of translational and inver-
sion symmetries, change in lattice periodicity due to mismatch in lattices of the two parent
TMOs and also reduced kinetic energy effects in the system. For example, breaking in-
version symmetry implies appearance of non-trivial ferroelectric and compatible magnetic
states arising at the interface. Then, lattice parameter matching is important as a mismatch
denotes possible changes in interatomic distances across the interfaces and consequent
changes in hopping probability ¢. Hopping ¢ may also change due to structural reconstruc-

tion and relaxations that may eventually occur due to rearrangement of the whole lattice



structure. Again quite naively it can be understood that a reduction in the number of nearest
neighbors when we move from a bulk three dimensional oxide to a surface layer directly
reduces the effective bandwidth of the system to W = 2z*¢ from being 22¢, z and z* being
the coordination numbers in bulk and surfaces respectively. This effective lowering of the
kinetic energy of the electrons in the system thus renders possible insulating behaviors in
the electronic states at the interface. A good example would be that of a nickelate LaNiOs,
which in the bulk is metallic but when made into thin films or layered structures remains

insulating for a certain number of layers. [65].

Control of orbital polarization at the interface has also been attempted for the case
of rare-earth nickelates. A substrate seems to play a significant role because the strain
it provides can suppress lattice distortions that favors a particular orbital ordering. The
contribution of superexchange [66] to orbital ordering may also change and give rise to
new magnetic orderings. In NdNiOs films, strain controls the metal-insulator transition
(MIT) effectively [67,68] and it has been found that orbital polarization under compressive
strain produces metallicity when quantum confinement is at the atomic level but causes a
MIT when polarization is reduced [69]. In VO, thin films also, orbital polarization is seen
to play a role in decreasing the MIT temperature [70].

Orbital reconstruction is also noticed when La; ,Ca,MnOQO3, a colossal magnetoresis-
tance (CMR) manganite, is placed in proximity to a high-T. cuprate YBa,Cu3zO5 [71,72].
Charge transfer across the junction from Mn to Cu is found to be the cause behind this
major reconstruction at the hetero-interface. Experiments have revealed that the supercon-
ducting transition temperature is curbed and so is the Curie temperature related to ferro-
magnetism arising from the manganite layers [73—75]. Nemes and co-workers have found
evidences of superconductivity supporting parallel alignment of spins under an applied

magnetic field [76] which may find applications in spintronics.



Perhaps the most studied hetero-interface till date, that of LaAlO3/SrTiOg, has re-
ceived a huge attention because the interface is metallic although the bulk parent materials
are wide gapped insulators [6,59,77,78]. Depending on the kind of layer terminations, there
can be two kinds of interfaces: AlO,-LaO-TiO4 which is conducting and A1O05-SrO-TiO,
that is found to be insulating. As is understood, the layers in the Sr'TiOj side, Ti4+O§*
and Sr>*O?~ are charge neutral whereas in the LaAlOj side, AI**O2™ layers have charge
= -1 and La**O% have charge = +1 per unit cell. Thus there is an excess unbalanced
charge at the interface and the electrostatic potential of such a system is found to grow
linearly with the thickness of the heterostructure. At a certain thickness, the potential drop
may even exceed the energy gap F, of the system, making it unstable. This instability due
to the diverging potential, called the polarization catastrophe, is overcome by electronic
reconstruction by which half a charge is transferred from the upper surface to the bottom
layer. Thus the upper layer of two insulators is expected to be metallic, though of course
there is a critical thickness for obtaining this metallic conductivity. One can never rule out
possible formation of oxygen vacancies as part of non-stoichiometric changes in the sys-
tem supplying the free carriers in the system and accounting for the metallic behavior; this
is under study. This two-dimensional electron gas (2DEG), that shows up at the interface,
is also reported to show 2D superconductivity with T, ~ 0.2K [79] which may have its
origin in the electron doping of the Sr'TiO3 surface. In some cases, however, there can
be phase separated superconducting and ferromagnetic states aided by the oxygen vacancy

formation [80, 81].

Magnetic states at the interface can be manipulated by placing say an antiferromagnetic
insulator in the vicinity of a paramagnetic metal as in CaMnO3/CaRuOj3 heterostructures
[82—84]. With moderate electron-doping, the interface shows ferromagnetism although the

magnitude of leaked charges is quite small. Moetakef er al. have discovered an insulat-



ing phase [85], not quite the usual Mott phase typical of TM ions in GdTiO3/SrTiO3
heterostructures, naming it the “Mott-dimer” phase [86].

Up till a few years ago, the celebrated quantum hall effect had been observed in tra-
ditional semiconductor junctions such as AlGaAs/GaAs only. Oxide heterostructures of
Mg, Zn;_O/ZnO have proved to be excellent systems in demonstrating quantum Hall
effect [87—-89] with high carrier mobilities, strong correlation effects, large magnetic sus-
ceptibilities, formation of quantum Hall ferromagnetic states, realization of the coveted
v = 1/3 fractional quantum Hall state, and lastly an ionized impurity free system where
orbital character and spin polarization can both be tuned. Charge accumulation at the in-
terface (in the narrow bandgap ZnO), much akin to that of the LAO/STO system, happens
to arise as a need to compensate the mismatch in piezoelectric properties of the two com-
pounds and thus helps in the realization of this emergent interface phenomena.

It is needless to say that a lot of other TMO oxide superlattices, thin films, and atom-
ically controlled heterostructures are being prepared artificially to study various interface
effects, comprehensive studies of which can be found in a growing body of literature [6,90].

Keeping in view the various other TMOs and their heterostructures that can also offer
interesting emergent physics and technological promise, this thesis tries to explore special
kind of oxides called manganites and focuses on the novel properties that their heterostruc-
tures can exhibit. One such important phenomena in manganite heterostructures is the
magnetoelectric effect which will be studied in detail along with the associated ferromag-
netic insulating properties. Before getting into it, we will revisit below a few of the efforts
dedicated to the study of manganite multilayers to illustrate the vast possibilities they offer.

Strain-driven phase transitions including orbital order are very common for example
in (LMO);/(SMO); superlattices; here, the ground state can be tuned based on the ¢/a

ratio, where a is the lattice constant in the xy plane and c is that in the z direction. The



system stabilizes, for ¢ ~ a showing FM order; for a > ¢, A-AFM order; and for a < c,
C-AFM [91]. It should be noted that C-AFM phase does not appear in bulk LSMO around
0.5 electron density. Density Functional Theory (DFT) studies by Nanda and Satpathy [30]
also captured similar phases in this superlattice. Biaxial strain, depending on being tensile
or compressive in nature, has shown evidence of metallic behavior with strong ferromag-
netism or insulating behavior with weak ferromagnetism [92, 93]. Although SMO has a
robust G-AFM spin order,(LMO); /(SMO); superlattices showed various interfacial mag-
netic arrangements such as A-AFM, FM, and C-AFM [30].

In (LMO)s,/(SMO), superlattices, n = 1 samples resembled the bulk counterparts
in terms of low resistivities, precisely stating n < 2 samples are metallic (see Ref. [20]).
In fact, one expects the A/B cation disorder to be less in well prepared (LMO),/(SMO),
superlattices compared to the bulk counterpart (or alloy) Las/35r; 3MnO3. Next, the n > 3

state has much larger resistivities giving rise to an insulating state.

1.3 Introduction to manganites

The first work that reported the importance of manganites was the renowned paper by
Jonker and Van Santen in 1950 [94] in which they studied doped systems such as

La;_Ca,MnOs, La; _,Sr,MnOQOs3, and La;_,Ba,MnQO; and recorded the existence of fer-
romagnetism in them. In their paper, manganites appear as A; B, MnQO3 with A a trivalent
rare-earth ion such as La3", B a divalent alkali metal ion such as Ca?*, and x the fraction of
Mn sites that are Mn**. The manganites were noticed to crytallize in a perovskite structure
with the oxygens surrounding the Mn-site ion building up an octahedral cage. A subsequent
paper by them [95] was about the conductivity of manganites with anomalies reported at

the Curie temperature. Jonker also studied lattice parameters in the system as a function of



hole doping and tried to explain the different levels of distortions at different carrier con-
centrations, indicative of the role Jahn-Teller effect plays in manganites [96]. Subsequently
in 1954, Volger tried measuring changes in resistance of the compound Lag gSrgoMnOj3 in
presence of magnetic fields and at different temperatures [97]. He commented that “man-
ganites, when in the ferromagnetic state, show a notable decrease of resistivity in the mag-
netic fields”, though the now well-known colossal magnetoresistance effect was noticed
much later in the 90’s. The most noted work on manganites from the earlier days is the
neutron diffraction measurement done by Wollan and Koehler in the year 1955 [98]; they
detected many rich antiferromagnetic phases in La;_,Ca,MnOj in addition to the ferro-
magnetic phase described by Jonker and Van Santen. Their studies revealed (which phase
diagrams of modern day manganites also contain) the different kinds of antiferromagnetic
phases such as the A-type (ferromagnetic planes of spins antiferromagnetically connected)
near x = 0, the G-type (antiferromagnetic planes of spins antiferromagnetically connected)
near x = 1, C-type (chains of ferromagnetic spins antiferromagnetically connected) around
x = 0.75 or x = 0.80, and also B-type (ferromagnetic spins in all three directions) in fully
ferromagnetic regions as shown in Fig. 1.2. The fact that the phases also depicted a con-
comitant charge order with spin orders is convincingly expressed in the CE-type phase
(see Fig. 1.11 ) that Wollan and Koehler pointed out as the mixture of C-type and E-type
structures with an intrinsic charge ordering. Thereafter in 1979, Jirdk and co-authors [99]
and in 1982 Pollert and his co-workers [100] analyzed the structural and magnetic proper-
ties of Pr;_,Ca,MnO3 (PCMO). PCMO was found to be structurally distorted at various
fillings and the resultant charge orders and magnetic phases were very different from the

ferromagnetic phases in other manganites.

Dramatic changes in resistivity of manganites on application of magnetic fields started
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Figure 1.2: Different types of spin orderings in manganites.

to be observed by various groups studying Ndg 5Pbg sMnOg3 [101], thin films of
Lag/3Bai/3MnOs at room temperature [102], thin films of La;_,Ca,MnO3 at x = 0.25
[103] and films of La;_,Sr,MnOj at room temperature [104]. Nevertheless, truly “colos-
sal” magnetoresistance ratios were first recorded in 1994 by Jin ef al. [105] in
Lag.67Cag.33MnOj3 to be around 1500% when temperature is cooled down to 200K and still
larger ratios of 100,000% at 77K. Later Xiong [106] observed even higher MR ratios of
1,000,000% in thin films of Ndg 7Srg3MnO3 near 60K and with 8T magnetic field. This
CMR effect generated tremendous interest due to the exotic fundamental physics and sig-
nificant potential application in spintronics. Slowly it became clear that there was more
to the field of manganites than the CMR effect. From x = 0.3, attention got shifted to
other densities, such as x < 0.2 or x > 0.5, initially to probe further into other magnetic
and charge ordered phases that were crucial to explain CMR. Later on, understanding the
origin of these phases itself proved to be non-trivial from the viewpoints of fundamental
physics and device potential. More works were devoted towards understanding the inter-
play of various degrees of freedom leading to those exotic phases. Phase competition and
its manipulation by weak perturbations became a widely studied subject in strongly corre-

lated manganites. The clean systems already revealed different closely coexisting energy
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states. Tendencies of phase separation and disorder effects further led to inhomogeneous

states [107].

1.4 Review of manganites

1.4.1 Crystal Structure

The structure of A;_B,MnOj is very near to being a cubic perovskite (see Fig. 1.3).
Manganites have a simple cubic space lattice. The coordinates of the various ions in the
cubic lattice are: A/B ion at (0,0,0), Mn ion at (1/2,1/2,1/2), and three O ions at (0,1/2,1/2),
(1/2,0,1/2), and (1/2,1/2,0). Now, we have AMnOj3 at zero doping in which A has +3
charge and O3 has -6 charge; thus, Mn has to have a valency of +3 to maintain charge
neutrality. We have BMnOj3 at 100% doping in which B has +2 charge, O3 has -6 charge,
thus changing the valence of Mn to +4. For the doped compound, we have a mixed-valence
state of Mn as AT B2*Mn?" Mn?*O2~. We can also imagine the structure of AMnO3 as
stacking of AO planes over MnO, planes. The Mn ions are surrounded by oxygen atoms

forming an octahedral arrangement. The p orbitals of the oxygen atoms point towards the

Mn-O-Mn bonds as shown in Fig. 1.4.

1.4.2 Tolerance factor

dc-o

75 , where dg_o is dis-
Mn—-0O

The tolerance factor is a geometrical factor defined as ' =
tance between the trivalent A or divalent B cation at the vertices of the cube and the near-
est neighbor oxygen ion and dy;,_o is the shortest distance of the Mn ion at the cen-

ter of the cube from the oxygen ions at the face centers of the cube. With no distor-
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Figure 1.3: The perovskite structure of A; ,B,O3, where A implies trivalent rare-earth
(RE) elements (such as La, Pr, Nd, etc.) and B refers to divalent alkaline-earth elements
(Sr, Ca, etc.).

Figure 1.4: The MnOyg octahedra with p orbitals of the oxygen atoms pointing towards the
Mn-O-Mn bonds.
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tions, ideally the face diagonal, C-O-C, equals V2 times the cube edge, O-Mn-O, i.e.,
2rc + 210 = V2(2r\ + 210), 1¢ denotes the radius of the A/B cation; 1y, and 1o the
radii of Mn and O ions, respectively. At times, if the radius of the A/B ions is too small, the
oxygens tend to move more towards the Mn ions; hence, d¢_o reduces and consequently
dyvm_o also changes. This makes /' < 1 and correspondingly the Mn-O-Mn bond angle
6 to be less than 180 degrees. As the hopping amplitude for charges (to move from one
Mn site to the nearest Mn site) depends on cos @ (as will be described in detail later), a
reduction in tolerance factor ultimately reduces this hopping probability. Thus localization
tendencies in the system increases. It is to be noted that, if we consider a doped mangan-
ite, we have two possible cations A and B and hence the density-weighted average of the

individual tolerance factors are considered.

1.4.3 Crystal field splitting

The 3d transition metals (TMs) in the periodic table have active d-shells containing five
degenerate orbitals (angular momentum quantum number 1 = 2;1, =2, 1, 0, -1, -2). Each
orbital is actually an electronic wave function with pear-shaped lobes. Three of them lie in

the xy, yz and xz planes, respectively, and are therefore called the d,.,, d, ., and d,., orbitals.

zy> Qyz»
The fourth one has its lobes along the x and y axes and is called the d,2_, orbital. The last
orbital (i.e., ds.2_,2 orbital) is a bit different from the rest in that it not only has pear-shaped
lobes symmetrical in the z direction but also a torus encircling it in the middle. When
isolated, there is degeneracy in the five orbitals due to presence of spherical symmetry
(or rotational invariance) present in the 1 = 2 sector, that is to say, all the crystal axes are

equivalent. When placed inside a crystal with other ions in their surrounding, full rotational

invariance is lost and the structure of the crystal determines the resultant local symmetry.
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Figure 1.5: Mn ion in a crystal field. On the left we have the 5 different d orbitals, that
form the higher energy e, doublet and the lower energy ¢, triplet. On the right, the actual
energy level scheme shows the mechanism of crystal field splitting. 10Dq ~ 1eV is the
energy gap between the two crystal-field split sets of orbitals. The ¢y, electrons form the
S = 3/2 core spin (both in Mn** and Mn*"), while the e, electron is itinerant. The lone e,
electron in Mn** further splits the e, doublet.

Thus the fivefold degeneracy breaks into a lower ¢y, triplet and an upper e, doublet in the
cubic crystal field, with six oxygen ions (also called the ligand ions) surrounding the Mn

ion forming an octahedron.

Due to symmetry considerations, d,,, ,d,. and d,. should be affected in a similar way as the
three crystal axes are equivalent; they form the triplet. On the other hand, 32? — 2, which
can be written as (2? — z%) + (2? — y?), can be understood to be symmetricaly equivalent
to (2 — y?) and hence dy2_,2 and d3,>_,2 are degenerate. While the wave functions of the
dy2_,2 and d 2 orbitals are extended along the direction of the Mn-O-Mn bonds, those of the

dyy , dy. and d,, orbitals are not. Hence, since overlap of wave functions of the d orbitals
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and the oxygen ions is considerably more for the former case, Coulombic repulsions with
the negatively charged oxygen ions are greater. The doublet has thus a higher energy than

the triplet, the energy gap being ~ 1 eV.

1.4.4 The different degrees of freedom

1.4.4.1 Charge

The electronic configuration of Mn is 3d°4s?; thus, Mn3* is 3d* and Mn** is 3d. Thus
the 3 three ¢, levels are filled with 3 of the electrons in both Mn** and Mn**; the higher
energy ¢, level has 1 electron in Mn®** and 0 electron in Mn** giving rise to ¢3 e, and
tggeg configurations, respectively. The itinerant e, electron determines the net charge of
the system with undoped A*+Mn®* O3~ having electron density 1 and the doped compound

At B2*Mn3}t Mn?+O3" (being richer in holes) having electron density less than 1.

1—x—x

1.4.4.2 Spin

As the overlap integral between ¢, and oxygen p orbital is small compared to that between
eq and p orbitals, the three ¢, spins can be treated as a large localized classical spin with
S = 3/2. Due to strong Hund’s coupling in manganites, the e, spin is always parallel to the
spin-polarized t,, sector. This is how the itinerant charge is connected to the core t,, spins
in the system and various arrangements of these localized core spins generate different

magnetic orders in the system.

1.4.4.3 Orbitals

Due to the crystal-field splitting of the 5 different d orbitals into e, and t54 levels, electrons

are filled starting from the lower energy t,, levels following Hund’s rules. For Mn?®", since
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we have four d electrons, the t5, subshell will be half-filled with three parallel spin elec-
trons; the remaining one electron with a parallel spin can be placed in any one of the two
degenerate e, levels or a linear superposition of them. So in addition to the spin degen-
eracy, in which the spin of the electron can be either up or down, we encounter an orbital
degeneracy (i.e., an extra double degeneracy). However, nature does not favor the orbital
degeneracy of the electronic ground state of a non-linear molecule [108]. Hence, there is
an instability to ensure lowering of the system energy, i.e., the non-linear molecule under-
goes a geometrical distortion spontaneously. In case of manganites [109, 110], the only
degeneracy that is allowed is the spin degeneracy that is related to the time reversal sym-
metry and can only be broken by an external magnetic field or by some magnetic ordering.
Now, readjustments of the oxygen ions around the TM ion, creating an asymmetry in the
different directions, essentially lifts the orbital degeneracy. That the system symmetry is
unstable with respect to the distortions in the MnOg octahedra, thus leading to lifting of
the degeneracy to reach a lower energy state, is the essence of the Jahn-Teller effect. We
can clearly see that Mn** has no ey €lectron and hence is not a Jahn-Teller (JT) active
cation [109, 110]. A small calculation shows that the energy gain due to lattice distortions
grows as square of the distortions while that due to energy splitting is linear, hence get-
ting overcompensated by the former. Thus, after the JT effect, electrons occupy specific
orbitals. So orbital ordering and JT effect occur simultaneously and are inter-related. Now,
from isolated JT ions, moving over to concentrated systems where we have a large number
of JT ions present (practically one in each unit cell of a cubic lattice), it is natural that
there will be interactions among the distortions making neighboring JT active ions also
interacting. The very fact that two adjacent MnOg octahedra share a common oxygen im-
plies coupling of their distortions and also leads to coupling of orbital occupations on the

adjacent centers. Thus the different octahedra do not undergo independent distortions any
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more and the whole crystal becomes unstable due to this interlinking effect. This is called
cooperative Jahn-Teller effect (CJTE). This also leads to cooperative orbital orderings.

In the octahedra, we have 7 atoms and thereby (7 x 3) = 21 degrees of freedom (DOF).
Since motion of the center of mass of the system is not considered, 3 DOF are subtracted.
Rotation of the octahedra is also not considered, hence 3 more DOF get subtracted. So in all
we have 15 DOF and hence 15 independent modes of vibration. Out of this, only 3 normal
modes (i.e., 2 JT modes and 1 breathing mode) contribute to our picture; the other modes
allow movements of oxygen atoms which would result in buckling of the Mn-O-Mn bond
and reduce the hopping amplitudes of the electrons. The relevant modes are the 1, Q)2
and ()3 modes as shown in Fig. 1.6. In the (); mode, the oxygen atoms along all the three
axes either move outwards together or move inwards toward the Mn atom thereby imitating
the breathing process. In the (), mode (which is a JT mode) there is no movement of the
oxygen atoms in the z-direction (see Figs. 1.4 and 1.6). The O atoms move outward in the
x direction and move inward in the y direction or vice versa. So we have two long bonds,
two short bonds, and two unchanged bonds. In the ()3 mode (which also is a JT mode), we
have O atoms along z direction moving outward and those along x and y directions moving

inwards or vice versa. Thus we have two long and four short bonds or vise versa.

1.5 Magnetic interactions

Magnetic interactions in the manganites is governed not singly by the d orbital physics
of the Mn ions. Due to the presence of ligand oxygen ions in the system and Mn-O-
Mn bonds, there occurs a strong hybridization between the d orbitals of the Mn ions and
the oxygen p orbitals directed towards the Mn ions. The direct overlap between adjacent

Mn ions 1s small and different hopping mechanisms are thus mediated by the intervening
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Figure 1.6: The various relevant normal modes: (a) ()3 JT mode where movement of the
in-plane oxygen atoms is opposite to that of the out-of-plane atoms; (b) Q)2 JT mode where
only the in-plane oxygens move; O atoms move inward in one direction (say, along x
direction) and move outward in the perpendicular direction (i.e., along y direction); (c) ()4
breathing mode where the movement of oxygen atoms mimic the breathing process, i.e.,
all of them either move inward or move outward.

oxygen atoms. Depending on these processes, different magnetic interactions are present

in manganite systems: the most important being double exchange and superexchange.

1.5.1 Double exchange

Ferromagnetism observed in various experimental findings in the 1950’s stimulated the-
oretical understanding of its origin by Zener in 1951 in three of his important papers
[111-113]. In his first paper, though Zener has not explicitly talked about manganites,
he has attributed ferromagnetism to an indirect coupling between the “incomplete d shells”
by means of “conducting electrons” in the system. It is obvious that in the manganite

language, the polarized 5, spins denote the incomplete d shells and the conducting elec-
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trons represent the e, electrons. Zener proposed the idea that for the e, electrons to move
throughout the crystal from one Mn site to the other, it is favorable for the background ¢,
spins to be parallel, otherwise there is an energy cost equal to the Hund’s exchange. This
leads to ferromagnetism in the system. In a later work, Zener mentioned that transfer of
the electron from one Mn site to the other is mediated by the in-between oxygen atoms.
This idea of Zener was subsequently improved upon by Anderson and Hasegawa [114] and
by de Gennes [115] who put forward the definition of an effective hopping t.q = t cos /2

with ¢ being the angle between two nearest-neighbor t, spins.

We will now outline the essence of de Gennes approach [115]. The Hamiltonian for
double exchange can be written as the sum of the kinetic energy and the on-site Hund’s

coupling between the e, electrons and the core ¢, spins.

Hpp =Y tal,a, —2Jp» $i- 85, (1.1)
<iyj> i

where aZTU and a;, are the creation and annihilation operators for the e, electrons; s; is the
spin of the electron and S; is that of the t,, spin at site 7; o represents the spin index of the
eq electron; and J is the Hund’s coupling constant. The Hund’s coupling term —2.J5 5 - S
leads to eigen values —Jy.S and Jy (S + 1). Now, we consider two directions, given by
spins S and S, (at atoms 1 and 2, respectively), with an angle 6 between them. For the
direction of S (S}) as the axis of quantization, let the electronic spin state vector be given
asal 1) +06| 1) (a’\ DEZA L)) For the rotation operator being given by U = exp (%5'5),

we can express « and (3 in terms of o/ and /3’ as follows:

[ 0 /
(6] COS 2 S1n 3 (6%

= . (1.2)

B —sin g CoS g 5
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Let the electronic eigenstates of atom 1, referred to direction of §1 as the axis of quan-
tization, be |d; ,) and |d; _,); those of atom 2, referred to direction of S, as the axis of

quantization, be |dy /) and |dy _,/). Now,

<d1,a‘HDE‘d2,a> — t, (13)
(dy 5|Hpg|ds,—s) =0, (1.4)

0
<d1,a’HDE’d2,a’> =t cos 5, (15)

)
(dio|Hpp|ds,—o) = tsin > (1.6)
(dio|Hpp|die) = —Jus, (1.7)

and

<d1,7U‘HDE‘d1770‘> == JH(S + 1) (18)
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Then, the matrix representation of Hpp can be written as follows:

—JgS 0 tcosg tsing
0 Jy(S+1) —tsin? tcos?
( ) 2 2 (1.9)
tcosg —tsing —JgS 0
tsin  tcos? 0 Ju(S+1)

Next, when we solve the characteristic equation |Hpp — EI| = 0, we get the solutions as

1
_Ju 1 01 2 20 i
E—T:I:{[JH (S+§>:i:tcos§} + t“sin 3( - (1.10)

For Jy > t (as is true for manganites), we get the lowest eigen value of the system or the

double exchange energy to be

0
EDE:—JHS:EtCOS§. (111)

1.5.2 Superexchange

Another coupling between two neighboring Mn®* (well separated by the lattice constant
~ 4/) is mediated by the virtual hopping of ¢, electrons. It is infact an interaction between
two magnetic ions via an intermediate non-magnetic/diamagnetic ion. If the two magnetic
ions and the intermediate diamagnetic ion are arranged along one axis, the interaction
between the magnetic ions is antiferromagnetic when only one orbital is considered for

the magnetic ions and may be ferromagnetic or antiferromagnetic when two orbitals are
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involved. Bonding and antibonding orbitals are formed due to the mixture of the d orbitals
of Mn ions and the p orbitals of the oxygen ions. Thus the wavefunction of localized d
spins extends over the neighboring negative ions. This is the reason why the exchange

coming out of this is termed superexchange [116].

Now, consider the following bonding and antibonding states:

¢b = wbanding =~ wpo + /\¢d3227T27 (112)

and

¢ab = Q;Dantibonding =~ ¢d322_T2 - (/\ + OI)¢pa7 (113)

where A < 1 and Oy is the overlap integral as will be shown below. Now,

<¢b|wab> =0,
= <¢pa|wd322_rz> - ()‘ + OI) +A= 0,

= Or>= ¥y, Y4, ) (1.14)

Now, 9, is lower in energy than v,,. Furthermore, v,;, extends over the negative ion and
has the spin of the magnetic ion whereas the two original p, electrons of O?~ are in 1.
Hence, by considering 1),,, we eliminate the role of the intervening O?~. Then, the total
Hamiltonian is expressed as H = Hy + H; where H, is the Hubbard U term and H; is

the hopping term. To carry out perturbation theory, we invoke the following canonical
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transformation:

H= ¢"He T (1.15)

1
— H0+H1+[H0+H1,T]+5[[H0+H1,T],T} + ... (1.16)

To eliminate first order in Hy, we set H, + [Hy,T| = 0. Thereafter, following standard

Hubbard model calculations [117], we can arrive at the equation

- H\H 4t* 1
H=—Ps }] LPg = - Ps Es J7i21i) Ps, (1.17)

where Pg is the projection operator for single occupancy of electrons; Sy and S are two

nearest-neighbour spins; and n; is the number density operator at site ¢. The superexchange

412

energy coefficient is thus given by Jar = .

1.6 Coulomb interaction

Since we have e, electrons or holes in the system, electron-electron, hole-hole, or electron-
hole interactions will come into play. Electrons hop from one atomic site to the other
through various Wannier states that are localized at those sites. So, for a usual system of

interacting electrons, we can write the Hamiltonian as

H= T4V

_ / &t (r) Ho(r / / drd®r 6t ()t () (r, 1) (e (), (1.18)

where the kinetic energy operator Hy(r) = —Hh*/2mV? and V(r,r’) is the interaction

energy between two electrons with position coordinates r and /. Now, expanding the
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wave function of the particle in terms of Wannier basis we get

1/1(7”) = qui'y(r)ci’ya- (119)

Here, ¢;,(r) is the Wannier function at site 7 and orbital 7; ¢;, is the electronic destruction

operator at site ¢, orbital v and with spin o.

Thus, the kinetic energy of the electrons is found to be

T= Y 5 i, (1.20)

33'yso

where the hopping amplitude is defined to be

0 = [ 463,000y (r) (1.21)

As the Wannier functions are reasonably localized at the different sites considered for hop-
ping, the hopping amplitude is commonly restricted within nearest-neighbor sites only.
However, larger hopping processes also become important under certain specific condi-
tions. The above interaction term comprising four wave functions, although calls for a
summation over four lattice indices, can be reduced to a summation over only a single lat-
tice index. The realistic assumption is to consider that screening and polarization effects
reduce the strength of the Coulomb interaction within electrons that are near to an ion. De-
noting the Wannier states (¢;, (7)) now by atomic orbitals only and ignoring the site index,

we have the potential energy part as

V= 1/2 Z Z Z U(’yﬁ;7,5,)C-z!-'ygcjﬁo—/ciﬁ’a’ci’y’a (122)

i By B oo’
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where

UBr'p) = //d3rd3r’qb7(r)¢5(r/)\/(r, ")y (1) (1), (1.23)

Here, out of the large number of matrix elements U(v3;7'5’), we have the following in-
dependent elements: (i) the intraband Coulomb interaction U = U(yy;yy); (ii) the in-
terband Coulomb interaction U’ = U(vy/3;y5) where v # [3; (iii) the interband exchange
interaction J = U(7yf;07); and (iv) the pair-hopping amplitude between different orbitals
J" = U(yv;86). However J' is not an extra parameter and it can be shown that J = J'.
Furthermore, with some calculation, a relation between the other three parameters can be
obtained to be U = U’ + 2J. Hence, in the most generalized form, we can rewrite the

Coulomb interaction in the following manner:

‘7 = - Z Z Niryo Ny + = Z Z NiyoMiy'o!

i y,0#0 i o0 7#7
+ B 2 : E : wa 1’y 151 Ciyo' Ciry' & + E g ,.ya Z,W/Cw o' Cin'or- (1.24)
i o0y i o#alyAy!

In the above equation, the first term represents electronic repulsion between electrons of
opposite spin in the same site and orbital. The second term represents the Coulombic
repulsion between electrons in the same ionic site but belonging to different orbitals. The
third term actually represents the Hund’s coupling where electrons in different orbitals are
forced to be ferromagnetic to reduce the energy of the system. The fourth term represents
hopping of pairs of electrons between two different orbitals of the same site. The interaction
energy U, being the largest energy in manganites, suppresses double occupancy and hence

makes the fourth term negligible. Further details can be found in Ref. [17].
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1.7 Electron-phonon interaction

In the initial research works on manganites, double-exchange models were extensively
used to describe ferromagnteism [111, 114, 118]. However, that double exchange alone
is not enough to shed light on various parts of the phase diagram of manganites became
evident from the studies by Millis, Littlewood, and Shraiman [119]. An estimation of
the Curie temperature T, using a model that had a large Hund’s coupling as the only
interaction, led to values between 0.1 eV and 0.3 eV which were orders of magnitude
higher than experimentally reported T values. A one-orbital model with Jy = oo used
by Calderon [120] also led to metallicity both below and above T.. All these findings
only hinted at the fact that Jahn-Teller phonons had a role in determining the mixed-phase
tendencies of manganites and in solving the anomalies regarding T'. and resistivity. In
fact, the large Hund’s coupling and strong electron-phonon interaction collude to produce
kinetic energy reduction and consequent ferromagnetism in the system especially in the
regime of low hole fillings [10]. Coupling lattice distortions to e, electrons, Kanamori
had first written down the basic Hamiltonian [121] for Jahn-Teller distortion at a site ¢ as

follows:
HT = =2G(QuT! + QsT7) + (kyr/2)(Q3 + Q3.), (1.25)

where G is the electron-phonon coupling constant; ()o; and (J3; are JT modes of vibration of
the oxygen octahedra; k7 is the spring constant for the Jahn-Teller mode distortions. The

pseudospin operators are defined as 7" = Z(dT dipy + d! dio) and T7 = Z(dT Aive —

a0 ibo a0
o o

d! dipe ). For symmetry reasons, a T} term does not appear in the expression for H;'T.

ibo
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Figure 1.7: An MnOg octahedra indicating the displacements of the oxygens, from their
equilibrium positions, along the three axes. (From Dagotto et al. Phys. Rep., 344 1-153
(2001)).

Now, the JT distortions are expressed as follows:

Q2 = (X1 — Xy — Yo + Y5), (1.26)

1
V2
and

1
Qs = %(2232' — 276 — X1; + Xug — Yoi + Y5i), (1.27)

where X ;, Y,;, Z,; are displacements of the oxygens, from their equilibrium positions,
along the three axes as depicted in Fig. 1.7. The ground state energy is found to be £ ;p =
G?/2kyr. Though the breathing mode does not remove the e, orbital degeneracy of the
system, it is an essential part of the electron-phonon interaction as this thesis will later

emphasize. The breathing-mode energy is expressed as

H" = gQuipi + 1/2ke Q3. (1.28)
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with p; being the local electron density to which the breathing-mode distortion ()y; is cou-

pled. ()y; is given by

1
Qi = E(Xu — Xyi + Yoy — Yoi + Zsi — Zs;). (1.29)

From Eq. (1.28), it can be understood that the breathing-mode-distortion energy increases

as p; (or the number of e, electrons) increases; on the other hand, the JT distortion modes

produce energy gain only if there is a single electron per site. The total electron-phonon

interaction energy is expressed through H. ,, = > (H/T + H!"). It is important to
i

recognize that cooperative treatments of the electron-phonon interaction utilize X,,;, Y),;

and Z,,; directly while non-cooperative electron-phonon couplings deal with Q’s.

1.8 Manganite phase diagram

We have manganites that have large bandwidth (such as La;_,Sr,MnOQO3), intermediate
bandwidth (such as La;_,Ca,MnQOs3), and narrow bandwidth (such as Pr;_,Ca,MnQO3).
Depending on the bandwidth variation, we have different phase diagrams (see Figs. 1.8
and 1.9). Since in this thesis work we will be primarily interested in intermediate- and
narrow-bandwidth manganites, a brief overview of the general phase diagram of mangan-
ites is worth discussing [10, 122]. The tolerance factor described earlier is a measure of the
bandwidth of a manganite, which is again directly proportional to the A/B cation radius rc.
Larger the value of r¢, the larger is the tolerance factor and also larger are the Mn-O-Mn
bond angle and the hopping amplitude (or bandwidth). As large-bandwidth manganites
have larger kinetic energy, they have predominant ferromagnetic and metallic tendencies.

As tolerance factor decreases, the bandwidth reduces and concomitantly JT interactions
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become more prominent [123]; furthermore, insulating behavior also gets enhanced. It
is the combination of the effects of bandwidth, double exchange, JT distortion, and su-
perexchange that lead to diverse magnetic, charge, and orbital ordered states in the phase
diagram. It is quite interesting to note that the x < 0.5 and x > 0.5 regions in the phase
diagrams are highly asymmetrical; the asymmetry is possibly due to the JT effect. In spite
of the basic differences that exist between various bandwidth manganites, some common

phases are manifested by some of them and we will point these out briefly.
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Figure 1.8: Phase diagram of La; Ca,MnOj3;. FM: ferromagnetic metal; FI (or
FMI): ferromagnetic insulator; AF: antiferromagnet; CAF: canted antiferromagnet; CO:
charge/orbital order. (From S.-W. Cheong et al., in Colossal Magnetoresistive Oxides,
edited by Y. Tokura, Gordon and Breach, Amsterdam (2000)).

1.8.1 Insulating A-AFM

At zero hole doping, i.e., at x = 0, all the ions in the system are Mn>" and hence are JT

active. It can be shown that a linear combinations of the ds.2_,2 and the d,2_, orbitals give
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Figure 1.9: The magnetic and electronic phases in (a) La; _,Sr,MnOg, (b) Nd;_,Sr,MnOs,
and (c) Pr;_,Ca,MnOs. PI, PM, and CI stand for paramagnetic insulator, paramagnetic
metal, and spin-canted insulator, respectively. FI (or FMI), FM, AFM, and AFI denote fer-
romagnetic insulator, ferromagnetic metal, antiferromagnetic metal, and antiferromagnetic
insulator, respectively (From Tokura et al., J. Magn. Magn. Mater. 200, 1, (1999)).

rise to orbital states that extend along the x and y axes in the xy plane and produce )5 JT

distortion. As a result there is an effective FM coupling of spins in the plane, while they are

stacked antiferromagnetically in the z direction. This A-AFM phase is thus a 2D layered

ferromagnet with a zero effective magnetization. Due to JT effects, electrons are localized

in the various Mn>" sites and we get an insulator. Hotta et al. [124] have reported that a

small J 4 leads to A-AFM provided JT effects are properly incorporated in the model.

1.8.2 Canted AFM

At very low hole dopings in the system, addition of few Mn** ions in place of Mn3* results

in itinerant holes. Then, a competition between double exchange and antiferromagnetic

superexchange ensues leading to a canting of the spins. However, there are controversies
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regarding the canted phase; many works claim a phase separated state, involving AFM and

FM phases, to be more stable than the canted state (see, for example, Ref. [47]).

1.8.3 Ferromagnetic insulator

A ferromagnetic insulating phase is obtained (at T' < T as shown in Figs. 1.8 and 1.9) for
higher doping values 0.1 < x < 0.15 in large- and intermediate-bandwidth manganites and
for dopings extending to x ~ 0.3 in narrow-bandwidth manganites. For T' > T, a para-
magnetic insulator results; explanation for the PI phase is still missing. Quite importantly,
the mechanism for the ferromagnetic insulating phase is not well understood; investigating

the ferromagnetic insulator forms a significant aspect of this thesis.

1.8.4 Ferromagnetic metallic region

This is by far the most studied doped region in the phase diagram (of large- and intermediate-
bandwidth manganites) and deals with the CMR phenomena that is potentially technolog-
ically important. At x < 0.5, there are sufficiently large number of holes in the system;
double exchange processes are quite operational leading to ferromagnetic alignment of the
spins so as to minimize the kinetic energy. However, as pointed out earlier, only the DE
mechanism is not enough to predict the FM region since this leads to overestimation of
MI transition temperatures. Hence, JT electron-phonon coupling should also be included
in understanding the CMR phenomenon. In the CMR regime, the paramagnetic to ferro-

magnetic transition coincides with a maxima in the resistivity (p). Upon the application
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Figure 1.10: Colossal magnetoresistance (CMR) behaviour for the Lag 6;Cag 33MnO3 sin-
gle crystal. (From Y. Tokura, Rep. Prog. Phys., 69, 797 (2006)) The resistivity of the
manganite is plotted as a function of temperature for different strengths of magnetic fields
varying from OT to 7T. The resistivity peak gets suppressed with the increase in magnetic
field, thus accounting for the large change in magnetoresistance.

of a magnetic field H, there is a large change in p, i.e, (p(H) — p(0)) /p(H) is colossal as

shown in Fig. 1.10; hence, this phenomenon is termed collosal magnetoresistance effect.

1.8.5 A-AFM metal

At large dopings, the electron number decreases sizeably. In La; _Sr,MnO3 and Nd; _,Sr,MnOs,
at 0.5 < = < 0.6, as shown in Fig. 1.9, A-AFM metallic state is realized. This state is
actually FM in the xy planes and AF in the z direction. Within each plane, only the d,2_,»

orbitals are occupied as depicted in Fig. 1.11 (d).
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Figure 1.11: The different kinds of spin and orbital orderings in manganites that constitute
the various phases in their phase diagrams. (a) The ds3,2_,2 or d3,2_,2 orbitals are antifer-
romagnetically coupled in a plane but ferromagnetically connected in between the planes
; spins are ferromagnetically coupled in a plane with antiferromagnetic coupling in be-
tween the planes (b) Both linear combinations of ds.>_,2 and d,2_,2 orbitals and spins are
ferromagnetically connected to each other (c) Alternate arrangmenet of holes and orbitals
(d3g2_p2 Or d3,2_,2) in a zigzag chain; ferromagnetic arrangement of spins on zigzag chains
with different chains being antiferromagnetically coupled (d) Ferromagnetic arrangement
of d,2_,» orbitals with spins being ferromagnetically coupled in a plane but antiferromag-
netically coupled in between the planes (e) Ferromagnetic arrangement of ds.2_,2 orbitals;
ferromagnetic chains of spins antiferromagnetically aligned (e) Antiferromagnetic arrange-
ment of spins throughout.
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1.8.6 C-AFM insulator

Jahn-Teller effects produce an in-plane compressive strain that favors occupancies of the
ds.2>_,2 orbitals and results in insulating C-AFM at very large dopings (see Figs.1.9 (b) and
1.11 (e)). Here, ferromagnetic chains are antiferromagnetically coupled with the nearest-
neighbors. The out-of-plane (z direction) double exchange is enhanced and the in-plane

(xy plane) one gets suppressed.

1.8.7 G-AFM insulator phase

At x = 1, the ¢4 electron density is zero; the spin coupling between nearest neighbors is
only due to the ¢y, electrons and is hence fully AFM (see Fig. 1.11 (f)). The resulting state

involves only Mn** ions and is insulating.

1.9 Plan of the thesis

The aim of this thesis is to show the importance of strong cooperative electron-lattice in-
teractions (present in manganites) in bringing about the magnetoelectric effect and the
ferromagnetic insulator phase in manganites. In chapter 2, we demonstrate in detail the
occurrence of a giant magnetoelectric effect, invoking both analytical and numerical ap-
proaches. Next, chapter 3 deals with a localized-band model calculation that depicts the
ferromagnetic-insulator phase in intermediate- and narrow-bandwidth manganites. Finally,

chapter 4 summarizes the essential work done in manganite heterostructures in this thesis.
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CHAPTER 2 S

MAGNETOELECTRIC EFFECT IN PURE
MANGANITE-MANGANITE

HETEROSTRUCTURES

2.1 Introduction

In 1959, Dzyaloshinskii and Moriya described the mechanism behind the development of
weak magnetism in antiferromagnets by the breaking of inversion symmetry [125,126]; this
effect, known as the linear magnetoelectric (ME) effect, was observed in CryO3. There-
after, in the 1970’s and 1980’s, a large number of materials were discovered that showed
ME effect, i.e., electric field producing a magnetization and magnetic field yielding an
electric polarization. Furthermore, systems where both ferromagnetism and ferrolectricity
coexisted, even in the absence of any external stimuli, were also detected. These materials

belong to a class of materials that came to be known as multiferroics (MF), i.e., materials

35



magnetically
polarizable

electrically
polarizable

Figure 2.1: Schematic showing the relationship between ferromagnetic (FM), the ferroelec-
tric (FE), multiferroic (MF) and magnetoelectric (ME) materials.(Adapted from Eerenstein
et al., Nature 442, 759-765 (2006)).

where various ferroic orders such as ferroelectricity, ferromagnetism, ferroelasticity, and
ferrotoroidicity co-existed. However, interest in this field took a backseat probably be-
cause the linear ME couplings, that the Dzyaloshinskii-Moriya effect predicted, were very
small and very few MFs were found in nature. More so, still fewer materials were found

that were both ME and MF as depicted in Fig. 2.1 .

There has been a revival in multiferroic research partly due to improved technology, discov-
ery of new compounds (such as YMnOs3, ThMnsOs5), need for devices with strong mag-
netoelectric effect, etc [19]. Majority of the multiferroics studied are bulk materials where
it is not yet fully clear why the magnetic and electric polarizations coexist poorly [127].
Nicola Spaldin specifically tried to reason why perovskite oxides did not show simulta-
neous occurence of ferromagnetism and ferroelectricity. A phenomenological explanation
would be that ferromagnetism in oxides resulted from the double exchange process (as

mentioned in Sec. 1.5.1) that is essentially an itinerant-electron mechanism. Ferroelec-
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tricty, on the other hand, occurs because of bound charges in the system since presence of
free carriers would screen the charges thereby leading to a vanishing polarization. A more
subtle way of looking at it in oxides would be that ferroelectricity in them is usually caused
by the bonding of empty d° orbitals (in transition metal ions) with p orbitals (of nearby
oxygens) leading to insulating behavior; ferromagnetism arises from non-zero electrons in
the d orbitals (also in transition metal ions) and thus results in metallicity. With the advent
of improved molecular-beam-epitaxy technology one can now grow oxide heterostructures
with atomic-layer precision and explore the possibility of strong multiferroic phenomena
as well as large interplay between ferroelectricity and magnetic polarization [128]. Oxides
are a favorite choice to produce heterostructures because they exhibit different complex
magnetic orderings in the bulk (see Sec. 1.5); furthermore, space inversion symmetry is
already broken at the interface, which is the usual requirement for the occurrence of ferro-
electricity.

Coupling between the charge and spin degrees of freedom is fascinating both from
a fundamental viewpoint as well as from an applied perspective. Instead of employing
currents and magnetic fields, controlling and manipulating magnetism with electric fields
holds a lot of promise as the electric fields are easier to use in smaller dimensions and
can potentially lower energy consumption in systems. There are numerous mechanisms
for magnetoelectric effect; reviews for these can be found in Refs. [38—41, 129]. At the
interface of a magnetic oxide and a ferroelectric/dielectric oxide, magnetoelectric effect of
electronic origin has been predicted by some researchers. Upon application of an external
electric field, not only the magnitude of moments can be changed [130, 131], but in some

cases the very nature of magnetic ordering can be changed [132].

In spite of considerable efforts towards control of magnetization through electric fields

in multiferroic bulk materials and heterostructures, obtaining strong magnetoelectric cou-
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plings continues to be a challenge. Here, in this chapter, we predict a novel giant mag-
netoelectric effect, not at the interface, but away from it, in a pure manganite-manganite
heterostructure (see Fig. 2.2). We present a plausible multiferroic phenomenon in mangan-
ite heterostructures and point out the associated unnoticed striking magnetoelectric effect.
Cooperative electron-phonon interaction is shown to be key to understanding both multi-
ferroicity and magnetoelectric effect in our oxide heterostructure. Here, we exploit the fact
that manganites have various competing phases that are close in energy and that by using an
external perturbation (such as an electric or a magnetic field) the system can be induced to
alter its phase. We show that there is a charge redistribution (with a net electric dipole mo-
ment perpendicular to the interface) due to the optimization produced by the following two
competing effects: (i) energy cost to produce holes on the LaMnO3 (LMO) side and excess
electrons on the CaMnO3 (CMO) side; and (ii) energy gain due to electron-hole attraction
(or electron-electron repulsion) on nearest-neighbor Mn sites induced by electron-phonon
interaction. The charge polarization is akin to that of a pn-junction in semiconductors al-
though the governing equations are different. The minority carriers, which leak across
the interface of the heterostructure, produce ferromagnetic domains due to the ferromag-
netic coupling (generated by electron-phonon interaction and double-exchange) between
an electron-hole pair on adjacent sites. Since ferroelectricity and ferromagnetism have a
common origin [i.e., minority carriers or holes (electrons) on LMO (CMO) side], there is a
striking interplay between these two polarizations; consequently, when an external electric

field is applied to increase the minority carriers, a giant magnetoelectric effect results.
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2.2 General arguments for magnetoelectric effect in man-

ganite heterostructures

We will argue that a large magnetoelectric effect is possible in LMO-CMO heterostruc-
tures by presenting below cohesive general theoretical points which take into account the

essential features of manganites without invoking any particular model.

1) Kinetic energy (KE) is quite small because bare hopping is small (caused by lower
tolerance factor [123], cation disorder, and compatibility of distortions [133]), electron-

phonon coupling is strong, and system is quasi-two-dimensional (q2D).

2) Potential energy [from Coulomb interaction and nearest-neighbor (NN) particle-particle
repulsion due to cooperative electron-phonon interaction] is much larger than KE; this leads
to solid-type formation with electrons being rendered essentially immobile. Then, in each
layer parallel to the interface (see Fig. 2.2), a solid with close-to-crystalline symmetry is
formed with electrons being essentially site localized. The ground state is classical with
number density at each site either 1 or 0 and the state of the system can be expressed by
a single state in the occupation number basis. Due to strong cooperative electron-phonon
interaction (CEPI) and not due to a sizeable KE, there is a propensity for electrons to
migrate from the LMO side to the CMO side; this leads to a density gradient in the direction
perpendicular to the interface (z-direction).

The fact that electrons are essentially site localized also follows when the treatment
in Ref. [45,46] is extended to our g2D system; then, only a localized polaronic band is
relevant and the upper wide band cannot overlap with the lower narrow polaronic band.
Additionally, the insulating behavior reported in Ref. [20] for (LaMnOj3)s, /(SrtMnO3),

superlattice (when n > 2) further justifies the picture of negligible KE with the potential
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energy determining the charge and spin order.

3) Because of Coulomb interaction between charges and strong CEPI, checkerboard-type
crystal occurs in layers with densities close to 0.5 (based on point 2); due to symmetery
considerations, checkerboard arrangement (including in the z-direction) is expected in lay-
ers next to the interface This checkerboard feature is different from bulk manganites where
charge and orbital stacking in z-direction occurs [and leads to the CE-type antiferromag-
net (CE-AFM)]; this type of charge order was missed in works such as Ref. [32] because
CEPI was not considered. Strong electron-phonon interaction produces NN electron-hole
pair and produces between the pair a strong ferromagnetic interaction [t* cos?(6/2)/Eyr
with Ej1 being the cooperative Jahn-Teller energy, ¢ the hopping term between the NN
sites, and 6 the angle between the core spins of the NN sites]. Hence, a ferromagnetic
state is produced in the checkerboard. CE-type spin order is not supported because charge
does not stack up in the z-direction; consequently, zigzag ferromagnetic chains in adjacent
layers of the checkerboard will not be formed as such chains cannot be stacked up to pro-
duce between them magnetic coupling (such as antiferromagnetic) which is essential to the
CE-type magnetism.

4) The model for magnetic interaction pertains to LMO-CMO heterostructure with local-
ized holes. The CEPI retains essentially the same orbital texture as in LMO in regions
away from the holes. Consequently, on the LMO side, the magnetic interaction is A-AFM
in regions without holes; this interaction is generated through virtual hopping by localized
electrons between NN sites that are Jahn-Teller compatible. When holes are present, since
they are site localized, they only virtually hop to NN site and back and produce ferromag-
netic coupling with NN electrons; this coupling is much stronger than A-AFM coupling.
To go beyond the above picture (as was done rigorously in Ref. [134] for LaMnQ3), in-

volves the daunting task of taking into account coupling between ¢y, spins [/, ], two-band
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model, Hubbard U, long-range Coulomb interaction, realistic Hund’s coupling Jy (< U),
and cooperative Jahn-Teller energy F/jr in a sizeable system (i.e., a lattice with about 100
sites or more) with LMO side being at finite hole density. We are not aware of such a

comprehensive approach being reported.

5) Presence of site localized holes on the LMO side, produces FMI clusters due to forma-
tion of magnetic polarons. A hole will polarize nearest-neighbor electrons (and realisti-
cally speaking, next-nearest-neighbor and next-to-next-nearest-neighbor electrons as well)
through virtual hopping, thereby producing a magnetic polaron. A collection of interacting
magnetic polarons will produce a FMI region. This picture is in tune with FMI region be-
ing a generic feature of manganites at moderate dopings (0.1 < x < 0.2); see Ref. [45,46]
for a similar FMI picture in the bulk. It should be noted that FMI regions are present in
moderately-doped manganites that are narrow band (Pr;_,Ca,MnQj3), intermediate band
(La;_xCa,MnOs3) and wide band (La; _SryMnO3). Increasing the number of holes on the
LMO side, using a fairly large electric field, increases the number of aligned FMI clusters,
thereby producing a large magnetoelectric effect. It is important to note that the applied
electric field changes the magnetization sizeably in the bulk of LMO away from the inter-
face while leaving the polarization at the interface essentially unaltered. Here, it should
be noted that the FMI phase, which is key to the magnetoelectric effect, is not captured in
the phase diagram of the bulk LCMO reported in Fig. 2 of Ref. [32]; this is possibly be-
cause small values of A\ = \/m were chosen and cooperativity in the electron-phonon

interaction was ignored.
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2.3 Analytic treatment

We will begin our treatment of the pure manganite-manganite heterostructure by consider-
ing a simple analytic picture in this section and leave a more detailed numerical approach
to the next section. Our (Insulator)/(LaMnOs3), /Interface/(CaMnOs), /(Insulator) het-
erostructure is depicted in Fig. 2.2; the treatment in this section involves odd number of
MnO, planes. The MnO, plane, contained in the Interface at the center, has LaO on one
side and CaO on the other side. The MnOs, plane in the center has 0.5 electron per Mn site.
The arrangement of the heterostrucure is as follows: Ins./(LaO-MnO,), /(LaO-MnO,-CaO)/
(MnO,-Ca0),/Ins. where (LaO-MnO,-CaO) represents the Interface. The above ar-
rangement will not lead to polar catastrophe (see Sec 1.2) as any excess charge at the
Ins. /LaO interface can be neutralized by a gate potential. Alternately, the Ins./LaO inter-
face on the left-hand side can be replaced by Ins./(La; ,Ca4 O) interface; then, no excess

charge results.

2.3.1 Polaronic Hamiltonian

In our heterostructure depicted in Fig. 2.2, due to charge leaking across the LMO-CMO
interface, we expect different states of the phase diagram of La; Ca,MnO3 (LCMO) at
different cross-sections perpendicular to the growth direction. Since far from the LMO-
CMO interface the material properties must be similar to those in the bulk, we expect the
x = 0 phase at the Insulator-LMO interface and the x = 1 phase at the other end involving
CMO-Insulator interface. Considering majority of the LCMO phase diagram (including
the end regions near x = 0 and x = 1) is taken up by insulating phases, since band width is

significantly diminished at strong electron-phonon coupling, and because the heterostruc-

42



tures are q2D, we expect that there is no effective transport in the direction normal to the
oxide-oxide interface (i.e., the z-direction). Then, for analyzing the charge distribution
normal to the interface, the starting polaronic Hamiltonian is assumed to comprise of lo-

calized electrons and have the following phenomenological form:

2 42
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4.8
where the first coefficient ’yelpg%o is due to electron-phonon interaction and represents
nearest-neighbor electron-electron repulsion brought about by incompatible distortions of
nearest-neighbor oxygen cages surrounding occupied Mn ions. The pre-factor fyelp can
depend on the phase — for instance, in the regime of C-type antiferromagnet (C-AFM)
in LCMO, vép is expected to be large because occupancy of neighboring d.» orbitals is
inhibited in the z-direction; while in the regime of A-AFM (corresponding to undoped
LaMnOs), vép is expected to be weaker because of compatible Jahn-Teller distortions on
neighboring sites. Here, we will assume for simplicity that %}p is concentration indepen-
dent and that 0.1 < 'ygp < 1. Next, the coefficient vgptz /(g?wp) results from processes
involving hopping to nearest-neighbor and back and is present even when we consider
the simpler Holstein model [135] or the Hubbard-Holstein model [136]. The pre-factor
7§p varies between 1/2 (for non-cooperative electron-phonon interaction) and 1/4 (since
for cooperative breathing mode in one-dimensional chains vgp = 1/3, which should be
more than in C-chains) [137]. Now, even within the two-band picture of manganites in
Ref. [45,46], the electrons in the localized polaronic band contribute the term ¢2/g%wp; the
broad band (due to undistorted states that are orthogonal to the polaronic states) is an upper
band whose band width is reduced due to the two-dimensional (2D) nature of the system

and does not overlap with the polaronic band to produce conduction even at carrier con-
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Figure 2.2: Schematic showing the symmetric manganite-manganite heterostructure
(Insulator)/(LaMnOj3)y/Interface/(CaMnOg)x/(Insulator). Each of the labeled N lay-
ers on both LMO (LaMnO3) and CMO (CaMnO3) sides contain manganese-oxide (MO)
layers.

centrations corresponding to 0.2 < x < 0.5. Furthermore, although n; is the total number
in both the orbitals at site j, it can only take a maximum value of 1 due to strong on-site
electron-electron repulsion and strong Hund’s coupling. Next, to make the above Hamilto-
nian furthermore relevant for manganites, one needs to consider Hund’s coupling between
core to, spins and itinerant e, electrons. This leads to invoking the double exchange mecha-

nism for transport. Then, the hopping term ¢; ; between sites ¢ and j in Eq. (2.1) is modified

to be t; j1/0.5[1 + (S; - S;/S?)] = t;; cos(6;;/2) with S; being the core t5, spin at site
and 0;; being the angle between S; and S;. The term 12,t3 ;, 5 cos*(0;/2) /(g*wo) in Eq.
(2.1) produces a strong ferromagnetic coupling between the spins at site j and site j +

and this dominates over any superexchange coupling between the two spins.
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2.3.2 Charge Profile

As already stated in Sec. 2.2, the kinetic term is small due to polaronic effects and the q2D

nature of the system. While the complete absence of kinetic energy would indeed lead to

the electron charge density following the ionic charge, in the presence of a small kinetic

term the charge profile will redistribute. We just assume that the kinetic contribution to the

energy is small compared to the other terms, not that the charges are fully immobilized.
The following are two competing terms in the potential energy which are the dominant

terms that produce charge distribution:

1) Due to cooperative electron-phonon interactions, there is a repulsive interaction between

electrons on adjacent sites. This pushes electrons from LMO side to CMO side.

2) There is attractive interaction between an electron on an Mn site and the positive ionic

charge of that unit cell. This attraction holds back the electrons on the LMO side.

Now, when the electrons move from the LMO side to the CMO side, there is a net
positive charge on the LMO side and a net negative charge on the CMO side. The separation
energy of these net positive and net negative charges can be approximated as the energy
of a capacitor Q*/ 2C.ap Where charge () ~ Ng (with IV, being the transferred electrons)
and capacitance Ceop < Ajye/d with A, being the interface area and d the separation;
this energy (i.e., Q*/2C..;) has to be balanced by the nearest-neighbor repulsion energy
(~ Ng g*wp) due to electron-phonon interaction. Now, if Q /Aing is independent of the
system size and d is only a few lattice spacings, then Q*/2C.,, can be comparable to
~ N g?wp; thus, macroscopic number of charges, from a few layers near the interface,
can be transferred across the interface. Hence, ideally the heterostructure should comprise
of only a few layers so that a large part of the system can contribute to the multiferroicity

and also the magnetoelectric effect.
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To obtain the charge distribution, we ignore the effect of superexchange interaction
in the starting effective Hamiltonian in Eq. (2.1) because its energy scale is significantly
smaller than the polaronic energy term 2g%wy. For a localized system, we only need to
minimize the interaction energy which is a functional of the electronic density profile. The
Coulombic interaction energy resulting from the electrons leaking from the LMO side to
the CMO side, is taken into account by ascribing an effective charge +1 (hole) to the LMO
unit cell (centered at the Mn site) that has donated an e, electron from the Mn site and
an effective charge —1 (electron) to the CMO unit cell (centered at the Mn site) that has
accepted an e, electron at the Mn site. The Coulombic energy that results is due to the inter-
actions between these 41 effective charges. The net positive charge on the LMO side and
the net negative charge on the CMO side will produce a charge polarization (or inversion
asymmetry). Since the ferroelectric dipole is expected to be in the direction perpendicular
to the oxide-oxide (LMO-CMO) interface, we assume that the density is uniform in each
layer for calculating the density profile as a function of distance z from the insulator-oxide
interface. The Coulombic interaction energy per unit area due to leaked charges is the same

for both LMO and CMO regions and is given, in the continuum approximation, to be

L

1
Eeou = — [ dzD(z2)? (2.2)
8me Jo

where D(z) is the electric displacement and is given by

D(z) =+ |:_€Eext + / Z dy47rep(y)} , (2.3)
0

with 4 (—) sign for LMO (CMO) side. Furthermore, p(z) is the density of minority charges

(i.e., holes on LMO side and electrons on SMO side), e the charge of a hole, € the dielectric
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constant, E.; an external electric field along the z-direction, and L the thickness of the

LMO (CMO) layers.

The ground state energy per unit area [corresponding to the effective Hamiltonian of
Eq. (2.1)] can be written, in the continuum approximation, as a functional of p(z) for both

LMO and CMO as follows:

2 42
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where ¢ = 6 is the coordination number and « is the lattice constant. In arriving at the
above equation we have approximated n,.s5 + n;,_s ~ 2n,. Furthermore, for the ground

state, the minority charges will completely polarize the neighboring majority charges.

We will now minimize the total energy given below
ETotal = 2-Epol + 2Ecou17 (25)

by setting the functional derivative ¢ Erya1/0p(2) =0. This leads to the following equation

0 = —Ci[l —2a°p(2)] + 2C, / Ldy [—Eexﬁ /0 ydxp(x)},

(2.6)

where C1 = |7y1,9°wo + 73&2] (; Oy = 2me?/e; and Eqy = €Eoy/(4me). The above

g2wo

equation, upon taking double derivative with respect to z, yields

3d20(3)

dz?

Cia — Cyp(z) = 0. (2.7)
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The above second-order differential Eq. (2.7) and Eq. (2.6) admit the solution

1 cosh(&z)

_ L coshiéz) sinh[¢(L — 2)]
2a3 cosh(£L)

et cosh(¢L)

p(z) (2.8)

where £ = \/W . It is important to note that, for the manganese-oxide (MO) layer
at the LMO-CMO interface (i.e., at z = L), the density is 0.5 electrons/site and that it is
independent of the applied external electric field and the system parameters. Now, since
each Mn site in the interface layer belongs to a unit cell that is half LMO and half CMO,
one expects the density per site to be 0.5. Additionally, as the distance from the LMO-
CMO interface increases, we observe from Eq. (2.8) as well as from Figs. 2.3 and 2.4
that for smaller values of (', the density falls more rapidly while the density change due
to electric field rises faster. Furthermore, for realistic values of the parameters, the charge
density rapidly changes as we move away from the oxide-oxide interface (i.e., after only
a few layers from the interface) and attains values close to the bulk value [as illustrated in
Figs. 2.3(a) and 2.4(a)]. Lastly, as required for zero values of the external field E,;, we
get p(0) — 0 when L — oo. Thus, although we used the continuum approximation, our
obtained density profile is qualitatively realistic as it has the desired values at the extremes
2z = L and z = 0 with the density away from the LMO-CMO interface rapidly falling for
not too large values of e.

The density profiles for both LMO and CMO sides depend only on ¢, C'; and E,,;. For our
calculations displayed in Fig. 2.3, we used the following values for the parameters: a = 4
A:e =20; Eo = 300 kV /em and 400 kV /em; and C; = 0.24. For Fig. 2.4, we employed
Eext = 100 kV/cm and C = 0.31, with the values for a and € being the same as in Fig.
2.3. The values of C; in Figs. 2.3 and 2.4 were chosen based on wy = 0.07 €V; g = 2; and
t=0.1eV.
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Figure 2.3: Electronic charge density n(zy) and per-site magnetization m/(zy)

(of t9 spins normalized to unity) in various manganese-oxide layers of a (Insulator)
/(LaMnOs3),/Interface/(CaMnOs),/(Insulator) heterostructure for a = 4 A, ¢ = 20,
and C; = 0.24. Figures are for (a) n(Eexy = 0 kV/cm); (b) An = n(Ewy =
300/400 kV/cm) — n(Eex = 0kV/cm); and (¢) m(zn) at Eexe = 0kV/cm, 300 kV /cm,
and 400 kV/cm. MO layer 1 on the LMO side undergoes spin reversal when E.., =
400 kV /cm is applied.
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Figure 2.4: Electronic charge density n(zy) and per-site magnetization

m(zy) (of normalized-to-unity to, spins ) in various manganese-oxide layers of a
(Insulator) /(LaMnQOg)s /Interface/(CaMnOj3),/(Insulator) heterostructure for a = 4
A, e = 20, and C; = 0.31. Plots pertain to (a) n(Ese = 0 kV/cm); (b) An =
n(Eext = 100 kV/em) — n(Eee = 0 kV/cm); and (¢) m(zy) at Eexy = 0 kV/cm
and E.y = 100 kV/cm. The LMO side becomes completely ferromagnetic when
Eext = 100 kV /cm is applied.

2.3.3 Magnetization distribution

We will now obtain the magnetization for a heterostructure by considering its lattice struc-

ture unlike the case for the density profile where a continuum approximation was made.
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Thus we can take into account the possibility of antiferromagnetic (AFM) order besides
being able to consider ferromagnetic (FM) order.

First, based on Ref. [9], we note that the bulk La; ,Ca,MnOj3 (below the magnetic
transition temperatures) is A-AFM for 0 < x < 0.1 and a ferromagnet for 0.1 < x < 0.5.
Hence, we model the LMO side of the heterostructure as an A-AFM when hole concentra-
tions are small; whereas at higher concentrations of holes which is less than 0.5, the holes
dictate the magnetic order by forming magnetic polarons that polarize the A-AFM. Next,
we note that for 0.5 < x < 1.0, the La;_,Ca,MnOj bulk system is always an antiferro-
magnet. Thus, from a magnetism point-of-view, the magnetic moment on the CMO side
of the heterostructure is expected to be zero except in the vicinity of the interface where
(due to proximity effect) it will be a ferromagnet and can be modeled using a percolation
picture as will be explained in the subsequent section. Given the above scenario, as can
be expected, we find that the ferromagnetic region on the LMO side can be drastically en-
hanced (at the expense of the A-AFM region) by an electric field inducing holes on the
LMO side. On the other hand, the electric field has only a small effect on the percolating

ferromagnetic cluster that is adjacent to the oxide-oxide interface on the CMO side.

2.3.3.1 CMO side

We will first consider the CMO side and show that the magnetization decays as we move
away from the LMO-CMO interface. We derive below the largest FM domain; this domain
percolates from the LMO-CMO interface. On account of nearest-neighbor repulsion (as
given in Eq. (2.1)), the interface (which is half-filled) has e, electrons on alternate sites. In
fact, to minimize the interaction energy, on the CMO side we take the e, electrons to be in
one sublattice only which will be called e,-sublattice; the other unoccupied sublattice will

be called the u-sublattice. On account of virtual hopping, an e, electron polarizes all its

51



neighboring sites that do not contain any e, electrons and forms a magnetic polaron. Thus
we observe that the half-filled interface will be fully polarized and that there will be an
FM cluster that begins at the interface and percolates to the layers away from the interface
on the CMO side. For instance, in the layer next to the oxide-oxide interface, all the e,
electrons are in the same sublattice (the e,-sublattice) and are next to the empty sublattice
(i.e., sublattice unoccupied by e, electrons) of the interface and hence are ferromagnetically
aligned with the interface. Similarly, again in the layer adjacent to LMO-CMO interface,
all the sites in the other sublattice (i.e., the u-sublattice) are empty and have the same

polarization as the sites occupied by the e, electrons at the interface.

We will now identify the equations governing the ferromagnetic cluster percolating
from the interface. Let 2y be the z-coordinate of the N*® 2D MO layer with N being the
index measured from the Insulator-CMO interface (as shown in Fig. 2.2). Furthermore, we
define z3¥ (2%) as the concentration of polarized sites that belong to the spanning cluster
and these sites are a subset of the sites in the e,-sublattice (u-sublattice) in the Nth 2D MO
layer. Then, the factor (1—2xz,¢) [(1—22%)] represents the probability of a site that belongs
to the e,-sublattice (u-sublattice) in layer N but is not part of the spanning polarized cluster.
Now, the probability that a site, occupied (unoccupied) by an e, electron, contributes to the
FM cluster is equal to the probability of finding the site occupied (unoccupied) multiplied
by 1-P where P is the probability that none of the adjacent sites that are in the u-sublattice
(eg-sublattice) belong to the percolating cluster. Therefore, we obtain the following set of

coupled equations for the spanning cluster:

25 = ple) 1 — (1 — 2%, )(1 — 20%)4(1 — 22%,,)) (2.9)

2l = 0.5[1 — (1 — 22 )(1 — 229)*(1 — 2239, )] (2.10)
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The boundary conditions involving layer 1 are

2y = p(z)[1 = (1 = 227)*(1 — 2a3))], (2.11)

and

z = 0.5[1 — (1 - 227)*(1 — 2257)], (2.12)

while those for the LMO-CMO interface are z1%, = zi., = 0.5.

2.3.3.2 LMO side

Next, we will show that the LMO side with only a few layers, for some realistic values
of parameters, can have a sizeable change in the magnetism when a large electric field
is applied and thus can be exploited to obtain a giant magneto-electric effect. Similar
to the bulk situation in LaMnOs [134, 138-140] in our heterostructure as well, we as-
sume that two spins on any adjacent sites in each MO layer have a ferromagnetic coupling
Jxy = 1.39 meV; whereas, any two neighboring spins on adjacent layers have an anti-
ferromagnetic coupling J, = 1.0 meV. On the other hand, for an electron and a hole
on neighboring sites either in the same MO layer or in adjacent MO layers, (due to vir-
tual hopping of electron between the two sites) there is a strong ferromagnetic coupling
Jen = 125,12/ (gPwo) >> Jyy [45,46]. In our calculations, as long as the ratio of Jy/.J,
is taken as fixed and J, is the significantly dominant coupling, we get the same magnetic
picture.

In a LMO side with a few MO layers, to demonstrate the possibility of large magnetiza-
tion change upon the application of a large external field, we assume that the LMO-CMO
interface and all MO layers up to layer M are completely polarized. Next, we assume that

MO layers M and M-1 have low density of holes so that there is a possibility that spins in
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MO layer M-1 are not aligned with the block of MO layers starting from the LMO-CMO
interface and up to layer M. We then analyze the polarization of MO layer M-1 by compar-
ing the energies for the following two cases: (i) layers M-1 and M are antiferromagnetically
aligned with the holes in layers M and M-1 inducing polarization only on sites that are ad-
jacent to the holes; and (ii) MO layer M-1 is completely polarized and aligned with Layer
M.

In a few-layered heterostructure (Ins.) /(LaMnO3)s/Int. /(CaMnOs3),/(Ins.), for C; =
0.24 eV [as shown in Fig. 2.3(c)] and for C; = 0.31 [as in Fig. 2.4(c)], we obtain a
striking magneto-electric effect. For zero external field, when M = 2 is considered, case
(i) (mentioned above) has lower energy, i.e., layer 1 is antiferromagnetically coupled to
layer 2. On the other hand, when a strong electric field (~ 100 kV /cm for C; = 0.24 and
~ 400 kV /em for C; = 0.31) is applied, MO layer 1 (due to increased density of holes) be-
comes completely polarized and ferromagnetically aligned with the rest of the layers (i.e.,
MO layer 2 and the oxide-oxide interface) on the LMO side. Thus, we get a giant magneto-
electric effect! We have considered '} values ranging from 0.24 to 0.31 and obtained
magnetoelectric effect for various threshold electric field values. Changing C is physi-
cally equivalent to changing the effective nearest-neighbor electron-hole attraction. Thus
a smaller C value of (.24 indicates a lower effective nearest-neighbor electron-electron
repulsion which requires a larger external electric field strength of 400 kV /cm to generate
enough holes on the LMO side and, consequently, flip the magnetization of layer 1. Obvi-
ously, for the larger value C'; = 0.31, sufficient number of holes are already present in the
LMO system and layer 1 becomes ferromagnetic when a smaller E.,; (= 100 kV /cm) is
applied. At still larger values of C1, i.e., C; > 0.32, the LMO side is completely ferromag-

netic even in the absence of an external field.
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2.4 Numerical Approach

Here, in this section, we construct a detailed 2D model Hamiltonian and study it numer-
ically for the charge and magnetic profiles and the coupling between them. Our system
(Ins.)/(LaMnO3), /Int. /(CaMnOs), /(Ins.) depicted in Fig. 2.2, for the treatment in this
section, involves even number of MnO, planes. Here we can have the following arrange-
ment:

Ins./(LaO-MnOs,), /(La; 2Ca; 20)/(MnO,-CaO), /Ins.

Here, the Interface is composed of La, ,Ca; /20O (which is non-magnetic) and has 0.5 +ve
charge per unit La; /5Ca;/2O. There is no polar catastrophe as any excess charge at the
Ins./LaO interface can be neutralized by a gate potential. Each unit cell on LMO side,

comprising of [(LaO);/2MnO(La0); 2], is charge neutral.

2.4.1 Model Hamiltonian

In a 2D heterostructure (involving only a few 2D layers of both manganites), as mentioned
in Sec. 2.3, we expect only a single narrow-width polaronic band to be relevant [141, 142].
For our numerical treatment of a 2D lattice (with [; rows and [, columns), we employ the

following one-band Hamiltonian:
H = HKE+HII)I(1>f1+HSE+Hcou1+HV- (2.13)

The kinetic energy term Hgg is given by

2 0
Hyg = —te 9 Z |:COS (é) CTiCj + HC:| s (2.14)

(,9)
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where 7 is the hopping amplitude that is attenuated by the electron-phonon coupling ¢ and
c; 1s the e, electron destruction operator; furthermore, cos(@ij) is the modulation due to
infinite Hund’s coupling between the itinerant electrons and the localized ¢y, spins with
6;; being the angle between two localized S = 3/2 spins at sites ¢ and j [115, 143]. For
more details about the theory of Double exchange, refer Sec. 1.5.1. As mentioned in
Ref. [141,142], in a two-band picture, for intermediate-bandwidth systems such as LCMO,
the upper broad band becomes relevant in three dimensions (3D) at lower temperatures. In
q2D, the upper band does not overlap with the lower polaronic band where essentially all
the electrons are localized; in q2D, width of the upper band is two-thirds the width of the
upper band in 3D. In narrow-band systems such as Pr;_Ca,MnO3 (PCMO), no metallic
nature is observed for x < 0.5; we infer that the upper band in PCMO does not overlap
with the lower band even at low temperatures. The width of the upper band of PCMO in
3D is about two-thirds that of LCMO in 3D. Thus, we are justified in considering a very

narrow single band in our LMO-CMO heterostructure.

The second term H;l)fl in Eq. (2.13) is the mean-field version of H,, in Eq. (2.1) and is

expressed as

2 42 2 [ 0i;
Vepl” €OS (2>

Hmf — 1 2
pol ’yepg wo + gQWO
X i = 2ni(nigs) + (ni)(nivs)], (2.15)
1,0

where (n;) = <cjcz-) refers to the mean number density at site 7. A derivation of Hyg, + Hpol
is given in Ref. [137]; however, for simplicity, here we have ignored the effect of next-
nearest-neighbor hopping. The next term Hgg in Eq. (2.13) pertains to the superexchange

[144] term which generates A-AFM in LaMnO3 and G-AFM in CaMnQgs; thus on the
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LaMnOs side, it is given by

Hérlgo = —ny Z COS (97,]) + Jz Z COS (974) ’ (216)

(4:7)xy (6:7)2

while on the CaMnOj side, we express it as
HGpo = J, > cos (0) - (2.17)
(4,5)

In the above superexchange expressions, the magnitude of the S = 3/2 spins is absorbed
in the superexchange coefficients J,, and .J,. Further theoretical background for superex-
change can be found in Sec. 1.5.2. Our magnetic picture reproduces the bulk behavior in
LMO and CMO in regions away from the holes. In bulk LCMO, at intermediate doping
0.1 < x < 0.5, the region is ferromagnetic; this can be explained as due to an electron and
a hole on adjacent sites being ferromagnetically coupled (see Ref. [141, 142]). Similar to
the bulk, in our heterostructure as well, a strong ferromagnetic interaction exists between
a NN electron-hole pair; this ferromagnetic interaction is much stronger than the magnetic
interactions corresponding to A-AFM and G-AFM. Thus (unlike in Ref. [32], where the
boundary conditions are enforced to be A-AFM on LMO side and G-AFM on CMO side),
we assume A-AFM on LMO side and G-AFM on CMO side in regions that do not contain

any minority carriers (i.e., holes on LMO side and electrons on CMO side).

In Eq. (2.13), the Coulomb interaction is accounted for through the term H.,, as

follows:

Z Z (n;) — Z; (ni)(n;)
HcouIZV; n; +at |:7’L,< |f’_f’| _2|77_77| ’
p itj v v

(2.18)
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where the first term on the right hand side (RHS) is actually the on-site Coulomb interaction
between an electron and a positive ion that yields the binding energy of an electron and is
therefore applicable only to the LMO side. The remaining term on the RHS of Eq. (2.18),
denotes long-range, mean-field Coulomb interactions between electrons as well as between
electrons and positive ions. Here, Z; represents the positive charge density operator with a

value of either 1 or 0 and |; — 7| is the distance between lattice sites 7 and j. Furthermore,

&2
Ameat

the dimensionless parameter o = determines the strength of the Coulomb interaction.
Lastly, in Eq. (2.13), the term Hy; represents the potential felt at various sites due to an

externally applied potential difference (V) between the two insulator edges (see Fig. 2.2):

SR 1—1
Hy=Vea Y > |1 )| e (2.19)

where I represents the layer (or column) index with /5 denoting the number of layers, i.e.,
the number of sites in the z-direction; K represents the row index with /; denoting the

number of rows, i.e., the number of sites in a layer.

2.4.2 Calculation procedure

We consider a 2D lattice involving a few layers (columns) of LMO and CMO and study
magnetoelectric effect. The lattice does not have periodicity in the direction normal to the
interface of the heterostructure (i.e., the z-direction). On the other hand, to mimic infinite
extent in the direction parallel to the interface of the heterostructure, we assume periodic
boundary condition in that direction. We employ classical Monte Carlo with Metropolis
update algorithm to obtain the charge and magnetic profiles for our 2D lattice. To tackle

the difficult problem of several local minima that are close in energy, we take recourse

58



to the simulated annealing technique. To arrive at a reasonable charge profile at energy
scales much larger than the superexchange energy scale, we treat the problem classically
(i.e., fully electrostatically) by considering only the Coulomb term (H..,), the external-
potential term (H+/), and the electron-phonon-interaction term [ mf(Qij = 0)] as these are

pol

the dominant energy terms in the Hamiltonian. The Coulomb term is subjected to mean-

field analysis (as mentioned before) and the system generated potential ot > {ﬂi‘j)_}z‘] }
i#os
[145] in Eq. (2.18) is solved self-consistently. This is equivalent to solving the Poisson

equation [146].

Next, to arrive at the final charge and magnetic configurations, we treat the system
quantum mechanically by starting with an initial configuration comprising of the charge
configuration generated classically (by the above procedure) and an initial random spin
configuration. We now consider the full Hamiltonian, where hopping term (Hgkg) and
spin interaction energy act as perturbation to the classical dominant energy terms [ H o,
Hy;, and Hggfl(eij = 0)], thereby allowing for a small change in the number density pro-
file and determine the concomitant magnetic profile. For the classical ¢, spins S, =
(sin 0; cos ¢;, sin 0; sin ¢;, cos 0;) that are normalized to unity, the cos(f) and ¢ values are

binned in the intervals (—1, 1) and (0, 27) respectively with equally spaced 40 values of

cos(#) and 80 values of ¢, hence yielding a total of 3200 different possibilities.

In our calculations, we employ the parameter valuest = 0.1 eV, g =2 & 2.2, and wy =

0.07 leading to a small parameter value ﬁ;wO < 1. For our manganite heterostructure,

lattice constant a = 4 A, dielectric constant e = 20, magnetic couplings J, = 1.00 meV
and Jyy/J, = 1.39; we take the pre-factors [in Eq. (2.15)] 7}, = 0.3 and 72, = 0.25.

The coefficient in Eq. (2.18) is taken to be V; = —3a for e = 20; hence the confining
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radius for the e, electron is 1.33 A which is less than half the lattice constant.! 2 It is
important to point out that, since the work function (WF) of CaMnOj is larger than the
WF of LaMnOj (by about 1 eV as given in Table IV of Ref. [149]), we get electrons
flowing from LaMnOj to CaMnOs3. 3 We approximate WFcyo — WFLvo to be given by
the sum of the nearest-neighbor repulsions due to electron-phonon coupling [which is order
of polaron-energy x coordination-number] and the on-site Coulomb energy V. External
potential differences V., corresponding to external electric fields Eq, = 300 kV /cm and
Eext = 400 kV /cm (which are less than the breakdown field in LCMO [150]), are applied

to study changes in the magnetization profiles.

The simulation (involving the charge and spin degrees of freedom) is carried out using
exact diagonalization of the total Hamiltonian in Eq. (2.13). The spins are annealed over
61 values of the dimensionless temperature [k57/(te™9")], in steps of 0.05, starting from 3
and ending at 0.05 with 15000 system sweeps carried out at each temperature. Since hop-
ping energy te 9" > Jxy, the inclusion of the spin degrees of freedom certainly commences
at temperatures kg1 > Jy,. Furthermore, the endpoint kg7 = 0.05te™9" is sufficiently
small to correspond to the ground state of the system. Each sweep requires visiting all

the lattice sites sequentially and updating the spin configuration at each lattice site by the

I'The on-site Coulomb energy, due to the interaction between an electron on Mn and the positive charge
on La, does involve some screening effects due to the oxygen ions surrounding Mn in the perovskite
LaMnOg; in fact, the normal modes such as the Jahn-Teller distortions produce screening. Consequently,
Vs o« —a where V;/(—«) depends on the effective confining radius and the effective dielectric constant.
Vs/(—a) could vary between 3 (for e = 20) and 12 (for e = 5 producing weak screening) when confining
radius is a/3.

2As regards the effective value of the Hubbard U, we know that the occupancy in the d-bands is very
largely screened locally either by the change of occupancy in the s-bands (in a metal), or by the oxygen
ligands [147]. So while the d-occupancy can change substantially, the actual charge on the positive ion does
not. This is what allows the low energies of polaron physics to be relevant in manganites. In an effective one
or two band model, all of this screening is subsumed into the interactions [148].

3For electrons to flow from LaMnO3 to CaMnOs, we only need the work function (WF) of LaMnO3
to be smaller than the WF of CaMnOs, i.e., the actual values of the WFs of LaMnQO3 and CaMnOQOj5 are not
relevant for charge transfer.
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standard Metropolis Monte Carlo algorithm. We are also allowing the charge degrees of
freedom to relax by treating the problem self-consistently. So, at the beginning of each
sweep, the Poisson equation is solved additionally to make sure that the number densities
have converged and this is achieved with an accuracy of 0.001. Finally, averages of the

various measurables in the system are taken over the last 5000 sweeps in the system.

2.4.3 Results and discussion

For numerical simulation, we consider two lattice sizes, namely, 12 x 6 and 12 x 8 with
number of rows /[y = 12 and number of layers (columns) I, = 6 or 8. Here, all the
Mn sites in each layer belong solely to either LMO or CMO. This is in contrast to the
continuum approximation employed in Sec. 2.3.2 to obtain the charge profile analytically.
In Sec. 2.3.2, by exploiting the symmetry of the interactions of the minority carriers on
both sides of the LMO-CMO interface, we derived the charge profile with charge density
always (n) = 0.5 at the interface; this corresponds to a system comprising of odd number
of MnOQs, layers with the interface MnQO, layer being shared equally by the LMO and CMO
sides.

We consider various situations in our lattices. First, we analyze the case of excluding
electron-phonon interaction; consequently, the Hamiltonian of interest is that given by Eq.
(2.13), but without the Hg})fl term. Next, we study the charge and magnetic profiles pre-
dicted by the total Hamiltonian of Eq. (2.13) for the symmetric situation (of equal number
of LMO and CMO layers) and for different sizeable values of the electron-phonon cou-
pling, i.e., for ¢ = 2 & 2.2. Lastly, we examine the impact on the magnetoelectric effect

due to the asymmetry in number of LMO and CMO layers.
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Figure 2.5: Layer-averaged charge density (n([)) and layer-averaged per-site magnetiza-
tion (m(I)) (of to, spins normalized to unity) for a symmetric 12 x 8 LMO-CMO lattice
when electron-phonon interaction is zero; J, = 0.01¢ and Jy /J, = 1.39; T = 0.001¢; and
when (a) external electric field Eqy, = 0 and (b) Eey, = 400 kV /cm.

2.4.3.1 No electron-phonon interaction and E.,; = 400 kV /cm

Here, without the electron-phonon interaction, the hopping amplitude ¢ is not attenuated
by the factor e~9" and the ground state is a superposition of various states in the occupation
number representation. The electrons are not localized and we do not need to employ simu-
lated annealing; the calculations were performed at a single temperature kg 7' = 0.001¢ on
a symmetric heterostructure defined on a lattice with equal number of layers on the LMO
side and the CMO side. Furthermore, the charge density profile is essentially dictated by
the Coulombic term in Eq. (2.13); the kinetic term and the superexchange term have a
negligible effect. Thus, we have density close to 1 on the LMO side and an almost zero
density on the CMO side. Now, when a large electric field (400 kV /cm) is applied, a small
amount of charge gets pushed across the interface. Then, since the kinetic term is much

larger than the superexchange term, double exchange tries to ferromagnetically align the
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Figure 2.6: Layer-averaged charge density (n([)) and layer-averaged per-site magnetiza-
tion (m(I)) (of to, spins normalized to unity) for a symmetric 12 x 8 LMO-CMO lattice
when electron-phonon interaction ¢ = 0; superexchange J, = 0.02¢ and coupling ratio
Jyy/J, = 1.39; T = 0.001¢; and when (a) E. = 0 and (b) Ecyy = 400 kV /cm.

spins and, as shown in Fig. 2.5, we get a large change in the total magnetization of ¢5, spins

of the system, i.e., 0.91/site for the 12 x 8 lattice when ?9, spins are normalized to unity.

Keeping the temperature fixed at 0.001t, if we now double the value of J, to 0.02t while re-
taining the magnetic-coupling ratio Jy, /.J, = 1.39, it is found that that the magnetoelectric
effect disappears completely. Owing to the larger superexchage interaction, there is only
a small change in the density on the LMO and CMO sides. Consequently, superexchange
dominates over double exchange, thereby making the system totally antiferromagnetic (i.e.,
similar to the bulk, the LMO side is A-AFM and the CMO side is G-AFM). Furthermore,
even after the application of a large external electric field (i.e., Ecxy = 400 kV /cm), there
is practically no change in the magnetization as demonstrated in Fig. 2.6.

Next, on retaining the superexchange interaction values of J, = 0.01¢ and Jy,/J, =
1.39, when the temperature is increased from 0.001t to 0.01t, the disordering effect of the

temperature dominates over superexchange making the magnetic profile lose its oscillatory
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Figure 2.7: Layer-averaged charge density (n([)) and layer-averaged per-site magnetiza-
tion (m(/)) (of normalized-to-unity ¢, spins ) for a symmetric 12 x 8 LMO-CMO lattice
when g = 0; J, = 0.01¢ and Jy,/J, = 1.39; enhanced temperature 7" = 0.01¢; and when
(@) Ecxy = 0 and (b) Eeyy = 400 kV /cm.

nature on the LMO side [as can be seen by comparing Fig. 2.7(a) with Fig. 2.5(a)]. On the
application of a sizeable external electric field (i.e., Ee,y = 400 kV /cm), minority carrier
density increases on both LMO and CMO sides. However, the disordering effect of the
enhanced temperature diminishes the double exchange effect, thereby producing only a
modest increase in the magnetization on both the LMO and CMO sides [see Fig. 2.7(b)

and Fig. 2.5(b)].

In manganites the electron-phonon interaction is quite strong and leads to sizeable coop-
erative oxygen octahedra distortions. Hence, to get a more realistic picture, we switch on
this interaction and study its effect on the system. Then, the hopping amplitude ¢ is attenu-
ated by the factor e~ and the electrons are essentially localized. Consequently, the states
are more or less classical in nature with number density at each site close to 1 (i.e., > 0.99
from our calculations) or close to O (i.e., < 0.01 from our numerics); the state of the system

can be represented by a single state in the occupation number representation. As discussed
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in Sec. 3.3, we employ simulated annealing; we arrive at the charge and magnetic profiles
reported in the subsequent Secs. 2.4.3.2-2.4.3.6.

2.4.3.2 Symmetric 12 x 8 lattice with g = 2.0 and E.,, = 300 kV /cm

We now consider a symmetric 12 x 8 lattice with 4 layers of LMO and another 4 layers
of CMO as shown in Fig. 2.8. We find charge modulation in the z-direction on both the
sides, with neutral layers (free of minority carriers) sandwiched between charged layers
(with minority carriers). The layers at the interface have the largest number of minority
carriers with electrons and holes on alternate sites since contributions from both H,,, and
H oy [given by Egs. (2.1) and (2.18)] are minimized for this arrangement. Layers 1 and 8,
being the farthest from the LMO-CMO interface, are devoid of any minority carriers and
retain the expected bulk charge distribution of LMO and CMO.

We will now explain the charge modulation as follows. We compute the energy E.ou
electrostatically for the one-dimensional chain in Fig. 2.9 using H., in Eq.(2.18), with

lattice constant taken as unity and the number of the neutral layers/sites as x. Then

s o1 1 1 Lo,
coll Tl 242 25 +3 r+2  z+1
2 2 1

_ _ _ _ 2.20
r+1 xz+2 2x+4+3 ( )

If we plot E.,y as a function of x, we find that it drops rapidly till z = 1 and attains its
minimum value gradually somewhere between z = 6 and x = 7. Similarly, we expect
neutral layers to be present in 2D also and conclude that the charge ordering sets in due to
electrostatic Coulomb energy minimization.

In Fig. 2.8, the interface is fairly polarized since the arrangement of electrons and holes

on alternate sites produces a strong ferromagnetic coupling between the spins on these
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Figure 2.8: In a 12 x 8 symmetric lattice, when electron-phonon interaction strength g =
2.0, (a) when external electric field E.; = 0, layer-averaged profiles of charge density
(n(I)) and magnetization (m(I)) (of the t5, spins normalized to unity); (b) when external
electric field E.y; = 0, schematic occupation-number representation of ground state charge
configuration in the lattice; (c) when a large external electric field E., = 300 kV /cm is
applied, modified layer-averaged charge density (n([)) and layer-averaged magnetization
(m(I)) (of the to, spins normalized to unity) for various layers in the lattice; and (d) when
Eext = 300 kV /cm, reorganized ground state charge configuration.
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Figure 2.9: Charge modulation due to Coulomb interaction H,, in a one-dimensional
symmetric LMO-CMO lattice. The number of neutral layers/sites is x.

sites as Jep, >> Jyiy > J,. Furthermore, again due to ferromagnetic couplings Je, and Jyy
on the LMO side, the interfacial MnO, layer polarizes the neutral layer 3 adjacent to it.
Layer 1 is polarized in the direction of layer 3 due to antiferromagnetic coupling .J,. On
the CMO side, layer 6 is antiferromagnetic based on the charge configuration; layer 8, as
expected, is also fully antiferromagnetic. As regards the case of zero electric field shown
in Figs. 2.8(a) and 2.8(b), since layer 3 is antiferromagnetically connected to layer 2, layer
2 shows a small negative magnetization with the magnitude diminished due to the presence
of a few (i.e., 3) holes in this layer. On the application of a large electric field Eq; =
300 kV /cm, as displayed in Figs. 2.8(c) and 2.8(d), number of minority carriers increases
in both layer 2 and layer 7. Consequently, the magnetization increases in these layers. On
the application of the external electric field, there is an overall increase in the magnetization
(of normalized-to-unity ¢, spins) by 0.17/site leading to a giant magnetoelectric effect (as

can be seen in Fig. 2.10)

A study of the total magnetization with temperature for various external electric fields
(i.e., Ecyt increased in steps of 100 kV/cm from 0), as depicted in Fig. 2.10, reveals that we
need a threshold field ~ 300 kV /cm to get a fairly large increase in the total magnetization.

Only above the threshold value, the density of minority charges increases and the resulting
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Figure 2.10: Total magnetization as a function of temperature for various E.,; ina 12 x 8
lattice when electron-phonon coupling g = 2.0. Figure shows that an enhancement in mag-
netization occurs for electric fields E.; = 300 kV/cm; whereas below this threshold value,
total magnetization does not change from its value at E., = 0 kV/cm. The magnetoelectric
effect is reasonably large at temperatures below 0.5te=%" (~ 10 K).

charge configuration is modified; correspondingly, the spin configuration gets altered too.
Above 300 kV /cm, the charge configuration gets frozen for consecutive higher electric
fields up to 600 kV /cm and no change in the magnetic profile can be expected. Although it
may seem that much higher electric fields will further change the magnetization, they will
actually produce a breakdown.

2.4.3.3 Symmetric 12 x 8 lattice with ¢ = 2.2 and E s = 0

Here we would like to point out that charge and magnetic profiles, when electron-phonon
coupling ¢ is strong and external electric field is zero, are similar to the profiles when
coupling g is weak and external electric field is strong. In fact, as can be seen from Fig.

2.11 and Figs. 2.8(c) and 2.8(d), for g = 2.2 and E.,; = 0 we get the same charge profile

68



12X § lattice; g=2.2; E_ = (|
I T R T T

) e—e<m(l)>
i s <n(I)> |

0.5

O34 5 6 T 3

Layer Index (I)
(a) (b)

000000000000
000000000000
000000060606

olo00000000000

Slooeococeooce00e
000000000000

000000000000
00000000000

I_
=
o

Figure 2.11: Result of enhanced electron-phonon coupling ¢ = 2.2 and zero electric
field, in a symmetric 12 x 8 lattice, on (a) layer-averaged charge density (n(/)) and layer-
averaged magnetization (m(I)) (of the to, spins normalized to unity); and (b) ground state
charge configuration.

as when g = 2.0 and Eq, = 300 kV/cm; the corresponding magnetic profiles in the two
cases differ slightly because the ferromagnetic coupling values Jo, = 72,t%/(g°wo) are
slightly different.

2.4.3.4 Symmetric 12 x 6 lattice with g = 2.2 and E,; = 400 kV /cm

Since the electron-phonon interaction is stronger here (i.e., g = 2.2) compared to the
situation in Sec. 2.4.3.2, even without the application of an external electric field, the
concentration of minority carriers is higher (on both LMO side and CMO side) as can be
seen from Figs. 2.12 and 2.8. Again, as depicted in Figs. 2.12(a) and 2.12(b), the interfacial
MnO, layers (i.e., layers 3 and 4) have electrons and holes on alternate sites resulting in
full ferromagnetism. Here, we have fewer layers compared to the case in Sec. 2.4.3.2; there
is no charge modulation in the z-direction because shifting the holes from layer 2 to layer
1 increases the number of nearest-neighbor repulsions due to electron-phonon interactions.

Layers 2 and 5 also have a sizeable density of minority carriers (i.e., 1/3). Consequently,
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Figure 2.12: In a symmetric 12 x 6 lattice, for enhanced coupling ¢ = 2.2, (a) at
zero electric field, layer-averaged charge density (n(I)) and layer-averaged magnetiza-
tion (m(I)) of to, spins normalized to unity; (b) at E. = 0, ground state configura-

tion; (c) at strong external electric field E,; = 400 kV /cm, layer-averaged charge density
(n(I)) and layer-averaged magnetization (m(I)) of to, spins normalized to unity; and (d)
at E¢yy = 400 kV /cm, charge configuration in the ground state.

layer 2 is polarized due to its proximity to layer 3 and the ferromagnetic couplings J.p
and J,; contrastingly, the combination of .J., and the antiferromagnetic coupling J, lead
to a smaller polarization in layer 5. Layer 1, due to its proximity to layer 2 (with sizeable

concentration of holes) is also partially polarized. On the application of a large electric field
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(Eext = 400 kV /cm), as portrayed in Figs. 2.12(c) and 2.12(d), the concentration of holes
further increases in layers 2 and 5 leading to fully ferromagnetically aligning these layers
with layers 3 and 4. Furthermore, layer 1 also gets more polarized. On the whole, total
magnetization (of normalized-to-unity ¢y, spins) increases by ~ 0.17/site thus producing a

giant magnetoelectric effect.

We will now make an important observation pertaining to the positive charge (Z;) con-
figuration near the interface. As mentioned before for the heterostructure, we considered
the following arrangement with an even number of MnO, planes:
Ins./(LaO-MnOs,), /(La; 2Caq 20)/(MnO,-CaO), /Ins.

Here, the Interface is composed of La; ;,Ca; 20 and has 0.5 +ve charge per unit La; ;,Cay /2 O.
In all our calculations we have used Z; = 1 on the LMO side and Z; = 0 on the CMO
side. Now, the values of Z; used are exact for unit cells that are not adjacent to the inter-
face. However, for the unit cell adjacent to the interface on the LMO (CMO) side Z; = 1
(Z; = 0) is an approximation and strictly speaking it should be Z; = 0.75 (Z; = 0.25)
as will be explained below. Each unit cell on the LMO side, excluding the unit cell at the
interface, comprises of [(LaO);/2MnO,(LaO); /2] and has 1 +ve charge, i.e., Z; = 1; on
the other hand, [(LaO);/,MnO;(La,/»Ca;/20)1/2] is the unit cell at the interface on the
LMO side and has 0.75 +ve charge, i.e., Z; = 0.75. Next, on the CMO side, excluding the
unit cell at the interface, each unit cell comprises of [(CaO);/>,MnO,(CaO)/,] and has 0
+ve charge, i.e., Z; = 0; contrastingly, [(La; /2Ca;/20)1/2sMnO4(Ca0O); /o] is the unit cell
at the interface on the CMO side and has 0.25 +ve charge, i.e., Z; = 0.25. Thus, at the in-
terface we have the situation Z; = 0.75|Z; = 0.25 instead of Z; = 1|Z; = 0 as previously

assumed.*
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Figure 2.13:  In a symmetric 12 x 6 lattice, for reduced coupling g = 2.0 and for the
heterostructure Ins./(LaO-MnO,),/(La; 2Ca; /20)/(MnO,-CaO), /Ins. with Z; = 0.75
(Z; = 0.25) for the layer adjacent to interface on the LMO (CMO) side, (a) at zero electric
field, layer-averaged charge density (n(/)) and layer-averaged magnetization (m(1)) of to,
spins normalized to unity; (b) at E.,; = 0, ground state configuration; (c) at strong external
electric field Eq = 400 kV /cm, layer-averaged charge density (n(I)) and layer-averaged
magnetization (m([)) of ty, spins normalized to unity; and (d) at E. = 400 kV /cm,
charge configuration in the ground state.
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We will now demonstrate that, even if intermixing of La and Ca ions is allowed to
obtain Z; = 0.75|Z; = 0.25 at the interface, ground state charge configuration identical to
that of the Z; = 1|Z; = 0 case can be obtained for a slightly lower strength of electron-
phonon interaction (i.e., lower nearest-neighbor repulsion) when the same external electric
field is employed; this is because the electrons are less confined to the LMO side in the
Z; = 0.75|Z; = 0.25 case. Consequently, as shown in Fig. 2.13, a slightly smaller
magnetoelectric effect is observed. We note that V is scaled proportional to the values of
Z; in the two lattice layers at the interface. For the Z; = 0.75|Z; = 0.25 case, we find
that there is an overall increase in the magnetization (of normalized-to-unity ¢5, spins) by
0.16/site (implying a giant magnetoelectric effect) which is only slightly smaller than the
previous result of 0.17/site for the Z; = 1|Z; = 0 case. To get the same ground state charge
configuration obtained when ¢g = 2.2 for the Z; = 1|Z; = 0 case, a lower electron-phonon
strength of g = 2 suffices for the Z; = 0.75|Z; = 0.25 case.

From the magnetization profile in Fig. 2.13, for the situations when an external electric
field is not applied as well as when it is applied, one can clearly see that there is in general
a slight increase in the magnetization for all the layers in the Z; = 0.75|Z; = 0.25 case as
compared to the Z; = 1|Z; = 0 case (see Fig. 2.12). This is because with the lowering
of the coupling g for the Z; = 0.75|Z; = 0.25 case, the strength of the polarizing part of
H™ (i.e., M ) increases; hence, the magnetizing effect of the electron-phonon

pol g2wo

interaction also gets enhanced.

“Regarding the charge discontinuities at an interface, the polarization (P) discontinuity between the
LMO side and the CMO side is fixed topologically. Overall difference across the interface does not depend
on diffusion of cations near the interface provided the length of diffusion is much smaller than the thickness
of the heterostructure and as long as total atoms are conserved. This charge discontinuity is unscreenable in
total; the discontinuity produces electric fields (since V - P # 0), though whether or not it is best modeled
by a sudden drop from 1 to O or an intermediate roll-off (via fractional charges) is a matter of getting detailed
atomic relaxations right. The most important point is not the detailed arrangement of charge at the interface,
but the total effective charge across the interface (producing polarization discontinuity), which as said above,
is topological (see Ref. [151] for details); for our situation the polarization discontinuity is small.
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Lastly, it should be noted that (as expected) the magnetic profiles obtained here in Fig.
2.12 are quite similar to those in Figs. 2.3 and 2.4; on the other hand, the agreement
between the charge profiles is not as good. On comparing the analytic treatment with the
numerical approach, we note that the former makes a continuum approximation to obtain
the charge profile. If the number of layers is large compared to the lattice constant, the
continuum approximation is valid and the prediction of the analytic approach will agree
with the more accurate numerical one. On the other hand, for a small system such as
a 12 x 8 system, charge modulation is generated in the numerical approach unlike the

analytic case.

2.4.3.5 Asymmetric 12 x 8 system of 2 LMO layers and 6 CMO layers with g = 2.0
and E.,; = 300 kV/cm

We have an asymmetry here regarding the number of layers; the LMO side has two
layers whereas the CMO side has six layers. For zero external electric field, as shown
in Figs. 2.14(a) and 2.14(b), the two interfacial MnO, layers 2 and 3 contain perfectly
alternate arrangement of electrons and holes; hence, the layers are fully polarized. Layer 1
is also ferromagnetically aligned with layer 2 because of their proximity. Beyond layer 3,
similar to the G-AFM order in bulk CMO, the CMO side is antiferromagnetic, resulting in
zero magnetization. Turning on the sizeable electric field Eq, = 300 kV /cm, as depicted in
Figs. 2.14(c) and 2.14(d), leads to a few electrons from layer 1 ending up in a farther layer
7; resultantly, the magnetic polarons in layer 7 partially polarize it. It is interesting to note
that, here too charge modulation occurs due to the Coulomb term H.,, as demonstrated
through Eq. (2.20). There is an overall increase in the magnetization (of normalized-to-

unity ¢, spins) by 0.04/site; thus, the magnetoelectric effect is not huge.
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Figure 2.14: In asymmetric heterostructure defined on a 12 x 8 lattice with 2 layers of
LMO and 6 layers of CMO, when coupling g = 2.0, (a) at E.; = 0, layer-averaged charge
density (n(I)) and layer-averaged magnetization (m(I)) of normalized-to-unity ¢, spins;
(b) at Ecxy = 0, ground state configuration; (c) at Eq = 300 kV /cm, layer-averaged
charge profile (n()) and layer-averaged magnetization profile (m (7)) of normalized-to-
unity ¢y, spins; and (d) at E¢; = 300 kV /cm, ground state configuration.

2.4.3.6 Asymmetric 12 x 8 system of 6 LMO layers and 2 CMO layers with g = 2.0
and E.,, = 300 kV/cm

Here, compared to the previous structure in Fig. 2.14, we have the opposite asymmet-
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Figure 2.15: In asymmetric 12 x 8 lattice with 6 layers of LMO and 2 layers of CMO, when
electron-phonon interaction g = 2.0, (a) at external electric field E.,; = 0, layer-averaged
electron density (n(/)) and layer-averaged magnetization (m([)) of ¢, spins normalized
to unity; (b) at E.,, = 0, ground state electronic configuration; (c) at E.; = 300 kV /cm,
layer-averaged electron density (n(/)) and layer-averaged magnetization (m([)) of ¢,
spins normalized to unity; and (d) at Ee,; = 300 kV /cm, ground state.

ric structure of 6 LMO layers and 2 CMO layers (see Fig. 2.15). Due to the asymmetry
connection between these two structures, we obtain a mirror image of the previous charge
configuration for both with and without the external electric field. The interfacial MnO,

layers 6 and 7, as expected, are totally ferromagnetic. Furthermore, layer 5 is also fer-
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romagnetically aligned with layers 6 and 7 due to the ferromagnetic couplings .J.;, and
Jxy. At zero external field [as shown in Figs. 2.15(a) and 2.15(b)], similar to the bulk
situation, we have A-AFM on the LMO side up to layer 5; layer 8, similar to the bulk
CMO), is also antiferromagnetic. The minority carriers, generated due to the external elec-
tric field Eq, = 300 kV /cm [as shown in Figs. 2.15(c) and 2.15(d)], produce magnetic
polarons which increase the polarization. There is an overall increase in the magnetization
(of normalized-to-unity ?5, spins) by about 0.1/site implying a large magnetoelectric effect.

From the various symmetric and asymmetric LMO-CMO configurations considered,
we conclude that the symmetric arrangement yields the largest magnetoelectric effect.

Lastly, for both symmetric and assymetric heterostructures, the dominant charge inter-
actions (i.e., Coulombic interaction and CEPI) lead to checkerboard order (i.e., alternating
electrons and holes) for the two layers at the interface. At the interface, it is important
to note that an electron in one layer is next to a hole in the next layer. This scenario is
not true in the bulk La; »Ca;/2MnOj3. In bulk La;/3Ca;/2MnOs, in the z-direction (i.e.,
direction perpendicular to the planes with zigzag ferromagnetic chains that are coupled an-
tiferromagnetically) an electron in one orbital is above another electron in the same orbital;
this can support the experimentally observed CE-AFM ordering. However, for the charge
ordering that results at the interface where an electron in one plane is next to a hole in the
next plane, CE-type spin order is not possible (because ferromagnetic zigzag chains in one
plane cannot lie exactly over ferromagnetic zigzag chains in the next plane). On taking
the dominant charge interactions and the dominant magnetic interactions (i.e., electron and
hole on adjacent sites being ferromagnetically coupled), we get ferromagnetic layers at the
interface.

In Ref. [32], since they ignore CEPI (which produces large nearest-neighbor repulsion),

they do not get a charge ordering where an electron in one plane at the interface is next to a
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hole in the next plane at the interface. Additionally, it should also be noted that, a hole (in
the plane at the interface on the LMO side) prefers to be next to an electron (in the plane at

the interface on the CMO side) due to attractive Coulombic interaction.

2.5 Conclusions

We used the heuristic notion that, when the two Mott insulators LMO and CMO are
brought together to form a heterostructure, one may realize the entire phase diagram of
La;_,Ca,MnOj across the heterostructure with the x = (0 phase occurring at the LMO
surface at one end and evolving to the x = (.5 state at the oxide-oxide interface and finally
to the x = 1 phase at the other end of CMO. However, owing to the reduced dimensions
(namely, quasi two-dimensions), we expect only A-AFM and FMI phases on the LMO
side. On enhancing the minority carrier density (on both sides of the interface) by using a
sizeable external electric field, we showed that the FMI region can be further expanded at
the expense of the A-type AFM region on the LMO side and the G-AFM domain on the
CMO side, thereby producing a giant magnetoelectric effect. It is important to note that
the system behaves like an anisotropic solid: for a given average density in a layer, the mi-
nority charges by and large order periodically and as far apart as possible; the Coulombic
interaction and the CEPI dictate how the charge arrangement of one layer adjusts itself with
respect to the configuration in another layer. Furthermore, the two layers at the interface
are ferromagnetically ordered as they are at half-filling. When electric fields are introduced
in the system, the minority charge density away from the interface gets enhanced leading to
charge reordering; consequently, the magnetization away from the interface changes layer
by layer resulting in an increase in the total ferromagnetic moment. This scenario is key to

the understanding of the magnetoelectric effect.
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We would like to point out that the model in Sec. 2.4 is not applicable in three dimen-
sions because upper wide band becomes relevant (see Ref. [141, 142]);consequently, states
such as the ferromagnetic metal in LCMO cannot be realized using this model. Further-
more, long-range Coulomb interactions are not very important to explain the gross features
of the phase diagram in the three-dimensional bulk system.

As a guide to designing magnetoelectric devices, we find that symmetric heterostruc-
tures with equal number of LMO and CMO layers yield larger magnetoelectric effect com-
pared to asymmetric heterostructures with unequal number of LMO and CMO layers. It
should also be noted that this heterostructure/device can be used near helium liquefaction
temperatures; on the other hand, the magnetoelectric function disappears before nitrogen
liquefaction temperature is attained.

We also would like to mention that if a superlattice were formed from the heterostruc-
ture (Ins.)/(LaMnOs),/Int./(CaMnOs3),/(Ins.), then the dipoles from each repeating
heterostructure unit will add up to produce a giant electric dipole moment; furthermore, this
superlattice will also realize a giant magnetoelectric effect. On the other hand, if the insu-
lator layers were not present, the superlattice formed from the repeating unit (LaMnO3),,/
(CaMnO3),, would not produce a large electric dipole as the charge from LMO can leak
to CMO on both sides leading to a small net dipole moment. More importantly, the
(LaMnOs3),/(CaMnO3),, superlattice will also not generate a giant magnetoelectric ef-
fect as an applied electric field will not alter much the total amount of charge in LMO or
CMO; this is because charge leaked by LMO to CMO on one side is replaced by CMO on
the other side.

Based on the above arguments, it should be clear that, compared to experiments involv-
ing superlattices where alloy/bulk effect vanishes when the thinner side of the repeating

unit has more than two layers, in our heterostructure bulk nature should vanish when the
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thinner side has more than 1 layer. Thus, in the superlattice (LaMnOj3)s,/(SrMnO3),
studied in Ref. [20], the metallic behavior (corresponding to bulk Lag ¢751r¢.33MnO3) dis-
appears for n > 2 and is replaced by insulating behavior; whereas, in the heterostructure
(Ins.)/(LaMnO3)a, /Int./(StMnOs), /(Ins.) we expect insulating behavior for n > 1.
This observation supports our assumption that, in our 2D LMO-CMO heterostructures
(corresponding to LCMO that has a narrower band width and a stronger electron-phonon
coupling compared to LSMO), only a single narrow-width polaronic band is pertinent.
Additionally, interfacial roughness (if considered) will further reduce the band width and
suppress metallicity.

Lastly, it should also be pointed out that, in a realistic situation, we have electron-
electron repulsion (produced by cooperative electron-phonon interaction) and double-exchange
generated ferromagnetic coupling extending to next-nearest-neighbor sites [152] leading to
a larger magnetic polaron and thus producing a stronger magnetoelectric effect compared

to what our calculations reveal.

80



meeeessssssmmmmmn $ CHAPTER 3 S

STUDY OF THE
FERROMAGNETIC-INSULATOR PHASE IN

MANGANITES

3.1 Introduction

Perovskite oxides, such as manganites, display a variety of orbital, charge, and spin orders
when the parent oxide is doped. While significant progress has been made in characterizing
most of the phenomena in bulk doped materials, the understanding pertaining to ferromag-
netic insulator is still elusive. The doped alloy T;_,D,MnQOg3 (where T refers to trivalent
rare-earth elements such as La, Pr, Nd, etc. and D refers to divalent alkaline elements Sr,
Ca, etc.) is an antiferromagnet when x > 0.5 with the nature of the antiferromagnet (i.e.,
A-, C-, CE-, or G-type antiferromagnet) depending on the compound and the dopant value

x [15, 153, 154]. Contrastingly, for x < 0.5, T;_yD4xMnOs is an intriguing ferromagnetic
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insulator (FMI) at smaller values of x (i.e., 0.1 < x < 0.2) [9, 10, 18] and is a ferromag-
netic metal at higher dopings in the manganite systems La; ,Sr,MnOs3, La; Ca,MnO3,
Pr{_Sr,MnQOs;, and Nd;_,Sr,MnOs.

For modeling the diverse orderings and for exploiting the functionality in these transition-
metal oxides, one needs effective Hamiltonians for various types of interactions. Although
the importance of strong electron-phonon interaction (EPI) has been pointed much ear-
lier [119] and significant progress has been made some time ago in numerically treating
electron-phonon interaction in sizeable systems [155], the treatment of cooperative EPI
(involving quantum phonons) was accomplished analytically only more recently in two di-
mensions (2D) [156]. It has been demonstrated analytically in Ref. [156] that introducing
cooperative effects, when EPI is strong, produces nearest-neighbor (NN), next-nearest-
neighbor (NNN), and next-to-next-nearest-neighbor (NNNN) interactions. Furthermore,
incorporating spin-spin interactions along with cooperative strong EPI is still an unsolved
analytic problem.

As regards experiments pertaining to ferromagnetic-insulating regions, while some sug-
gested microscopically homogeneous electronic properties [ 157—-159], others speculate that
coexistence of ferromagnetic metallic phases and antiferromagnetic insulating phases leads
to an inhomogeneous ferromagnetic insulating state [160, 161].

We will now argue, without considering any specific model, that ferromagnetic insulat-
ing phases are possible at low doping in manganites by presenting below general theoretical

points based on the essential features of manganites.

1. Kinetic energy (KE) is quite small at low doping because bare hopping is small
(caused by lower tolerance factor [123], cation disorder, compatibility of distor-

tions [133]) and the electron-phonon coupling is strong. The electrons are rendered
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essentially immobile and site localized due to spatial disorder.

. Potential energy [from repulsive interactions, due to cooperative EPI, that are intermediate-
range, i.e., NN, NNN, NNNN, etc.] is much larger than KE. The ground state is clas-
sical and the state of the system can be expressed by a single state in the occupation

number basis with number density at each site either 1 or O.

The fact that electrons are essentially site localized also follows from the treatment
in Ref. [45,46]; then, only a localized polaronic band is relevant and the upper wide

band cannot overlap with the lower narrow polaronic band.

Furthermore, a simple type of phase separated state with ferromagnetic droplets
(each containing one carrier) in an antiferromagnetic matrix was shown to be possi-
ble in Ref. [47] . The mobility of these magnetic polarons is low and they are easily

localized by disorder and Coulomb interactions.

Thus the potential energy determines the charge and spin order.

. Because of cooperative strong EPI, a NN electron-hole pair has a strong ferromag-
netic interaction [t? cos?(6/2)/(2E;r) with Ejr being the cooperative Jahn-Teller
energy, ¢ the hopping term between the NN sites, and 6 the angle between the NN
core spins]. Hence, a robust ferromagnetic cluster is produced in the vicinity of a

hole.

. Our model for magnetic interaction applies to manganites with low density of local-
ized holes. In regions away from the holes, the cooperative EPI retains essentially
the same orbital texture as in the undoped manganite. As a result, in regions without
holes, the magnetic interaction is A-AFM just as in the undoped manganite. As re-

gards the regions with holes, since the holes are site localized, the holes only virtually
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hop to a NN site and back and thus produce ferromagnetic coupling with NN elec-
trons. This ferromagnetic coupling, between NN electron-hole pair, is much stronger

than A-AFM coupling.

5. Presence of site localized holes produces FMI clusters due to formation of magnetic
polarons. A hole will polarize NN electrons (and realistically speaking, NNN and
NNNN electrons as well) through virtual hopping, thereby producing a magnetic
polaron. A collection of interacting magnetic polarons will produce a FMI region. It
is interesting to note that FMI regions are present at moderate doping in manganites
that are narrow band (Pr;_,Ca,MnQ3), intermediate band (La;_,Ca, MnO3) and

wide band (La;_,Sr,MnQO3).

3.2 Effective Hamiltonian

In this section we focus on the analytical treatment of the effective Hamiltonian which will
be used for numerical simulation. We are working with a 2D version of the pervovskite
manganite system which has Mn-O-Mn bonds along the = and y directions. We have e,
electrons (or holes) interacting with the oxygen atoms. We have restricted our analysis to a
system of fermions interacting with the oxygens in the xy-plane via cooperative breathing
mode and with the out-of-plane z-direction oxygens through non-cooperative breathing
mode as depicted in Fig. 3.1.

Apart from the itinerant e, electrons, we also have a ¢, localized core-spin background;
the large S = 2 spin (comprised of contribution from a e, spin and three ¢,, spins) at each

site is considered classical.
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Figure 3.1: Schematic diagram for a 2D cooperative breathing mode (CBM) system. Hop-
ping sites for holes are represented by blue solid circles, in-plane oxygen atoms (participat-
ing in the CBM) by black empty circles, and non-cooperative out-of-plane oxygen atoms
by solid black circles.

Thus the Hamiltonian of such a system has five interactions: the kinetic energy of the
fermions, the fermion-lattice coupling energy, the lattice energy, the spin-spin interaction

energy, and the fermion-disorder interaction energy.

H = Hggp + Hint + Hiat + Hsg + Hagjs. (3.1)
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Here,

HKE = —tz |:COS (J’THJ) dTZ'J,_Lde'J +
(2]

0, i

and d; ;(d'; ;) represents the annihilation (creation) operator for the fermion at site (7, 5); ¢
is the hopping amplitude for the fermion; the hopping process is modified by 6, the angle
between two spins at NN sites [115, 143]. See Sec. 1.5.1 for a background on Double
Exchange process. The second term represents the interaction between the fermions and

the quantum phonons in the system and is expressed as [156]

Hyy = — gwo Z {(aTaz;i,j + am;i,j) (n%}j - ni—&-Lj)
4,J
(B + byi) (i — 1 j11)
+ 7(CTz;i,j + Cz;i,j)ni,j}7 (3.3)

where v = v/2, g is the electron-fermion coupling constant, wy is the optical-phonon fre-

quency, and n; ; = dZt ;di ;. The displacement of the oxygen atom that is adjacent to the

site (¢, 7) in the positive = [y] direction is given by (a Qénﬁfﬁﬁj) {(b yﬂ];f;]) } . In the z

direction, the relative displacement of the two oxygen atoms next to site (4, 7) is denoted by
(c2iijtczig)

with m /2 being the reduced mass of the oxygen pair. Next, the lattice energy
£/ 2mwo /2

due to quantum harmonic oscillators is given by

Hi = (CLT:c;z‘,j%;i,j + 0T i by + nCTz;i,jCz;i,j>> (3.4)

i?j

with 7 being set to be 1. The last term represents the interaction with disorder and is
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expressed as
Hais = Vijnij, (3.5)
.3

where V; ; is the potential due to spatial disorder.

Now, to arrive at an effective Hamiltonian which can be expressed solely in terms
of fermionic operators, we take resort to an analytic approach similar to that described
in [156]. For large electron-phonon coupling and restricting the system to the non-adiabatic
regime, t/wy < 1, the above Hamiltonian H is subject to a canonical transformation (i.e.,
modified Lang-Firsov transformation) to produce an unperturbed part H, and the pertur-
bation term /{;. To obtain an effective Hamiltonian, we perform second-order perturbation

theory (as in Refs. [137,156]) and obtain

.3 0,

0: iiiy s
+te ErtVo)/wo Z |:COS (%lj) dzT+1,jdiJ

i,J
O; i s
~+ cos (%) d;r’j_‘_ldl"j + HC‘|
+HP 4 Hep + Y Vijnij, (3.6)
1,
where the polaronic energy £, = (4+72) g*wy = 6g%wo and the nearest-neighbor repulsion
energy V,, = g*wy; the second order perturbation theory yields the term H®. The small

1

parameter of the perturbation theory is ~ [m} * as derived in Ref. [162]. Now,
the effective hopping term te~ (FrtV2)/“0 < (5 and Vi; << E,. For large g, the effective
hopping term will be very small compared to the other terms in H.s — Hsg. Hence, we

ignore the kinetic energy of the system and treat the system as made up of carriers that
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are localized due to weak spatial disorder. Then, we are justified in treating the problem
entirely classically with physics being governed by the dominant potential energy terms in
the effective Hamiltonian. The second term of H.g can as well be represented in terms of

electron-hole attraction instead of fermion-fermion repulsion. In general

Vo> mignivsy = —Vy > nij(1—nigs;)

i7j76 i7j75

V) niy. (3.7)

i7j76

This formalism adds a constant energy term V,, > n; ; to the Hamiltonian and thus does
04,6
not change the physics of the problem. Then, using Eq. (3.7) we can rewrite Eq. (3.6) as

Hyg = —E,» ni;—2V,» {ni,j(l — Nit1,5)
i,J .3
+n,;(1 — ”z’,j+1>} AV, niy
i

+H® 4+ Hgp. (3.8)

The convention we will use throughout the chapter is that n; ; will represent number density
of a hole at the lattice site (4, j) of the system. To calculate H?), we go through an algebra
similar to that mentioned in Appendix A of Ref. [156] and arrive at a nearest-neighbor
repulsion term corresponding to the process where a particle in 2D virtually hops to its NN
and comes back. When a hole at site (, j) hops to its NN site, such as (i + 1, j), and comes
back, we need to keep track of the occupancy of the three relevant nearest-neighbor sites of
the intermediate site (i + 1, j), i.e., the occupancy of the three sites (i +2,7), (i+1,j+ 1)
and (i + 1,7 — 1). Depending on how many of these three sites are filled, the coefficient

for the hopping-and-returning process will be modified.
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Clearly, there are four such possibilities for the coefficients and they will be considered

below.

3.2.1 Three NN sites of the intermediate site are filled by

electrons.

In Fig. 3.2, when the intermediate site containing an electron is surrounded by a hole and
three electrons, we depict the hole at site (7, j) hopping to its NN site (the intermediate site)
and returning back. The intermediate site can be any of the four NNs of the originating site

(4,7). A schematic view of the four possibilities is shown in Fig. 3.2.

When a hole is at (7, j), its energy is equal to —F,. The oxygen atoms on both the sides
of the initial site are attracted by the hole on the initial site and hence are pulled towards the
hole. When the hole virtually hops to the intermediate site, its energy is equal to £, + 2V},
because the oxygen distortions remain unchanged; in the energy of the intermediate state,
E, arises due to the distortion without the hole whereas the extra energy 2V}, (equal in
magnitude to the NN repulsion energy between two holes) results due to displacing the
oxygen atoms towards the initial site and away from the hole. Hence, change in the energy
when the hole jumps from the originating site to the intermediate site is equal to 2F, +2V/,.

Thus, the coefficient of the second order perturbation term turns out to be and the

t2
2E,+2V,,
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Figure 3.2: Schematic diagram for the four possibilities of a hole, at an originating site
(4, 7), hopping to its NN site (the intermediate site) and coming back (when three NN sites
of the intermediate site are occupied by electrons): (A) hole at (7, j) hops to its right NN
at (i + 1, 7) and comes back; (B) hole at (4, j) jumps to its left NN at (¢ — 1, j) and returns
back; (C) hole at (7, j) jumps to its downward NN at (i, j — 1) and comes back; (D) hole
at (,7) hops to its upper NN at (i,j + 1) and returns. A hole is represented by a blue
solid circle and a particle (i.e., electron) by a blue empty circle. All lattice sites that are not
relevant to the consideration are represented by black solid circles.

contribution to H? from all the possibilities corresponding to Fig. 3.2 is given by

+COS2 (’]TL]) {ni,j(l — ni_m)(l — ni_Q,j)(l — ni_LjH — N;— 1,5—1 }

0i i
+cos® (%ﬁ—l) {nm(l 1 ]+1>(1 — Ty j+2)<1 - M- 1]+1 1 — N1 ]+1 }

0: jiig—
+cos? ( ’]’2’j 1) {Wj(l —nij-1)(1 = nij2) (1 = nim1-1)(1 — niga5-1) ] (3.9)
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3.2.2 Any two of NN sites of the intermediate site is filled.
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Figure 3.3: Schematic diagram for a hole at an originating site (4, j) hopping to its NN
site (the intermediate site) and returning back (when any two of the NN sites of the inter-
mediate site are occupied by electrons). Representation of a hole at (¢, j) jumping to its
right NN at (i + 1, j) and coming back when holes occupy (a) right and downward NNs
of the intermediate site; (b) right and upward NNs of the intermediate site; (c) upward and
downward NNs of the intermediate site. A hole is depicted by a blue solid circle and a
particle by a blue empty circle. All lattice sites that are not relevant to the consideration
are represented by black solid circles.

In Fig. 3.3, we depict the three possibilities corresponding to a hole at a site (¢, j) hopping
to its NN site (the intermediate site) and returning; here, any two of the NN sites of the
intermediate site are occupied by electrons. Henceforth, we will show all the counterpart
processes of Fig. 3.2(A) (considering these as representative diagrams) for various possi-
bilities. Similar processes, which will not be shown here, also occur for Fig. 3.2(B), Fig.

3.2(C), and Fig. 3.2(D).
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When the hole virtually hops to the intermediate site, its energy is equal to £, + 4V};
here, an extra repulsion of 2V}, is generated due to the occupancy of any one of the NN
site of the intermediate site by a hole. Then, the coefficient of the second order perturba-

tion term is and the contribution to H® from all the possibilities, similar to and

t2
2B, 14V,

corresponding to Fig. 3.3, is given by

2 Q. ..
H(2) — _ 2 l,],ZJrl,_]
? GE, +17) 2 [COS 2 )~

ij
{nm‘(l = N1, N2, (1 = nig1 1) (1 — Nipj-1)
151 = 1) (1= g )i g1 (1 — nivrj-1)
14,5 (1 = nig15) (1 = niga) (1 = ni+1,j+1)”z‘+1,jfl}
+cos? (ei’j;;_l’j) {m’,j(l — 1) (1 —nic1 1) (L —ni_1 1)

+15(1 = ni15)(1 =12 )ni 1541 (1 —ni151)

F145(1 = ni15)(1 = ni0) (1 — nvz—l,j+1)nz‘—1,j—1}

+cos’ (ei’j;;jﬂ) {nm(l — i)l = ni1j01) (1 = niga i)
14,5 (1 = nigar) (1 = nigo)nioy (1 — niva i)

151 = ni i) (1 —nijp2) (1 — ni—l,j+1)ni+1,j+1}

+cos? (ei”g’jl) {m,j(l — N j—1)Nij—2(1 —ni—1 1) (1 — niy1j-1)

+15(1 =i 5-1)(1 = n45-0)n15-1(1 — nig15-1)

(1 —ni5-1)(1 —nij-2)(1 — nz‘—1,j—1)nz‘+1,j—1}] , (3.10)
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Figure 3.4: Schematic diagram for a hole at an originating site (7, j) hopping to its NN site
(the intermediate site) and coming back (when any one of the NN sites of the intermediate
site is occupied by an electron). Depiction of a hole at (i, j) jumping to its right NN at
(1 + 1, 7) and coming back when a particle occupies (a) downward NN of the intermediate
site; (b) right NN of the intermediate site; (¢c) upward NN of the intermediate site. A hole
is represented by a blue solid circle whereas a particle by a blue empty circle. All lattice
sites that are not relevant to the consideration are indicated by black solid circles.

3.2.3 Any one of NN sites of the intermediate site has an

electron.

In Fig. 3.4, three possibilities have been shown for the process where a hole jumps to
an intermediate site and comes back; here, any one of the NNs of the intermediate site is
filled by an electron. Extending the logic given above to the present case, the coefficient

of the second order perturbation term is ﬁ and the contribution to H® from all the
P p
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possibilities, similar to and corresponding to Fig. 3.4, is given by
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3.2.4 All the NN sites of the intermediate site have holes.

Here, for the situation where all the NN sites of the intermediate site have holes, we depict
in Fig. 3.5 a hole hopping to an intermediate site and coming back.

Here, the coefficient of the second order perturbation term is and the contribution

t2
2E, 18V,

to H? from all the possibilities, similar to and corresponding to Fig. 3.5, is given by
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Figure 3.5: Schematic diagram for a hole at an originating site (4, j) hopping to its NN site
(the intermediate site) and coming back (when all the other three NN sites of the interme-
diate site are occupied by electrons). Representation of a hole at (4, j) jumping to its right
NN at (¢+1, j) and coming back. A hole is represented by a blue solid circle and a particle
by a blue empty circle. All lattice sites irrelevant to the analysis are represented by black
solid circles.
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From the contributions H 1(2), Hz(z), H §2), and Hff) obtained above, we express H (2) as

Lastly, the superexchange [144] term Hgg generates A-AFM spin-spin exchange in
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manganites such as LaMnOj and is given by

HSE = —ny Z COSs (913) + Jz Z COS (9”) . (314)
(i3)xy (P
It is important to note that, while the range of charge-charge interaction is as far as NNNN,

the range of spin-spin interaction is only NN.

3.3 Calculation procedure

For a numerical study, we consider a 2D lattice with periodic boundary conditions in both
directions. We treat the problem fully classically using the effective Hamiltonian, com-
prised of the effective electron-phonon interaction (the charge-spin-coupled term) and the
superexchange interaction (the spin-spin interaction term), as given by Eq. (3.8). We use
classical Monte Carlo technique and make use of the standard Metropolis algorithm to up-
date the charge configuration as well as the spin configuration of the system. We follow a
two-step procedure to arrive at the final charge and spin configurations.

Firstly, to deal with problem of charge configurations that correspond to local minima
which are close in energy, we take resort to simulated annealing for the charge degrees
of freedom only. The spin variables are kept frozen since the energy scale for the charge
interactions is much higher than the energy scale for superexchange interactions. Since
we are working with low hole densities (i.e., between 0.1 and 0.3), a large number of
degenerate states will appear in the charge spectrum. In order to obtain maximum number
of such degenerate configurations, we employ a three-step procedure at each temperature
of the simulated annealing process to obtain the optimized charge configurations. The

primary step is a ‘“‘single-particle-exchange” process where we choose any two sites at a
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time—one sequentially and the other randomly—and exchange their number density values
provided they differ by 1. Physically we exchange a particle at a site with a hole at any
other site. The secondary step is a “general-two-particle-exchange” process where any two
random sites are selected with both being occupied by particles and then their occupants
are exchanged with another pair of randomly chosen sites both containing holes. Thus we
actually exchange two particles with two holes at a time. The final step—a “plaquette-
exchange”process—is a special case of the “general-two-particle-exchange”’mechanism.
Here plaquette are chosen sequentially; if the difference in number densities between the
two diagonal pairs is 2, then the number densities of the diagonals are exchanged. At
a particular temperature, to arrive at the final lowest energy charge configuration at that
temperature using Monte Carlo technique, an initial random charge configuration (with a
fixed number of particles) first goes through 4 x 10° steps of “single-particle-exchange”;
then an equal number of steps involving “general-two-particle-exchange”; followed by 30

times the system size number “plaquette-exchange”steps.

Secondly, using the charge profile generated by the three-step process, we now opti-
mize spin variables by taking an initial random spin configuration and updating through
the Metropolis algorithm. The spins being large in magnitude, with S = 2, are essen-
tially classical spins with S = (sin 0; cos ¢;, sin ; sin ¢;, cos ;). While updating the spins,
we consider the full Hamiltonian H.¢ and consider both the charge and spin interaction
energies. The cos(f) and ¢ values are binned to fix the orientation of the classical spin
vector. We have allowed equally spaced 40 values of cos(f) in the interval (—1,1) and 80
values of ¢ in the usual range of (0, 27), thus totaling to 3200 different possibilities. A
sweep involves visiting all the lattice sites sequentially and updating the spin orientation at
each lattice site by the Metropolis algorithm. The equilibrium number of sweeps required

for medium (higher) temperatures is around 15 x 10° (6 x 10°), while another 15 x 10°
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(6 x 10°) sweeps are required for the thermal averaging of the total magnetization of the
system. It is to be noted that for low hole concentrations, we have many degenerate states.
We calculate the magnetization for typically 10 degenerate configurations. The degenerate
states are chosen based on the charge optimization process only, fed to the full Hamiltonian
H.¢ containing both charge and spin variables, and then energy is optimized to obtain the
total magnetization of all such states. The magnetization/site of the system, that has been
plotted, is the magnetization/site averaged over all the degenerate states for a particular

filling of holes when spins normalized to unity.

We study the system for the bare hopping parameter values t = 0.2 eV and t = 0.3 eV.
Our calculations take the polaronic energy to be £, = 0.43 eV and the nearest-neighbor
repulsion energy to be V,, = 0.07 eV. Thus, we are in the regime of strong electron-phonon
coupling characterized by (E, + V,)/wo >> 1 with the optical phonon frequency wy value
being given as 0.05 eV < wy < 0.1 eV. The superexchange energy coefficient J, = 4.8
meV [134,138-140]; thus the superexchange energy is much smaller than the electron-hole
pair ferromagnetic interaction coupling [t?/(2E, + 2V,)]. Furthermore, the ferromagnetic
coupling J, = 1.4 x J,. Thus, the charge configuration can be assumed to remain constant
as the spins are optimized. The total magnetization of the system is computed at various
temperatures, with the highest temperature being 7' = 0.1¢/kp (i.e., about 330K for ¢ = 0.3
eV. Henceforth, k5 will be set to unity for convenience.. The lowest temperature on the
other hand is 7' = 0.001% (i.e., about 3K for £ = 0.3 eV) which is much smaller than
J.; thus, the system can be assumed to be in its ground state at 7' = 0.001¢. Here, we
should comment that above 7' = 0.03¢, the excited-state charge configurations also begin

to contribute to the magnetization.
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3.4 Results and discussion

We consider a 2D lattice of dimensions 6 x 12, (i.e., with a total of 72 sites) with periodic
boundary conditions in both directions; the number of rows being 1, = 6 and the number
of columns being I, = 12. Each site represents an Mn ion consisting of an electron and
a positive charge center. We study the interplay between the electron-phonon interaction
and the magnetic interaction of the spins [see Eq. (3.8)]. As stated earlier (in Sec. 3.1 ),
due to the the smallness of the kinetic energy in comparison to the potential energy, the
problem is treated fully classically. Thus the holes are site-localized and the system can
be represented by a single state in the occupation number basis with the number density
at each site being either 1 or 0. Hence, for strong electron-phonon interaction, we have
a fully insulating system resembling a charge solid as shown in Fig. 3.7. Using effective
Hamiltonian in Eq. (3.8), we can simulate different observables in the system. We study
the variation of the total magnetization of the system as a function of hole doping in the

pure manganite sample.

3.4.1 A-AFM background

The hopping value ¢ is varied to study the interplay between the electron-phonon interac-
tions and the superexchange interactions in the system. The hole doping x is varied as
0.1 < 2 < 0.3. The magnetic profile still resembles that of an A-AFM system away from
the holes; in the NN vicinity of a hole, the spins get polarized in the direction of the spin of
the hole thereby forming a magnetic polaron. For different hopping cases, the temperature
variation of the total magnetization of the system is studied. We have also considered a 2D

lattice with system size 12 x 12 and carried out the magnetization measurements. It shows
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Different system sizes; t=0.3 eV; A-AFM
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Figure 3.6: Averaged per-site magnetization < m; > (of spins normalized to unity) as a
function of hole doping x for two different lattices (6 x 12 and 12 x 12) and for a fixed
T = 0.001¢.

qualitatively similar results as that of the 6 x 12 lattice as depicted in Fig. 3.6. However,
the 12 x 12 system requires a running time which is ~ 5 times that of the 6 x 12 case; also,
the number of degenerate states for the 12 x 12 system is much more. Thus, dealing with
the 12 x 12 case is computationally expensive. So, we conclude that 6 x 12 lattice can be
considered to be representative for the 12 x 12 lattice and will be used for investigating the

ferromagnet-insulator properties of the system.

At a very low-hole concentration ~ 0.1 (i.e., 8 particles on a 72-site lattice), 8 holes get
distributed among 12 columns such that NN as well as NNN and NNNN interactions are
avoided. In most of the degenerate states, no two holes occupy the same column. Hence we
have site-localized holes in the system, polarizing their NN spins, giving rise to magnetic
polarons that remain disconnected in the lattice. Due to the NN interaction Jyy, spins in

a column try to align ferromagnetically. Thus, the ferromagnetic polarons and the ferro-
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Figure 3.7: Charge configuarations in the ground state of a 6 x 12 lattice. An arbitrarily
chosen degenerate ground state, involving 72 sites, for (a) 12 holes, (b) 14 holes, (c) 16
holes, (d) 18 holes, (e) 22 holes, (f) 24 holes (diagonal stripe order), (g) 32 holes, and (h)
36 holes.

magnetic interaction in columns together give rise to an effective low magnetization value

(with a sizeable fluctuation) .

At each temperature, the value of magnetization is essentially unchanged between hole
densities 8/72 and 12/72 (~ 0.167); this is because up to the filling 12/72, holes can still

maintain to be non-interacting (on ignoring the superexchage) as can be seen in Fig. 3.7 (a).
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At temperatures 1" < J, (= 0.016¢ for t = 0.3 eV and = 0.024¢ for t = 0.2 eV), antifer-
romagnetic coupling between columns is effective and the system has low magnetization
at low concentrations (i.e., x < 12/72). On increasing the temperature up to 7' = J,,
the effect of J, diminishes while the effect of ferromagnetic coupling J, = 1.4.J, is more
dominant; thus, magnetism in the system increases with increasing temperature. For higher
temperatures 7' > .J, and again at low concentrations (i.e., x < 12/72), the effect of the
ferromagnetic coupling J,, also diminishes, and the magnetism decreases with increasing

temperature.

34.1.1 t=0.3¢V case

As the concentration of holes increases, initially NNNN interactions and later NNN inter-
actions become relevant; the NN interactions being the strongest are still avoided. Thus
longer ferromagnetic chains are formed, thereby increasing the total magnetization of the
system. So by x = 14/72 ~ 0.194 [see Fig. 3.7 (b)], magnetization for lower temperatures
such as 7" = 0.001¢ starts rising sizeably; the peak magnetization value is now at a reduced
temperature of 7" = 0.01¢. By z = 18/72 = 0.25 [see Fig. 3.7 (d)] NNN interactions
also appear, the different local magnetic polarons start interacting with one another and
hence form larger magnetic polarons and the peak magnetization temperature reduces to
T=0.001t; here, starting from 7" = 0.1¢, the magnetization increases with decreasing tem-
perature. It is to be noted that there occurs a narrow crossing region (14/72 < x < 17/72)
where magnetization curves for different temperatures intersect. In the crossing regime,
there is a complex interplay of various competing effects: 1) aligning of different magnetic
polarons due to dominance of J,, over J; 2) reduction of electron-hole spin interactions
due to appearance of NNNN and NNN interactions (of strength m); 3) commencing

of percolation effects of magnetic polarons due to large hole concentrations; and 4) disor-
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6 X 12 lattice; t=0.3eV; A-AFM
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Figure 3.8: Averaged per-site total magnetization < m; > (of spins normalized to unity)
as a function of the number of holes doped for a 6 x 12 lattice and for various temperatures
(expressed in units of hopping parameter t). The background spin configuration is A-AFM
type and hopping t = 0.3 eV.

dering effects of the temperature. At x = 18/72 (= 0.25), percolation effect of magnetic
polarons is largely dominant over antiferromagnetic interactions. At even higher hole con-
centrations, this effect is even more pronounced; magnetization rises faster with lowering
of temperature. As can be seen from Fig. 3.8, at lower temperatures and for z > 15/72,
the magnetization increases faster with increasing hole concentration. At 7" = 0.001¢, we
get an almost fully ferromagnetic large cluster for z = 22/72 ~ (0.3 [see Fig. 3.7 (e)], with

averaged magnetization values close to the maximum possible.

34.1.2 t=0.2 ¢V case

For the t = 0.2 eV situation, the crossing region (i.e., 13/72 < x < 19/72) is wider
than it is for the ¢ = 0.3 eV case. The peak-magnetization temperature oscillates in the

crossing regime (see Fig. 3.9); furthermore, the curves corresponding to 7" < J, = 0.024t
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6 X 12 lattice; t=0.2eV; A-AFM
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Figure 3.9: Averaged per-site total magnetization < m; > (of spins normalized to unity)
as a function of the number of holes doped for a 6 x 12 lattice and for various temperatures
(in units of hopping t). The background spin configuration is A-AFM and ¢t = 0.2 eV.

intersect more than once in the crossing region. A plausible explanation for this can be

given as follows. The ratio of electron-hole spin interaction and antiferromagnetic coupling

[(ﬁ) / Jz] is only 8; when NNN and NNNN interactions are relevant, the ratio
P p

reduces to ( / J, = 7. Thus antiferromagnetic coupling becomes more prominent

t2
2E,+4V},

than for the the ¢ = 0.3 eV case and frustration effects become relevant.

It could be due to frustration that, at lower temperatures (such as 7' = 0.001¢), the magne-
tization curve drops at the higher carrier concentration x = 18/72 = 0.25. This also could
be an indication of the superspin glass phase claimed in experiments [49]; here, “super-
spin” refers to a spin cluster (i.e., a large magnetic polaron). At z > 20/72 (~ 0.28), per-
colation effect of magnetic polarons dominates over antiferromagnetic interactions; mag-
netization rises with lowering of temperature. Finally, for the higher hole concentration

r=22/72~ 0.3 and at T'=0.001¢, we get a reasonably high magnetization value of 0.85.
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3.4.2 G-AFM background, t = 0.3 ¢V case

To gain further insight, we study the interplay between the strong ferromagnetic electron-
hole interaction that polarizes the NN spins of a hole and the superexchange NN antifer-
romagnetic interaction J,. The magnetic profile, away from the holes, resembles that of
a G-AFM system; the holes form ferromagnetic polarons involving the hole spin and the
NN spins. At temperatures 7' < J, = 0.016¢ and hole fillings up to z = 24/72, due
to the effect of antiferromagnetic J, coupling on all sides, the polarizations of the mag-
netic polarons oppose each other leading to a low magnetization as shown in Fig. 3.10. For
higher temperatures, due to the dominance of the disordering effect of the temperature over
the superexchange interaction, there is a probability for the clusters to get less misaligned.
Hence we notice an increase in the magnetization for 7" > J,. For x = 24/72 = 1/3, we
have a diagonal stripe order as depicted in Fig. 3.7 (f); each column has two holes. For this
arrangement, diagonals containing holes are ferromagnetic, but every such diagonal (with
holes) is antiferromagnetically coupled to its neighboring diagonal. In each column, half
the spins are in one direction while the other half are in the opposite direction leading to a

very small total magnetization.

Here too, very similar to the case of ¢ = 0.2 eV with A-AFM background, there is a
crossing region; the crossing occurs in the region 24/72 < = < 32/72. In the crossing
regime, the peak-magnetization temperature oscillates and the curves for 7' < Jz intersect
thrice in the crossing region. Since all the background spins interact antiferromagnetically
(which is in contrast to the A-AFM case), percolation of magnetic polarons dominates over
antiferromagnetic interactions at an even larger filling; around x > 32/72 = 0.44 [refer

Fig. 3.7 (g)], magnetization increases with lowering of temperature.. It is to be noted that,
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6 X 12 lattice; t=0.3eV; G-AFM
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Figure 3.10: Averaged per-site total magnetization < m,; > (of spins normalized to unity)
as a function of the number of holes doped for a 6 x 12 lattice and for various fixed tem-
peratures (in units of hopping parameter t). The background spin configuration is G-AFM
type and t = 0.3 eV.

for half-filling [see Fig. 3.7 (h)], we should expect a fully ferromagnetic spin profile with

a checkerboard charge structure. [37]

3.4.3 Fully FM background, t = 0.3 eV

Lastly, to better appreciate subtleties pertaining to FMI, we also study the case where the
superexchange interaction is fully ferromagnetic (FM) with coupling J, = 0.016¢ when
t = 0.3 eV. Here, while in the NN vicinity of a hole the spins get strongly polarized
thereby forming a ferromagnetic magnetic polaron, the magnetic profile is that of a weaker
FM system away from the holes. Hence, for temperatures much smaller than J, (such as
T = 0.001t), we have an almost fully ferromagnetic system as shown in Fig. 3.11, On

increasing the temperature, the spins get more misaligned and the magnetization reduces.

106



6 X 12 lattice; t=0.3eV; fully FM
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Figure 3.11: Averaged per-site total magnetization < m,; > (of spins normalized to unity)
as a function of the number of holes doped for a 6 x 12 lattice and for various fixed temper-
atures (in units of hopping parameter t). The background spin configurataion is fully FM
and ¢t = 0.3 eV.

At lower fillings, as the temperature increases to the value 0.03¢ (i.e., T' =~ 2.J,), the dis-
ordering effect is large enough so that the magnetization drops considerably as shown in
Fig. 3.11; On the other hand, at higher fillings and again at 7" = 0.03¢, percolation of mag-
netic polarons counters the disordering effect and generates higher magnetization values.
For still higher temperatures (such as 7" = 0.1¢), the magnetic polarons tend to orient in
random directions because the superexchage coupling is ineffective, thereby reducing the
magnetization significantly. It is interesting to note that, in all the three Figs. 3.8, 3.10, and
3.11 plotted at ¢ = 0.3 eV, the magnetization curves are similar because the superexchange

is ineffective and hence the nature of superexchage coupling is irrelevant.
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3.5 Conclusions and perspectives

We studied the nature of ferromagnetic insulator in the experimentally relevant doping
regime of 0.1 < z < 0.3 in bulk manganites. The magnetic interaction considered here
applies to manganites with low density of localized holes. In regions without holes, as
in the undoped manganites, the magnetic interaction is A-AFM; in a region with a hole,
the site-localized hole produces strong ferromagnetic coupling between its spin and its
NN electron spins. We find that near the doping = 0.3, the insulator is almost fully
ferromagnetic. Now, the critical doping at which the system becomes fully ferromagnetic
depends on the dimension; in 2D it is expected to the around twice the value of the critical
doping in three dimensions (3D) for the following reason. In a conducting-site percolation
problem, the critical concentration for conduction in a simple cubic lattice is 0.31 and in a
square lattice it is 0.59 [see Ref. [163]]; hence, the critical doping to produce a percolating
cluster that is a checkerboard charge-ordered region is 0.5 x 0.31 in 3D and at 0.5 x 0.59
in 2D [see Ref. [48]].

It was experimentally observed that a FMI phase is manifested in the wide-band man-
ganite La; SryMnOj in the doping region 0.1 < = < 0.18 [43], in the intermediate-
bandwidth La; ,Ca,MnOj in the doping range 0.1 < z < 0.225 [43, 44], and in the
narrow-bandwidth Pr;_,Ca,MnOj in the region 0.1 < z < 0.3 [43]. The fact that the
FMI region persists till a higher doping when bandwidth decreases (and concomitantly
electron-phonon coupling increases [123]) is consistent with the fact that the tendency to
localize increases as bandwidth decreases [45—47]. The hopping values considered in this
work are pertinent to wide-bandwidth and intermediate-bandwidth manganites. While our
one-band model (involving site-localized holes) is relevant to understand manganites in the

FMI region, it is certainly not valid to study the ferromagnet metallic (FMM) phase that

108



occurs at higher doping in manganites; to understand the FMM region, we need to invoke
a two-band model and/or analyze the effect of disorder on localization.

The experimental managanite phase diagram reported in Ref. [164] reveals increasing
T, values at higher dopings for the FMI phase in La;_,Sr,MnO3. Based on this phase
diagram, for a fixed ' < T.(x = 0.1), we expect the magnetization to increase when the
doping increases in the FMI region; this is consistent with the curves in Fig. 3.8.

Lastly, comparing the t = 0.2 eV, A-AFM case with the ¢ = 0.3 eV, G-AFM case,
we conclude that the antiferromagnetic coupling J, plays the important role of causing
frustrations in the system. We also point out the possible occurance of glassiness in the
system to explain the multiple intersections of the curves in the crossing regime at 7' < J,
(see Figs. 3.9 and 3.10). Such a picture is supported by the observed superspin glass
phase in Lag g2 Cag1sMnO3 ferromagnetic insulator at 7 < 70 K [49]. Further theoretical
analysis is required to clearly identify and characterize a superspin glass phase at lower

temperatures.
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SUMMARY

A property of heterostructures is the transfer of charge across the interface that brings about
changes in collective phases at the interface and affects electronic and transport behaviors.
The goal is to tune the different degrees of freedom so that the interface can reconstruct it-
self electronically and magnetically and generate novel phenomena such as the occurrence
of a 2DEG, metal-insulator phase transitions, multiferroicity, magnetoelectricity, etc. Start-
ing from this broader perspective about the potential of oxide heterostructures, this thesis
demonstrates the importance of cooperative electron-phonon interaction in the transfer of
electrons across the interface of manganite-manganite heterostructures. This work princi-
pally concentrates on two, out of many, of the prototypical characteristics of manganites:
(1) the coupling between the diverse degrees of freedom (such as spin, charge, orbital and
lattice) and (2) the expansion of one magnetic phase at the expense of another magnetic
phase by tuning the charge degrees of freedom. The thesis also offers a mechanism for
the not-well-understood ferromagnetic insulating phase that is realized in bulk manganites

and plays a central role in our predicted magnetoelectric effect in manganite-manganite
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hetrostructures. The FMI phase is explained by incorporating cooperative electron-phonon

interaction physics as a necessary ingredient.

In Chapter 2, a demonstration of a giant magnetoelectric effect (at temperatures com-
parable to the boiling point of liquid helium) is done on the manganite heterostructure
(Insulator) /(LaMnOs), /Interface/(CaMnOs), /(Insulator) [37]. We study the pure
manganite-manganite heterostructure using both a simple analytic picture and a more de-
tailed numerical approach. We show that a sizable fraction of charges, from a few layers
near the interface, can be transferred across the interface. In the analytic approach, a con-
tinuum approximation is invoked and the charge distribution is obtained by considering
only the potential energy involving electron-phonon physics and Coulombic interaction.
On the other hand, the numerical treatment involves a more realistic lattice model and due
attention is paid to the kinetic energy term as well. We employ classical Monte Carlo along
with simulated annealing to arrive at the charge and magnetic profiles. By transferring
electrons from the LaMnOj side to the CaMnOj side, using a sizable external electric
field, we realize a giant magnetoelectric effect by enhancing the ferromagnetic insulating
region at the expense of the A-AFM region on the LMO side and the G-AFM region on the
CMO side. It is of interest to note that the giant magnetoelectric effect (predicted by us)
was missed by the authors of Ref. [32]. In future, we would like to identify which oxide
heterostructures can give the best magnetoelectric effect at elevated temperatures as close
to room temperature as possible. Also, employing the CEPI framework developed in this
work, we would like to study other oxide heterostructures (with different geometries) for

new interesting phenomena.

Ferromagnetic insulators are highly needed for many novel magnetic devices, such as
dissipationless quantum-spintronic devices, magnetic tunneling junctions, etc. Chapter 3

offers a mechanism for the enigmatic FMI region [42] that occurs in phase diagrams of
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intermediate- and narrow-bandwidth manganites at low-hole concentrations (varying be-
tween 0.1 and 0.3). Invoking cooperative electron-phonon-interaction physics and double
exchange and superexchange processes in a localized system, an effective Hamiltonian is
obtained involving charge and spin degrees of freedom. We get an effective intermediate-
range electron-electron repulsion due to cooperative breathing mode distortions; incorpo-
rating double exchange mechanism produces a strong ferromagnetic interaction between a
hole and its neighboring electrons leading to magnetic polarons. When the magnetic po-
larons increase in number due to doping, they coalesce and generate a ferromagnetic insu-
lator. An exciting revelation is that, at intermediate dopings, magnetization curves (calcu-
lated at various temperatures using Monte Carlo simulations) intersect. Before the crossing,
non-interacting holes produce isolated ferromagnetic clusters; after the crossing, percola-
tion fully commences making the system highly ferromagnetic. In the crossing regime,
there is a complex interplay of ferromagnetic and antiferromagnetic components of the
superexchange interaction; density dependence of electron-hole ferromagnetic interaction;
percolation of magnetic polarons; and disordering effects of temperature. Ferromagnetism
in the system gets enhanced at higher dopings or when the ratio hopping/polaronic-energy
dominates over the ratio superexchange-coupling/hopping. In future, the crossing regime

(disclosed by our calculations) needs to be analyzed for a possible spin-glass phase (see

Ref. [49]).
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