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Chapter 1

Introduction

Ever since the invention of transistor [1, 2], semiconducting nerials have
become the work horse of modern day electronics. The range aottical re-
sistivity in these materials varies over orders of magnitude anthe ability to
tune them accordingly is key to any digital electronic devie. Miniaturization
and the constant e®ort to t more number of transistors in smaller iregrated
circuits has led to the reduction in their physical dimension.This has led
to the study of the physics of low dimension materials. At this lowdimen-
sional regime they behave very di®erently from the bulk limitrad the strong
dependence of physical properties on size has very signi cantheological
implications. This coupled with the ease of fabrication and jrcessing, makes
this class of materials promising building blocks for materia with designed
functionalities. For example, the band gap in CdS nanocrystsiNCs) can
be tuned with the change of diameter only which is not possibla ibulk. A
change of diameter from 13\ to 39 A [3] results in a change of band gap
from 4.5 eV to 2.5 eV respectively. This enormous tunability fophysical
properties has signi cant technological implications in theeld of light emit-

ting diodes(LED), switches, solar cells and other electronic diees. Light



emission in LED arises from the recombination of electrons andles and
the color of the light is solely dependent on the energy band gaf semi-
conductors. To mention some of the achievements, LED made frondSe
NCs can be tuned to emit light within red to yellow spectrum [4] wth the
variation of NCs diameter. White LED, based on ultra-small CdS&ICs [5]
have shown excellent color characteristics. These advancenirt the eld
of LED are sure to impact the existing lighting and display industy. Energy
harvesting and the use of NCs for very excient solar cells is anotheeld of
utmost interest. Overall energy conversion exciency of tradinal solar cells
are very poor and strategic attempt to improve it [6] by channing excess
photon energy normally lost to heat into usable free energy haween made.
This ability to control the properties in such NCs requires a ampetency
to control the uniformity of size, shape, composition, crystal sticture and
surface stoichiometry and the knowledge of growth mechanismeaof great

importance.

While early studies on semiconducting NCs made use of particlestgedded
in glass matrices [7, 8], they are now commonly grown as callsisuspended
in solution. A typical synthesis to prepare NCs involves choosingnolecu-
lar precursors, solvents and surfactants/passivating ligands ugjroptimized
reaction conditions causing the atoms to self-assemble into NG.[ Surfac-
tants are introduced during the growth of NCs to arrest their gowth leading
to NCs of a desired size. While the main purpose of introducing the pas-
sivating ligands remains to control the growth of NCs but they hve been
found to in°uence the properties of resulting NCs as well. Thisneerges as
a consequence of their binding with the surface atoms. Work by Nagg.
al. [10] has shown the way to thermodynamically stabilize botkincblende
and wurtzite phase of CdS NCs. This was achieved by properly clsiag

passivating ligands which helps to ne tune the surface energy @uhus pre-



ferring one type of geometry over the other. In another worka novel route
to the synthesis of CdSe NCs have been achieved [11] with the peoghoice
of passivating ligands. Optical transition in I1-VI NCs have beenuned [12]
with the help of surface functionalization. Moreover magnetm has been in-
duced [13] in case of thiol capped gold NCs which arises becaustefstrong
interaction between the surface atoms and the capping ligasd In Chap-
ter 3 considering the example of binary semiconductors CdSe and GaAs,
we go onto investigate the role of passivants in controlling thetoichiome-
try of NCs. We nd that the strong interaction between the passivans and
surface atoms could result in the growth of highly non-stoichmetric NCs.
This emerges from the fact that polar surfaces have more neighurs with
the passivating ligands than non-polar surfaces. This leads tos&ronger in-
teraction between the passivants and the surface atoms whichut dictate

the surface stoichiometry.

With this understanding of the role of passivant on the growth mehanism
of semiconducting NCs we went on to explore the route of doping exploit
optical properties of these nano materials. Doping is a well kwn route to
introduce allowed energy states within the band gap region. dm temper-
ature can thermally ionize the dopant states and thus creatdsee carriers in
the conduction or valence bands. Dopants can also modify the rixh struc-
ture and thus can tune various properties of the host materialThis idea has
been carried forward for the case of semiconducting nano magds and con-
stitutes one of the most active research elds of today. But unli&kdoping bulk
semiconductors, many of the e®orts of incorporating impuritein semicon-
ducting NCs have failed due to the e®ect known as self-puri catiq14, 15]
process. However the issue has been addressed with the help of bigdin
energy associated with di®erent morphological surfaces and avelaoute of

doping [15] has been proposed. Choice of dopant materials mother concern

3



as the properties of the doped semiconducting NCs often solelgp®nd on the
properties of the dopant energy levels. Transition metal ionwith localized,
magnetic and essentially atomic like character are often the st choice as
they o®er a wide range of properties to be tuned. Consideringetexample of
Co doped CdSe NCs, experimentalists have observed [16] an enleament of
magnetic super-exchange between Codopant ions in the con ned system.
Interaction between the magnetic ion and the exciton in Mn doed CdTe
NCs have been exploited [17,18] to manipulate the quantum st&abf an indi-
vidual spin by optical or electrical polarized carriers. Thusnformation can
be written on the spin state of a single Mn ion in a semiconducting N&C
using an orientation process. Another aspect which has drawn huiggerest
is the extraordinarily bright photoluminescence shown by thee doped NCs.
Mn doped semiconducting NCs are admittedly the foremost systemdhhas
been explored so far. Mn d states are usually found to be una®ectad
the size of the host NCs and wide range of tunability of the emissidhat
one requires for the technological applications are verynlited [19, 20]. But
recent spatially resolved optical emission results by Hazarika.edl. [21] have
suggested that the energy levels of each manganese ion are inuaehby
the surrounding environment. Mn ions residing near the surfacexperience
more distorted ligand eld compared to those residing near the o® of the
NC. Thus any emission from Mn ions doped near the center di®ers rfro
ions near the surface of the nano-particles and one can attawvide emission
spectrum by doping at various inequivalent sites in the host. Bpite this,
one nds that a transition between Mn levels is invariant from he core of
the NCs and does not depend on the host, suggestive of a strongly rato
character of the transition. InChapter 4 , considering the case of Mn doping
in semiconducting NCs we have shown that optical transition fronthe core

of NCs is independent of their local environment. Analysis of thdensity



of states(DOS) coming from Mn and nearby host anionic sites revethat
there are substantial interaction between them. However the t@ractions are
normalized in such a way that the relative position of the e®ee® transition

levels remain xed leading to very atomic like transition enegy.

The successful exfoliation of graphene [22] has propelled thewth of semi-
conducting physics, especially the area of two dimensional lagd materi-
als. Properties like quantum Hall e®ect [23], presence of mass-IBgsc
fermions [24,25], very high electrical [26] and thermal cduactivity [27], opti-
cal transparency [28,29] and remarkably strong surface, haveade graphene
the most studied two dimensional material. But being a zero bandap ma-
terial, it is not suitable for controlling the electrical corductivity. Band gap
can be opened in the patterned [30] as well as bilayer strucag [31] but
at a cost of a huge reduction in electron mobility [32]. The catant en-
deavour of tuning the electrical conductivity, optical prgerties, mechanical
stability etc. has driven the discovery of other layered mateals like molyb-
denum disul de (M0S). MoS; is a transition metal dichalcogenide which
forms bulk crystals of two-dimensional layers stacked in the sé&al direc-
tion. This is very similar in form to graphene and express divee electronic
and optical properties that di®ers from those in bulk. Bulk Mogis an in-
direct bandgap material with a band gap of 1.2 eV whereas mdager of
MoS; is a direct band gap material with an enhanced intrinsic bandap of
1.8 eV [33]. Being a direct band gap material it can couple apal and elec-
trical properties [34] which is not possible with silicon in a sgie transducer.
Moreover heterostructures of these materials have already stoto couple
di®erent degrees of freedom. As an example heterostructuregmiphene and
MoS;, has already been explored [35] as a multifunctional phot@sponsive
memory devices. Hexagonal BN (h-BN) is another member of this aup

and is the best known substrate for graphene based system for its weim-



ilar lattice constant and atomically smooth surface. It is a lagred material
with weak van der Waals interaction between the layers. Bandg is found
to be 5.97 eV [36] and thus have a potential application as deeltraviolet
light emitter. Fabrication of two dimensional monolayer of RBN through the
controlled energetic electron irradiation [37] and chemat vapour deposition
on Cu foil [38] has already been achieved. To date, experint®rave not
successfully measured the opto-electronic properties but due the broken
symmetry of the sublattice it is expected to be insulating and add also
be another potentially important material for novel electonic device fabri-
cation. Epitaxially grown Ge Ims on Si substrates have been foul to be
another important material for Ge-on-Si microelectronic§39] due to high
carrier mobility. Ge-on-Si is a promising building block foil variety of appli-
cations for Si based photonic systems [40]. Moreover a genelte to grow
epitaxial layer of two dimensional nano materials on top of igred hybrid
perovskite has been proposed [41] which has opened a new playgd for
modern quantum device fabrication. With the advent of sciemtc progress
and control to the experimental precision this list is gettingpopulated very
quickly and monolayer zinc oxide(ZnO) is one new member of ihgroup.
It has been shown considering the example of ZnO that thinner Imwith
wurtzite structure while grown along (0001) direction remo® the electric po-
larization by adopting a graphitic like structure [42,43] inwhich the atoms
are in threefold coordination. The question inChapter 5 we ask is up
to what thickness are polar structures stabilized in covalent sgconductors
such as CdS. Using experimental in-plane lattice constant, we nthat a
buckled structure with a nite dipole moment is favoured at themonolayer
limit. This is because the Coulomb interactions between thdextrons on Cd
and S atoms are large in the graphitic phase. The system overcarthis by

buckling and elongating the Cd-S bonds. Alternately a 2% biaal tensile



strain is found to stabilize a rare graphitic phase in one monolar of CdS.
In the bilayer limit a more three dimensional non-polar chirhstructure is
found to be favoured in the absence of any strain. Thus though ertan have
slightly polar structures in the monolayer limit of CdS, the dpole moment
is found to build up with thickness forcing non polar structurs to be the

norm.

Abundant availability of transition metal compounds with maghetic prop-
erties inspired our scienti ¢ endeavor from the dawn of the sotye One of
the rst references to the spontaneous magnetic properties afdestone [44]
which is nothing but oxide of iron, was made around' century B.C. In-
tense experimental as well as theoretical research has exptbproperties like
high temperature superconductivity [45, 46], charge [47{49orbital [50, 51]
and spin ordering [49, 50], multiferroic properties [52{54]metal insulator
transition [55, 56], ability to form complex oxides etc. apdrfrom mag-
netism [57,58]. Thus, when recent research showed that in additi to
the composition and arrangement of atoms in materials, dimemsiality also
plays a crucial role in determining fundamental propertie$22], transition
metal compounds [59] become one obvious choice for explgririn Chap-
ter 6 we considered one less-investigated interesting layered traimsit metal
compound, Ta$. It is metallic and non-magnetic in nature. Fe intercala-
tion in this material introduces very diverse magnetic prop#ies and one has
both ferromagnetic(FM) as well as anti-ferromagnetic(AFM)structures de-
pending on the doping concentration [60, 61]. Additionally me nds a very
large magneto-crystalline anisotropy associated with FgsTaS, [62], which
makes it useful for switching applications. These layered magiematerials
could be a cheap alternative to magnetic layered heterostriuces. While an
RKKY model has earlier been used [63] to explain the observed greetism,

analogous to the well studied problem of nonmagnetic metalagnetic metal



heterostructures, in the present system we nd strong interaction édween
Fe dZ states and the Ta dZ states. At low concentrations the pathway for
electrons on Fe to hop through Ta results in a FM alignment of Fepins.
Fe also donates electrons to the system, behaving like a +2 emtit With
increasing Fe concentration, the Ta dz states get Tled up, removing the
FM channel. Additionally the in plane Fe atoms come closer reguig in

anti-ferromagnetism being favoured.

Multiferroic materials [64] with spontaneous magnetizatio and polarization
is another promising candidate for advanced devices. Howevéeetfact that
long range magnetic order requires nite d count with localizd electrons
but experimental evidences show that large ferroelectric [asizations are
primarily found in d° systems, is responsible for the scarcity of such multi-
ferroic materials [65,66]. There are examples of multiferic materials but
the electric polarization associated with such structures areay smaller than
found in ferroelectric materials( 0.12C=cm? in LuMnO 3 [67] compared to
261C=cm? in BaTiO; [68]). One proposed route to achieve multiferroic ma-
terial was to search for perovskites in which magnetism and fewlectricity
are driven independently by the di®erent cationic sites [69Q} However the
signi cance of coupling two di®erent degrees of freedom is lastsuch mech-
anism. Recently band insulators have been explored as potetmultiferroic
materials [71]. The reason being that rst order Jahn-Teller ditortions are
guenched as a result of absence of any orbital degeneracy. Cqusetly, the
lowest order distortions are second order in nature which are wsly found
to be polar. In Chapter 7 we consider the example of a recently synthe-
sized high Neel temperature material, SrTc®[72,73]. We nd it to have
signi cantly enhanced Born e®ective charge at the O and Tc sitefidugh no
polar distortion is found to be favoured at the bulk limit. Introducing two

monolayers of SrTcQ between BaTi(Q;, a ferroelectric material, we nd that



polar distortions are stabilized in the SrTcQ layer. The substrate merely
provides the required strain. This is veri ed by subjecting thesubstrate
to an additional 2% biaxial strain where we nd that while the sulstrate
loses its ferroelectricity, the SrTcQ layer has its ferroic distortions. We then
ask about the microscopic considerations which allow polar d@stions to
be stabilized. Within our calculations we have explored theote of quantum
con nement, Born-e®ective charge and breaking of the inversisymmetry to
stabilize the polar distortions in such heterostructure. Addinganother TcO,
layer results in the distortions in the two TcO, layers to be out of phase.
Our analysis shows that there is an asymmetry associated with thepping
strength along two opposite out-of-plane directions. While t movement of
Tc ion in one direction results in a gain in total energy, theras loss in en-
ergy while the movement is in opposite direction. This mech&am has been

shown to explain the polar distortions in such structure.

Band model was simple and successful to describe insulating and alkt

state in most of the materials. So, it was a surprise when the repodf
de Boer and Verwey [74] showed the presence of several insulatiagsition

metal oxides such as NiO, with partially Tled d electrons whiclwere expected
to be metallic according to the band model. It was the rst instane when
the band model failed and the importance of other e®ects havedn since
realized. Mott and Peierls [75] came up with the idea that strog Coulomb
repulsion between electrons could be responsible for such ingnlg materials
and paved the path for widely studied metal insulator transitio(MIT) for

strongly correlated materials. The properties of the MIT, so fa have been
most extensively studied for d-electron systems [56] and transih metal
compounds especially perovskite oxides have been the preddrichoice al-
ways. Insulator driven by correlation e®ects in these materiails categorized

as Mott insulators [55] or charge transfer insulators [76] anché Hubbard



model [77] and its extended form are often used to describe thdn such
materials. Within the Hubbard model, MIT can be understood as aam-
petition between the localizing and the delocalizing e®ectsd a material
becomes insulating when the localizing e®ect surpass the delagagy e®ect.
This description can also detail the presence of several 3d indirg tran-
sition metal compounds and the scarcity of such materials in théd or 5d
series. There is another type of MIT driven by magnetic correfmn e®ects
and is operative at the magnetic transition temperature. Star successfully
addressed the issue [78] with the argument that anti-ferromagi&AFM) or-
der with neighboring spin oppositely aligned, occurs at the Mltemperature.
This creates an opposite periodic potential on each nearestigigbour which
results in an energy gap in the modi ed magnetic Brillouin zone Despite
this, there was no experimental evidence until recently magftically driven
MIT have been observed in 5d transition metal compound NaOs(79].
AFM order driven by the nesting of the fermi surface plays an impgtant
role in gap opening in these materials and should be strictly opsive at the
half Tling of the band. In Chapter 8 we have asked the question about the
scenario beyond half Tling. With the slightest amount of electon doping in
the half Tled band we are able to stabilize a structure which is mtallic and
AFM in nature. AFM order in this material is found to be more robust than
expected and we are able to stabilize AFM metallic state even a0% doping
concentration. We further have analyzed magnetism in the pant and the
doped structures with the help of Heisenberg model and contribans from

di®erent superexchange pathways have been discussed.
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Chapter 2

Methodology

2.1 Solution to Many Body Hamiltonian

Materials in their di®erent forms are made of atoms which on éother
hand are made of positively charged protons, negatively chadg electrons
and neutral neutrons. Arrangement of these atoms in a regulardhion in
repeated units lead to the crystalline structure which one uslig encounters
in material science. The regular periodicity that one nds her leads to
simpli cations in the properties of materials. There are also narials in
which the ordering is not periodic. Electrostatic interactons between these
charged particles are responsible for all diverse propertielsat they show.
In principle, the problem of electromagnetically interadhg particles can be
described by time independent many body SchrAdinger equatiof the form
of H3( R;r) = E?3 R;r) and the exact many body Hamiltonian for such a

system can be represented by
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2.1. SOLUTION TO MANY BODY HAMILTONIAN

X ~2 X ~2 X Z|e2 X 62 X Z|ZJ€2
H = —rrz_i —réi — . -+ —_
c2me Mo 2My TRy g i )y JREi Ry)

(2.1)

wherer 2 andr % are Laplacians containing second order derivatives with
respect to electronic and ionic coordinates respectivelym, and M, de-
note mass of the individual electron at positiorr; and mass of nucleus at
the position R, respectively. Z, e is the charge of the nucleus. First two
terms in the right hand side describe the kinetic energies ofeetrons and
nuclei respectively. The last three terms denote the Coulommmteraction
between nucleus-electron, between di®erent electrons andween two dif-
ferent nuclei respectively. Despite its simplicity, the solutn of the many
body Schridinger equation is very ditcult due to the presenasf coupled
electron-electron Coulomb interaction terms and the Hami@inian cannot be
solved exactly beyond the hydrogen atom for technical limiteons. In or-
der to nd an acceptable solution with suxcient accuracy to deschie the
diverse properties materials exhibit one can impose varioup@oximations

at di®erent levels.

The rst and the simplest approximation that one can make is to ndgct
the kinetic energy of the nuclei. This approximation is basedn the idea
that the mass of the nucleus is much heavier than that of electn ( 1836
times) and thus they are expected to move much slower than eleahs and
any electronic properties can be calculated by assuming ions be xed to
a position. This simple yet powerful approximation is famoushknown as
the Born-Oppenheimer (BO) approximation [1] . Within this goproximation
ions are assumed to be xed in a position, the interactions betweéons can
be assumed to be constant and is known as Madelung energy [2]. Swjer

the BO approximation the Hamiltonian can be written as
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2.1. SOLUTION TO MANY BODY HAMILTONIAN

X ~2 x Z|e2 X 62
+

H = r2 : : : : 2.2
! 'R T itii 1]+ Ema (2.2)

2me "

i>]
The rstterm in the R.H.S denotes the electronic kinetic energpf electrons.
The e®ect of nuclei on the electrons is included in the secondteand is gen-

erally called external potentialVio, (r;)). Third term is electronic Coulomb

interaction and the last one is constant Madelung energy.

The simplest approximation that one can employ is the Hartree aggoxima-
tion. According to this approximation, electrons are assumedtbe indepen-
dent and interact only via a mean eld Coulomb interaction degloped by all
other electrons. The many body wave function for such system case fiound

in terms of product of single electron wave functions.
3(ry;ro; ) = Ag(r)Ag(ra): (2.3)

Where A (r;) is the single electron state. Single electron Hamiltonian is

given by the independent electron Hamiltonian of the form ofi(ri;pi) =

P P - -
=2 2¢_ 4 g2 <Ajj—1-jA > and total energy is

Pom ' il R i6 ] i
X ~ 02, N ezX o s
E = <Ajj +V A > + <AiAj- JAA > (24
i |J2mer fi l0n(r)J I i>j I JJJrii erJ v ( )
where the single electron Hartree equation becomes
#
i ~2 2 X ~ . 1 .~ ~ w R
r2+ Ven(r)+ €&  <Ajj: A > A(r) = "iA(r)  (2.5)

2me i6] Jrici rj]

From the expression of single electron Hartree equation, it is ieent that

any arbitrary state A; can be determined if all other statesd; are known
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2.1. SOLUTION TO MANY BODY HAMILTONIAN

completely. In practice, this self-consistent problem can belsed iteratively
until desired accuracy is reached. In order to describe the felonic nature
which is not included in the Hartree approximation, many bodywave func-
tions have to be properly antisymmetrized. This can be satis edybforming

suitable basis states given by Slater determinant [3].

X Y

A ry;rp) = {91N: G1)  Adr) (2.6)
T i=1

where N is the total number of electrons. This method is knownsaHartee-
Fock [3] approximation. For the simplest case of two body probie Slater

determinant takes the form of,

A 1) = pl—i[Al(rl)Az(rz) - Bor)Ra(r)] 2.7)

Now the joint probability for nding particle one in position r; and particle

two in position r, is

jB(rurjt = %UAl(rl)jszZ(rz)jz + JAx(r1)j%A(r2)i% |
AL (r)AZ(r2)Ag(r2)Ax(ry) i
Af(rZ)Ag(rl)Al(rl)Az(rz)]

wherejA;(r1)j? and jA,(r,)j? are the probability of "nding particle one atr;
and particle two atr,. Forr; = r, = r, we nd that the joint probability is

vanishing. Thus the formulation of Hartree-Fock method has edady taken
into account of the e®ect that two electrons cannot occupy treame position.

The one electron Hamiltonian for the ' particle can now be written as
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2.1. SOLUTION TO MANY BODY HAMILTONIAN

2 :
Hurp = om r r2i + Vion(ri)+ ViH(ri)'l' ViX (2-8)
e
where
VR () = “ AR, (2.9)
o i ]
and
; x 7 ¢
VEA(r) = i A(ri) A a(r ) Au(r )dr| (2.10)

i6i
are known as Hartree potential and exchange potential respealy. The
exchange term describes the e®ect of exchange interactiondesten electrons
and is di®erent for each statd\. It is instructive to try to write this term in

the form of VJA;. To do this, we introduce the concept of single particle and

total densities as

(r) = JA(r)j? (2.11)

and X
)= Y(r) (2.12)

i
In terms of density, Hartree potential takes the form of

X L 1 1
VH(r) = & /?(r% ) o= &2 M (2.13)

rirg jri r9

j6i

Similarly single particle exchange density can be written as

A(rOA (A (NA(r9
A(NA(r)

E(rir9 =

(2.14)
i6i

22



2.2. BEYOND HARTREE-FOCK:
DENSITY FUNCTIONAL THEORY

and exchange potential as

Z
VX(r) = | & ﬁ(ir’rr(?dro (2.15)

Hartree-Fock potential is thus given by

Z Z
1 ! X (r-
V(=@ A o, @ O AL 0 (2.16)
jri rg jri r9
which gives rise to Hartree-Fock density4'F (r;r9. Total electron electron

interaction potential in terms of Hartree-Fock density is gien by

Z
]/ Y, F .
VE= @ADL 4 (2.17)
jrir9
The exchange term is extremely ditcult to derive in practice bcause it

takes into account all the interactions between all electres in the system.

Consequently, Hartree-Fock method is computationally expsive.

2.2 Beyond Hartree-Fock:

Density Functional Theory

Apart from the wave function based method that we have alreadyiscussed,
another e®ective way of solving the many body Hamiltonian is dsity func-
tional theory (DFT) based method. As the name suggests, one dealg&iwthe
density of the ground state electron distribution instead of thevave function.
All ground state properties of the many body problem are then gxessed as
the functional of the ground state electron density. Success thfe DFT ap-
proach is based on the success of Hohenberg and Kohn theorem [4] the
derivation of a set of equations by Kohn and Sham [5] in the mid960s.

According to Hohenberg-Kohn theorem the ground state propeds of many
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electrons system can be uniquely determined by a single electrdensity.
Though the original Hohenberg and Kohn theorems were formuéd only
for non-degenerate ground states in the absence of a magnetitd but they
have now been generalized [6] and can be applied for degeteesystem as

well.

The rst Hohenberg-Kohn theorem [4] states that the external pantial
Vext () and hence the total energy is a unique functional of a singldee-

tron density n(r). Thus

Z
E[n(r)] = N(r)Vex (r)dr + F[n(r)] (2.18)

where F[n(r)] is an unknown functional of a single electron density nj.
The problem of N electrons with 3N degrees of freedom thus rexs to
the problem of one electron with three degrees of freedom wniThis huge
simpli cation by Hohenberg-Kohn theorem gives the ability to @al with

larger systems.

Second Hohenberg-Kohn theorem states that the ground state egg can be
obtained variationally. The single electron density which nmimizes the total
energy is the exact ground state density. So, variationally wean achieve a
density n(r) such that E[nqr)] > E [n(r)] for all nYr). This density is the ex-
act single electron density which mimics the many body electnadensity that
we started with. Thus within the framework of DFT the intractable problem
of N coupled electrons in an external potential is reduced #tractable single

electron in an e®ective potential problem.
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2.2.1 The Kohn-Sham Equations

Kohn and Sham separatedr [n(r)] into three distinct parts so that the func-

tional E[n(r)] becomes

Z
drdr®+ Exc[n(r)]+  n(r)Vex(r)dr

(2.19)

Z Z

_ 1 n(r)n(r9
E[n(r)] = Ts[n(r)] + > SINLE
where T¢[n(r)] is de ned as the kinetic energy of a non-interacting elean

gas with densityn(r),

Z
11X = <
Tl =i 5 AZ(r)r 2A(r)dr (2.20)
i
where we have taken- and me as unity and Ts is not the kinetic energy of
the real system. Equation 1.19 also de nes the exchange corraat energy
functional. As the total number of electrons in a closed system iged, we

obtain

- z
+ 5
+ o _
) E[n(r)]i n(rydr =0 (2.21)
or EEDOI _, (2.22)
n
This equation can now be written in terms of e®ective potentias
+Ts[n(r
e Ve (= 229)
where
n(r
Veff (r) = Vext(r) + jr l( ?(] dr0+ ch(r) (2-24)
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+Exc[n(r)]

and V(r)= £n(n)

(2.25)
To nd the ground state energyEq and the ground state densityng, the one

electron SchrAdinger equation

hoy l
i Sf 2+ Ver (i " Ai(r)=0 (2.26)

should be solved self consistently with

X
nr)= jA(N)j’ (2.27)

2.2.2 Exchange-Correlation Functional

In the simplest form the idea of correlation can be described frothe def-
inition of the joint probability density of nding one particl e at positionr,
with the other particle at ry. If these two particles are correlated then the
probability of nding one particle at a certain position depemls on the pres-
ence of the other particle at another position. Thus for a coetated system
of particles, the joint probability cannot be de ned as the prduct of the
individual probability densities. On the other hand, exchang interaction is
purely quantum mechanical e®ect between identical partide This e®ect is
due to the property of wave functions of indistinguishable péicles subjected
to exchange symmetry. For Fermions, the total wave functionshange their
sign when two particles exchange their coordinates whereas Bosons they
do not change. The idea of exchange and correlation is alrgatthere in the
Hartree-Fock treatment of the many electron problem where wa function
is approximated in the form of a single Slater determinant of sgle parti-

cle orbitals. The electron-electron interaction energy caists of a classical
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electrostatic part and the remainder which is the exchange ergy. The re-
maining di®erence between the Hartree-Fock energy and thedbenergy is

de ned as the correlation energy.

For any practical use of the density functional theory, we must how the
exact form of the exchange-correlation functional. Howevdne exact form is
not known and may not be calculated exactly for any real systenDi®erent
levels of approximations are made to take care of the exchamgorrelation
functional. The quality of any DFT calculation thus solely dgpends on the
quality of the approximation that one employs during the fomation of poten-
tial functional. Several successful approximations have so faeen designed

and they can be categorized according to their level of conapity.

2.2.3 Local Density Approximation (LDA)

The simplest yet one of the most popular approximation to the exange-
correlation functional is the local density approximation LDA) which as-
sumes that the exchange correlation energy solely depends & tvalue of
the electronic density at that real space point. Thus the totalexchange-

correlation energy of the system can be written as

z
B’ A= Yr)Zemdr (2.28)

where2°™ is the exchange-correlation energy per particle of a homag®us
electron gas of density*2 In practice, exchange Ey) and correlation (E.)

parts are calculated separately. The exchange term takes thgnple analytic
form with the approximation that the exchange energy in a systa where
the density is not homogeneous can be obtained by applying hogeneous

electron gas results point-wise leading to the form
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1.2

| W

EPA 4= | Ygr)adr (2.29)

Blw
N

The correlation energy term is more complicated and cannotebcalculated
analytically. They are generally obtained by tting the enepies to the many
body studies [8]. In modern DFT there are di®erent functionalkde Perdew-
Zunger(PZ2) [9], Perdew-Wang(PW) [10], Cole-Perdew(CP) [, Vosko-Wilk-
Nusair(VWN) [12] depending on the tting algorithm.

By construction, LDA exchange-correlation functional shoul be valid for
slowly varying densities only. But surprisingly it works excepbnally well
for both the metallic as well as insulating systems. This can be glained
crudely by the systematic error cancellation argument. In a hnogeneous
system LDA underestimates correlation energy but over estimaeexchange
functional energy term leading to a good estimation of the ovall exchange-
correlation energy. Despite its exciency, recent studies havghown that
LDA tends to overestimate cohesive energy by as much as 15-20%da
underestimates lattice constants by 2-3% [13]. Apart from thesthe problem
of underestimation of the band gap [14] and inability to caldate long range
van der Waals interactions are also known. Despite all these fmlems, LDA

often is the rst choice for several DFT calculations.

2.2.4 Generalized Gradient Approximation (GGA)

Despite the systematic error correction of LDA approach, it isften not a
reasonable approximation for the rapidly varying electron ensities of most
of the materials and the necessity for a better approximation as realized

long back. The next improvement one can consider is to take mtaccount
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the gradient at each point along with the density at the same pason. Such

functional of the form of

Z
Ex 4= 2l O [%r);r Yr)ldr (2.30)

are known as the GGA functional. As the functional depends orhé gra-
dient of electron density as well, it is often called "semi-l@t" functional.
Many properties, like geometries [15], ground state energig$] and the ef-
fect of weakly bonded systems have been calculated with bettaccuracy
than LDA. Depending upon the choice of ¢¢A several GGA functional have
been developed such as Perdew and Wang [10], Becke-Lee-YRag- (B-
LYP) [17], Perdew, Burke and Ernzerhof(PBE) [18]. Despite althe im-
provements made, GGA also exhibits a tendency to overestimalttice pa-
rameters [19] and to underestimate band gaps [20] for semicotbrs and

insulators.

2.2.5 Plane Wave Pseudopotential Method

Applicability of any density functional theory based calculaion depends on
the quality of the basis set that one setup to construct the singleggticle wave
function. Any orthonormalized set of eigen function ¥ under a periodic

potential can be represented exactly by a linear combinatioaf in nite set

of plane wave basis

X .
ap(r)y = Celrior (2.31)

K

whereK is the reciprocal lattice vector. Since each basis functiosak depen-

dent, we need a set of in nitek points to describe the wave function exactly.
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In practice this is impossible to work with and some simpli catiorshould be
made. One can introduce & vector Kmay, SO that kK < Kmax. Within a free
electron model one can think of a characteristic cuto® ener@,; = %
and all plane wave states within this sphere of radius,.x are included in this
basis set. We can further simplify our construction if we apply tb idea that
valence electrons actively participate in determining mosof the properties
of any system. This is the key idea behind the success of the pseucten-
tial method. The strong Coulomb potential of the nucleus andhe e®ect of
tightly bound core electrons are replaced by an e®ective potal acting on

the valence electrons.

First successful implementation of the concept described abovaswOrthogo-
nalized Plane Wave method (OPW) by Herring in 1940 [21]. The &h was to
build valence states using plane waves that are orthogonal thd core states.

The OPW states constructed by this formulation is given by
AOPW 1 ik:r . X H
ACTT(r) = 1—/;e T <ujjk >uj(r)g (2.32)
j

the condition that A2”W (r) is orthogonal to each functionu; gives

Z
<ujjg>=i  u(r)é<radr (2.33)

The ability to choose the localized functiory; properly dividesA2PY (r) into
a smooth part plus a localized part. This smooth function can beepresented
conveniently by plane waves. Philips and Kleinman [22] showldat one can

construct a smooth valence functiord(r) given by

X
A(ry= R'(r)+ Bjj uj (r) (2.34)
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where A is the valence wave function®' is the smooth part andB;; is the
orthogonalization coezcient and the original Hamiltonian fo the smooth

wave function becomes

HA!(r)

[i o7 2+ VOA()
2R(r)

with ¥ = V + VR where,V is the e®ective potential fodY and VR is a non
local operator with
X
VEA/()= (i %) <AfA > Af(r) (2.35)
J
From the de nition VR is repulsive in nature due to the presence of positive
energy term ¢/ 2{). A deeper core state leads to a stronger repulsive poten-
tial. Thus V is much weaker than the original potential. This weak poterial
is known as the pseudo potential. New functiond obey the single particle
equation with a modi ed potential are called pseudo wave funitins. They
are not orthonormal because the complete functioAY contains the sum over
the core orbitals. Norm-conserving potentials remove this cgshcation by
implementing some restrictions. In norm-conserving potentiglthe all elec-
tron (AE) wave function is replaced by a node-less pseudo waventiion with
the restriction on the pseudo wave function that the integratd charge inside
the core radius have to be same for the AE as well as PS wave funati This
ensures that the total charge in the core region is correct artde normalized

pseudo orbitals is equivalent to the true orbitals outside theore radius.
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2.2.6 Projector Augmented Wave (PAW) Method

Pseudo potential method is very excient to describe valance ekeon prop-
erties. But the information of the full wave function near thecore region is
completely lost and cannot be obtained. This can in°uence theatculation
of certain properties especially dependent on the core elext information
such as hyper ne parameters. Core electron properties can betahed by
augmented plane wave (APW) method. In APW total wave function $ di-
vided into two parts. Atom centered augmentation spheres wherspherically
symmetric partial waves are used and bonding region outside dfet sphere
spanned by some envelope function. Full wave functions are stmcted
by matching solutions at the boundary of the augmented spherd2rojector
augmented wave (PAW) method, st proposed by Bdéhl in 1994 [23] is a
more general approach which treats APW and pseudopotential itied as
special cases. Thus PAW approaches the issue of rapidly oscillgtivave
function into smooth wave functions which are computation&} convenient

and provides a way to deal with all electron properties.

As the feature of wave functions are very di®erent in augmentespphere as
well as bonding region we need a linear transformation opeaatto take us

from the smooth wave functiof® > to the all electron wave functiofjA > .
jA>= ¢jR> (2.36)

All electrons and smooth wave functions di®er only near core reg. Thus
the operator can be written as¢, = 1 + P r &k Where ¢R is non zero within
augmentation sphere - only. Inside the sphere pseudo wave funeti is ex-
panded asjA >= i & > c;. We dene projector function p; inside the
sphere so that< p;j& >= %;. The all electron partial wave functions are

chosen to be solutions of isolated atom Kohn-Sham equation ance wan
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explicitly write down the transformation as
X )
¢=1+ (A > il A>)<pi (2.37)
i
The PAW method combines the above idea with the frozen core ppxima-
tion. According to frozen core approximation the core statesra assumed
not to be a®ected by the environment. Thus the core Kohn-Shamases are

taken to be identical to the core states of isolated atoms.

2.2.7 Flow Chart of a DFT Calculation

A typical DFT iterative routine starts with the structural inf ormation of the
system and the atomic potentials of the constituent atoms. A guessec-
tron density is formed from the linear combination of the indridual electron
density and the Kohn-Sham equation is set up and diagonalizedlocked
Davidson iteration scheme, residual minimization scheme by dict inversion
in the iterative subspace are two of the famous diagonalizatiosubroutines
frequently used for such purposes. The system energy is calculataad
checked for the convergence set by the user. Usually a convergepaergy
of 10 ® eV is a standard choice. New electron density is calculated froime

old one and the Hamiltonian is diagonalized until the convesnce criterion
is achieved. At this point one can optionally set the routinedr structural

optimization. For such calculations the force on individualatom is calcu-
lated and force convergence criterion is checked. Atoms ameved according
to force directions and the new electron density is calculadeagain for the
modi ed positions of the atoms. Diagonalization subroutine it@te until one

achieves energy as well as force convergence simultaneousyhe end of the
iteration, one ends up with the ground state energy, single elkeon density

which can be used for further analysis such as calculating densif states

33



2.3. MAXIMALLY LOCALIZED WANNIER FUNCTION

or band dispersion, optimized structure and other physical pragties of the
system. The °ow chart of a standard DFT calculation is shown in the igure
2.1.

| Input structure ‘

I

i Input density |
v

i Setup Hamiltonian and
diagonalize

v

Calculate energy
Calculate ¥

new —l—liH If energy convergence <107 eV |
density
i

| Calculate forces |

Move v
alom's +—,TM|» If force convergence <5 meV/A
according 7
to forces
True

Output: Total energy, charge
density, optimized structure

Figure 2.1: Flowchart of the DFT electronic structure calcudtion

2.3 Maximally Localized Wannier Function

In most of the electronic properties study of solids, the states pycally lying
within a limited occupied energy range close to the Fermi ergy contribute
signi cantly to all the properties under consideration. Tightbinding model
and Hubbard model are based on this idea in which only a minimal tsef

energy bands are considered. These models rely on the existeateuch
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minimal set of spatially localized orbitals spanning the relant subspace.
Wannier representation of localized orbitals is an alternate representation
of real space wave functions de ned via unitary transformationf the Bloch
orbitals and labeled according to the band index n and the l&ite translation

vector R. Thus Wannier functions

z #

X .
lnr(r) = Uk, Ami(r) € "Rk (2.38)

\
W BZ
whereV is the volume of the unit cell, the integral is over the whole Bllouin
zone andUX is an unitary transformation that mixes the Bloch states. Choie
of UX is not unique and di®erent choices lead to di®erent Wannier fttions
with di®erent spatial extensions. Wannier representation of thelectronic
structure problem is widely known for its usefulness but the noanigqueness
of unitary matrix UX makes it unsuitable to be applicable for any practical
problem. However prescription of Marzari and Vanderbilt [24¢ives a practi-
cal solution to obtain Maximally Localized Wannier Functiors (MLWF) for
isolated band structure problem and then extended by Souza at.[25] for
entangled band problem as well. The idea is based on the miniation of

real space spread (-) of the WF, de ned earlier. - is de ned as

X £- . 2. ® . .o ..20
-= Fno(Dritn(r) ijh Dog(r)irj! no(r)ij (2.39)

n

This total spread can be decomposed into a gauge invariant term, and
gauge dependent tern¥. “can further be divided into diagonal and o®-

diagonal terms.

#
X - . 0. ® X . .o .. 2
- = P o (DJrEjt ng(r) i I e (D ne (N (2.40)

n mR
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-p = A ar (N)Jrjt e (r)ij (2.41)
n R60

-op = i mr (N)jrj! n(N)ij (2.42)
mén R

For an isolated group of bands ; is invariant under any gauge transforma-
tion, so the minimization of ~is suxcient for the minimization of -. In
order to obtain MLWF for entangled bands, method of disentangiment pro-
cedure in a subset of energy window is applied. This procedure des an
N dimensional Hilbert space- (k) at eachk points so that if Ny > N, the
aim is to nd a subspaceS(k) u F (k) among all the possible N dimensional
subspace of (k) leading to the smallest -;. Then minimization of <is ap-
plied in the subspaceS(k) to obtain the maximally localized WF. In Figure
2.2 | have shown maximally localized Wannier function of Fe dorbital for

Fe intercalated TaS structure from one of our calculations.

Figure 2.2: Maximally localized Wannier function of one oftte Fe dZ orbital

in Fe intercalated TaS.
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Chapter 3

The Role of Passivants on the
Stoichiometry of CdSe and
GaAs Nanocrystals

3.1 Introduction

One nds signi cantly di®erent properties from the bulk as one gpoaches
the nano regime. This has led to intense research activity in #se materials
over the past two decades. The strong dependence of physical prdpes on
size, found especially in semiconductors, has signi cant techoglcal impli-
cations and this coupled with the ease of fabrication and pressing makes
this class of materials promising building blocks for materia with designed
functions [1{3]. In the past decade or so, colloidal chemistryoute to the
synthesis of nano particles has emerged as a popular route to sgmmductor

nano particles with wide ranging applications [4{6]. An acas to a control

This chapter is based on J. Phys. Chem. C117, 21981 (2013).
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of the properties requires an ability to control the unifornity of size, shape,
composition, crystal structure, surface, magnetic, optical ahother proper-
ties. Theoretically various aspects of the physics of nano pafes/nano crys-
tals(NCs) have been investigated in the past using ab-initio meths which
have been quite successful in explaining various experimemyadbserved phe-
nomena. The self puri cation of dopants in Si nano paricles [7Mn emis-
sion in Mn doped CdS NCs [8], magnetic properties of Fe/Cu codeg@ ZnO
NCs [9], role of dimensionality and quantum con nement in p-typ semicon-
ductor Indium Phosphide quantum dots(QDs) [10] are some exampgl&hich

have been successfully investigated.

A typical synthesis of nano particles consists of three comportemamely
precursors, organic surfactants and solvent(s). Initially pregsors decompose
in solution or react at relatively high temperatures to form asuper-saturation
of monomers/dimers/trimers etc. followed by a burst of nucleabn centers
and the growth of nano particles. A passivant which is usually anrganic
surfactant is used to prevent an uncontrolled agglomeratiorf aano patrticles.
These organic molecules attach themselves to the surface of tNE€s and
prevent agglomeration by means of charge neutralization.hEy also saturate
all surface dangling bonds to prevent any optical transitionswolving surface
states [11].

The role of the introduced passivants has been seen to be moreritjast a
parameter introduced during the growth of the nano particle to control the
size of the NC. Earlier works have found them responsible for naraditional
roles [12{15] which emerge as a consequence of their bindinthwhe surface
atoms. In the case of thiolated gold NCs [16], what has been seethigt the
strong interaction between the ligand atoms of the passivant anthe gold

atoms changes the d electron count of the surface atoms, thusluting a
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small magnetic moment. The early work by Peng et al. [17] showeHat

some of the ligands were found to bind more strongly than othets the

cations on the surface. As di®erent surfaces had di®erent numbecations,
this led to the growth of highly anisotropic structures with those directions
to which fewer passivants were attached growing faster than ahs. This
interaction could also in some cases modify the band gap of the seomductor
[18]. This is because in the ideal case the passivant would intetavith the

surface atoms and remove band gap states. However, in the case tts

interactions were not strong enough, the states would remaim ithe band
gap region, thereby modifying the band gap [18]. The oscillat strengths for
the optical transitions associated with such transitions would & drastically
reduced compared to the band edge transitions involving atarirom the core
region of the NC [19, 20].

Binary semiconductors which belong to I11-V and II-VI groups 6the periodic
table mainly exist in two di®erent phases - wurtzite and zincbiwle, with
the energy di®erence between them being very small, of the arad few
meV [21]. It has been shown that the choice of the passivant as asuét of
stronger binding to a particular surface could induce a change the delicate
energy balance that determines the favoured crystal structarf12,13] in these
systems. Thus the strong interaction of the ligand has been reaoged to
lead to modi cations of the properties of the NC compared to the bulk
counterparts. In this work we go a step further in this directio. Considering
a cation at the surface, when confronted with the choice of kiimg to a
passivating ligand and an anion, one nds that it is the strength bthe bond
that dictates the choice. Atoms at di®erent surfaces howeveave di®erent
coordinations with the atoms of the layer below. A stronger biding with
the passivating ligand implies that those surfaces in which the gace atoms

form more bonds with the passivating ligands are the ones thateastabilized.
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Analyzing few surfaces in the case of zincblende semiconductaeve, nd that
the polar surfaces comprise the more under-coordinated sumiac As a result,
considering the example of CdSe and GaAs, enroute to the bulk iimwe
‘nd that the passivating ligands play an important role in controlling the
surface stoichiometry and could in turn result in the growth of fghly non-

stoichiometric NCs.

3.2 Methodology

NCs of GaAs and CdSe were generated preserving the underlyingabedral
coordination of the bulk zincblende lattice. In one scheme generation, NCs
were generated by considering a central atom and adding ongdaat a time.
The structure generated for GaAs for the case where four layeremg added
(I=4) is shown in Figure 3.1a. This is generated by considering Ga atom at
the core. The rst layer (I=1) that is added consists of four As ators, which
are singly coordinated with the Ga atom at the core. The next iger (1=2)
of twelve Ga atoms are then added and depending on the numbdrlayers,
| subsequent layers are added. This scheme of generation led tghlty non-
stoichiometric NCs as we can see from Table 3.1. While we consetbithe
central atom to be Ga in the case of GaAs, it was taken to be Se in tibase of
CdSe NCs. In the other scheme of generation of the NCs, spheres of réelsi
radii centered at an atom were cut out from supercells of the rablende
structure. These are shown in Figure 3.1b and the generated NC®almost
stoichiometric as one nds in Table 3.1. In the present case thebal | is
used to denote the maximum number of layers present in the NC. Waiwe
took these NCs as the starting structures for a set of calculationthe surface

atoms were passivated with cationic (passivant that attaches tthe anion)
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and anionic (passivant that attaches to the cation) pseudo-hydgens with
the proper charge to neutralize the charge on the atom [22]rfanother set of
calculations. For instance, considering the example of CdSegch Cd atom
donates 0.5 electron to each CdSe bond. So, a passivant thataathes itself to
Cd should have the charge 1.5, so that it has a Tled shell after reiving the
charge from Cd. Similarly the cationic passivant which attachs itself to Se
has a charge of 0.5, so that it has an empty shell after donatinge charge to
Se. In case of GaAs, we have used cationic and anionic passivantshairges
.25e and 1.75e respectively. For a single coordinated (cooalion between
Ga and As or Cd and Se) surface atom we have used three such passivants,
for double coordinated surface atom two such passivants have haesed and
for triple coordinated atom, one such passivant has been used gkre 3.1).
This methodology of using pseudo-hydrogens has been used esiely and

successfully in the literature to explain various e®ects [8, B,24].

As the implementation of density functional theory that we used for periodic
systems, 12A of vacuum is introduced in each direction to minimize the
interactions between periodic images. Electronic structurealculations were
performed within a plane wave pseudo potential implementain of density
functional theory as implemented in the Vienna Ab initio Simuition Package
code(VASP) [13, 14] using projector augmented wave (PAW) [1pptentials.
The potential used for Ga had the Ga d states as a part of the core ghis
was seen to be adequate earlier [28]. The GGA PW91 [16] appraaition
for the exchange correlation functional has been used. All calations were
performed at gamma point alone. Full geometrical relaxatits were done for
all structures until an energy convergence better than 108 eV was achieved
and the atomic force on each atom was less than 5meV/ A typical °owchart

of such calculation is shown in Figure 2.1. Volume of the reladteNCs was
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Number of atoms )
o % of single and double
Radii in A | with coordination ,
coordinated atoms
lor2 3o0r4
Non
GaAs
Stoichiometric
=1 25 4 1 80
=2 4.3 12 5 71
=3 6.0 24 17 59
=4 8.0 42 41 51
=5 9.5 60 87 41
Stoichiometric
=2 51 12 17 41
=3 55 6 29 17
=4 7.7 24 63 28
=4 9.3 24 119 17

Table 3.1: Approximate radii, number of atoms with di®erent cordinations,
and fraction of single and double coordinated atoms in A cented binary

NCs of type A, B,, as a function of the number of layers |

determined by the convex hull method and radii have been callated by

mapping volume into the formula of a sphere.

For the surface calculations we have chosen the non polar (1183 well as
the polar (100), (111) surfaces for the zincblende structuré&labs consisting
of 16 CdSe monolayers were used to mimic the (110) surface while used
17 CdSe monolayers to mimic (100) and (111) Se surfaces. Vacuofri2 A
between two periodic images along the growth direction wastroduced to
minimize the interaction between images. A gamma centeredf66 £ 1 K

points mesh was used for the surface calculations. The surfacecoddtions
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a) Non-stoichiometric b) Stoichiometric

o )% Z&\ A.'f '
: ,Qo,x:" [ X
; 3’5’5 5 '
’ \OYO\“( <

O Ga O Ha
O As

Figure 3.1: Structure generation procedure for non-stoiahnetric and stoi-
chiometric NCs of GaAs and CdSe. (a) Non-stoichiometric structes were
generated by adding concentric layers of cations and aniongb) Stoichio-

metric structures were generated by truncating spheres from jgercell.

were performed with pseudo hydrogens with the appropriate ahge as used

in the case of the NCs. These results were contrasted with those in wainino

passivant was used.
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Figure 3.2: Di®erent surfaces considered for the zinc blendeustures.

In order to understand the stability of NCs as well as surfaces qutitatively,

the formation energy was calculated by the formula

1
¢H; = —— —[E(AmBaHCcHag)i mE(A)i nE(B)i pE(HC)i qE(Ha)i m*ai n'e]

(3.1)

Here, E(AnBnhHc,Hay) is the total energy of the NC or surface consisting
of m number of element A, n number of element B and p and g humbeo$
the two types of pseudo-hydrogen atoms respectively while E(AAnd E(B)
are the energies of the elements A and B in their most stable bulitruc-
ture. E(Hc) and E(Ha) have been evaluated considering a binary atecule
formed by the pseudo-hydrogens respectively. As these molesutave di®er-
ent electron counts, we got di®erent energies for E(Hc) and E(Ha)Ve have
considered the orthorhombic structure for Ga [30], rhombohea structure
for As [31] and hexagonal structure for both Cd [32] and Se [33]their ex-
perimental lattice constants to evaluate the energies eniag the expression
for the formation energy. The chemical potential$ , and! gz are determined

by the criterion for stability of the bulk solids.
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3.3 Results and Discussions

The underlying tetrahedral coordination of the bulk lattice was preserved
while constructing the NCs. This has been observed in experimear{B4] that
probe the local structure. Further the bond lengths/lattice mrameters have
been found to be close to the bulk values [4,35]. The passivated dBGave
been found to capture this e®ect and do not show signi cant reconsttions
[24]. They observed a reduction in bond length of only 1% fromheir
bulk values at the surface of passivated NCs. The candidates chosenour
analysis have equal number of anions and cations in their bulikmit and
one of the motivations was to examine whether this remains tioe the case
even in the nano regime. Two limiting scenarios of non-stoidmetric and
stoichiometric NCs were considered as discussed earlier. To conepthe
relative stability of di®erent structures, we calculated the fanation energies
per atom in each case. While the oscillatory behaviour in the legive stability
for wurtzite vs. zincblende structures have been studied in ters of cohesive
energy [36] under relaxations of surface atoms only, we cadiout complete
structural optimization at each volume in order to nd the grownd state
structure and energy. These quantities were computed for litimg values of
the chemical potentials, both cation rich as well as anion tic This was done
to examine if cation rich conditions would favour a cation ch surface. In our
calculation we have studied both the experimental limits of xcess amount

of cations and anions left in the solution.

In order to examine the limiting case of a surface of a NC we considée

non-polar (110) as well as the polar (100) and (111) surfaces@dSe in the
zinc-blende structure( Figure 3.2). Details of surface caltations have been
mentioned in the Methodology section. The surface atoms weragsivated

with pseudo-hydrogens in each case and the formation energyeatch surface
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Figure 3.3: Variation of the formation energy per atom for tk passivated
NCs of GaAs and CdSe as a function of volume for the non-stoichietric
and stoichiometric NCs under cation-rich (panels a and c) andn&n-rich
(panels b and d) conditions. Radii of two largest, relaxed NCs kia been
shown inside the panel a) and c). Ga and Se atom lie at the centré ®aAs
and CdSe NCs respectively. The type of atom that forms the outerost
layer in the case of the non-stoichiometric NCs has been indieat This has

appeared in Ref. 37.

was calculated both with and without the passivating ligands. The formation
energies per atom for passivated NCs of CdSe as well as GaAs aretgib
in Figure 3.3 as a function of volume. The computed data poigthave been
indicated with symbols and they have been joined with lines tserve as

guides to the eye. Black points with solid lines and red pointwith dashed
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lines correspond to the values of formation energy as a furmti of volume
of the NCs for non-stoichiometric and stoichiometric NCs respaeely. In

both limits, the cation rich as well as the anion rich, one nds hat the

non-stoichiometric NCs are favoured over the stoichiometricnes. As the
crystal size increases, the formation energies tend to becomssl@aegative.
As a consequence of our de nition of formation energy, one woldapect the
value to be zero at the in nite-sized limit where the bulk semiaueductor is
formed. These results suggest that as the crystal grows, one can édarge
deviations from the ideal stoichiometry of the bulk with seveal con gurations

Cd,Se, or Ga,As, being realizable.

Two very di®erent systems which were chosen for the study show vempiar
trends, reinforcing our idea about the generality of these relés. Again, the
choice of the central atom, as we have chosen Se and Ga as thdraéatom
for CdSe and GaAs NCs respectively, does not change the trend af cesult.
The other limit that we consider is that of unpassivated NCs. Surpsingly,
one nds that the stoichiometric NCs (as indicated by red pointsvith dashed
lines) are the ones favoured in almost the entire size regime ¢kre 3.4 a, b,
c, d) that we have studied. There are a few instances when the mat/ anion
terminated non-stoichiometric NCs have similar or lower fornt&gn energy,
but the trend seems to indicate stoichiometric NCs are more fauwable in
the absence of any passivant. The positive value of the formati@nergy of
unpassivated NC suggests that they are unstable. However the statyilcould
be modi ed by the presence of solvents, other ions present in the wibn
and other e®ects which have not been considered here. This cangon

de nitely indicates the role being played by passivants.

At this juncture we have compared these two limiting cases as ¢he®ect of

two competing interactions. One is in between cations and pagants and
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Figure 3.4: Variation of the formation energy per atom for te unpassi-
vated binary NCs of GaAs and CdSe as a function of volume for theon-
stoichiometric and stoichiometric crystals under cation-ric (panel a and c)
and anion-rich (panel b and d) conditions. Radii of two largestrelaxed NCs
have been shown inside the panel a) and c). Ga and Se atom lie a¢ ttentre
of GaAs and CdSe NCs respectively. The type of atom that forms thaut-

ermost layer in the case of the non-stoichiometric NCs has beerdicated.

This has appeared in Ref. 37.

another is in between cations and anions as shown in the schematiagram
Figure 3.5. While the stronger value of the former interactio leads to a
cation rich surface (Figure 3.5a), higher values of the lattenteraction leads
to an uncontrolled growth of NCs (Figure 3.5b). The question wthen went

on to ask was what was it about the passivant that allowed the hidgy non-
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stoichiometric crystals to be favoured. One way to examine thiis to plot
the orbital projected partial density of states for the surfaceas well as the
fully coordinated cations/ anions. This has been plotted ford4, passivated,
non-stoichiometric NC of CdSe in Figure 3.6. In panel (Figure.8a) the Se p
partial density of states has been plotted for the Se atom at theore. Zero in
these gures represents the valence band maximum. At the surfaame has
Se atoms with di®erent coordination and one nds that the singlgoordinated
Se atoms have their centroid of the partial density of states @per (Figure
3.6¢) than the two-fold coordinated Se atom at the surface (§ure 3.6b). It
should be noted that although we say two-fold coordinated, we ean two-
fold coordinated with Cd atoms while the other two bonds areormed with
pseudo-hydrogens. The change in the centroid of the Se p paltgensity of
states to deeper energies when the numbers of pseudo-hydragqrassivant
atoms are more suggests strong interaction between the surfadenas and

the passivants.

Surface of NC

O Cation

Anion
o3 Passivants

Stronger interaction between Stronger interaction between
cation and passivants leads to cation and anion leads to
cation rich surface. uncontrolled growth.

Figure 3.5: (@) If the interaction strength between cation ad passivant is
stronger than the interaction strength between cation and aon, a cation
rich surface is favoured. (b) Stronger interaction betweemation and anion

leads to an uncontrolled growth of NC.
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A similar behaviour of the partial density of states is seen for #h Cd atoms
also. The Cd s contribution to the partial density of states in tle valence band
is plotted in Figure 3.7 for the case of |1=5, non-stoichiomete, passivated
CdSe NC. The Cd s partial density of states associated with the layaext
to the core of the NC (layer 1 in our nomenclature) is pushed deepinto
the valence band depending on the number of passivant atoms odioated
to the surface Cd atom. This suggests similar strong interactiongtween the

Cd atoms and the passivant.

Although the results plotted in Figure 3.6 and Figure 3.7 suggeststrong
interactions between the surface cations/ anions with the passints, the
guestion we asked is why should this favour the highly non-stoicdmetric
NCs over the stoichiometric ones. The answer for this found to becnse-
guence of the coordination of the surface atoms. The number dbens with
1, 2, 3 and 4 fold coordination in each of the AnBm type of NCs is\gn
in Table 3.1. Additionally the number of 1-fold and 2-fold conlinated A or
B type of atoms in each case is given as a percentage of the tataimber
of atoms. The number of under coordinated atoms seems to be sigantly
larger for the non-stoichiometric NCs than the stoichiometriones. As we
already pointed out that the under coordinated atoms had theentroid of
the partial density of states deeper indicating a larger eneyggain from the
interaction of the surface atoms with the passivants, the non-stthiometric

NCs were favoured for the passivated case considered.

In order to examine this aspect more carefully we consideredelj100), (110)
and the (111) surfaces of CdSe and calculations for the fornat energy were
performed both in the presence and absence of passivants. The ealare

given in Table 3.2.

53



3.3. RESULTS AND DISCUSSIONS

Figure 3.6: The Se p projected partial density of states (I=4, on-
stoichiometric and passivated NC) for a Se atom at (a) the core aseW
as at the surface having (b) double and (C) single coordinatiowith Cd
atoms. The zero of energy corresponds to the valence band maxim This

has appeared in Ref. 37.

Surface| Passivated| Unpassivated
(100) | -0.520 0.166
(110) | -0.469 0.068
(111) | -0.517 0.070

Table 3.2: Formation energies corresponding to di®erent pasded as well

as unpassivated surfaces of CdSe.
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Figure 3.7: The Cd s projected partial density of states(I=5, no-
stoichiometric and passivated NC) for a Cd atom (a) in the rst layeras
well as at the surface having (b) triple, (c) double and (d) sing coordina-
tion with the Se atoms. The zero of energy corresponds to the gakce band

maximum. This has appeared in Ref. 37.

In every case we nd that the passivated surface is stabilized moredause
of the interaction with the passivants. Further, the interacton with the
passivants is found to signi cantly stabilize the more polar surfze (100)
and (111). This is consistent with the observations of Soni et.gl20]. The
coordination of the surface atom is given in each case for theRdirent surfaces

one has for zincblende structures in Table 3.3. The polar suces are found
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to be signi cantly under coordinated supporting the result of tghly non-

stoichiometric surfaces being favoured.

Surface (100) | (110) | (112)
Coordination # | 2 3 1,3

Table 3.3: Surface coordination numbers corresponding tocgihs on di®erent

surfaces.

The passivants used in the present case are pseudohydrogens whicmadt
have several features that the bulky organic ligands used ingariments have.
However, they serve as a guiding principle and suggest that oneub use
passivants to manipulate the surface stoichiometry. Recent sties [38] have
shown that the bulky ligands can be replaced by small inorganicinctional
groups and the properties of the NCs remain largely unchanged-urther
the work by Puzder et al. [39] suggests that a signi cant part of ta binding
energy of the passivant with the NC surfaces emerges from the eslément
attached to the surface atoms. These observations support the udesmall
atoms, suggesting that the steric e®ects associated with larger amge lig-
ands may not play such an important role. Currently one has gaopassi-
vants only for the cations and not the anions. So, by suitably @nging the
strength of the passivant, one could have a cation-rich surfacehieh would
have a stronger exciency for band edge optical transitions. Soet al. [19,20]
have studied the coverage of CdSe surfaces in experiments usimgjal oleate
passivants. They nd using atomic absorption spectroscopy that the dCcov-
erage at the surface cannot be increased beyond a point in spifehaving a
high concentration of Cd precursors. So, the present calculatis suggest a

possible route of how this could be possible.
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3.4 Conclusion

In this work we have shown that passivating ligands introduceduting the

growth of NCs have a signi cant role in determining the surface sichiom-
etry of binary semiconductor NCs. While in the past, their roles &d been
identi ed as removing dangling bond states as well as preventj agglomer-
ation of NCs during growth, in this present work we show that the sbng
interaction between the surface atoms of the NC and the passivaebuld lead
to the passivant determining the surface stoichiometry. Consideg two typ-

ical examples of binary semiconductors- one, a lll V compoun@aAs, while
the other, a Il VI compound, CdSe, we nd that highly non-stoichbometric
NCs are favoured in both cases in the presence of strongly inteliag passi-
vants. The results are additionally supported by calculated mailts on various

surfaces of CdSe that were considered.

Part of this work is continued from [37] for the completeness.
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Chapter 4

Optical Transition in Mn doped

Semiconducting Nanocrystals

4.1 Introduction

Luminescent semiconducting nanocrystals(NCs) have attracted msiderable
attention in recent years as potential candidate for light mission diodes.
The advantage of these NCs over conventional °uorescent matdsas the
ability to tune emission energy by changing the NC diameter onlyExcel-
lent colour reproduction and very bright emission energy ardso the added
advantages. But the problem with these NCs is the self absorptiorf emit-

ted photon [1, 2] by other NCs in the ensemble which leads to drastfall

in the overall emission yield. This problem can be avoided in ather type
of NCs where the optical emission involves dopant state only [3, 4In the

excitation process, an electron from the host site is excited rsfThe energy
is then non-radiatively transferred to the dopant state folled by the ra-

diative deexcitation involving dopant states only. Howeverte condition for
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such mechanism to work is constrained by the fact that the host bangap
should be more than the dopant energy level gap. Undoubtedly Mioped
semiconducting NCs have been examined extensively for such apgtion.
But as the radiative transition involves states coming from aimic like Mn
d states only, these NCs lack the ability to vary the emission engrgwith
the variation of NCs diameter. Indeed experimental evidenseshow no or
very small tunability [5{8] associated with such transition in Mndoped NCs.
Another problem with Mn d emission from such doped NCs is the nding
of large spectral width associated with such transition. This isnconsistent
with the fact that atomic like 4T;-8A; Mn emission should be very sharp in
nature. However experimental reports nd the line width to be bthe order
of 200 meV [10]. There are early attempts to explain this ambuity and it
was attributed to the strong coupling between electronic stas coming from
Mn d levels and acoustic vibration of the host material [10]. Hogwer such
explanation fails to address the issue of considerably larger spal width

than even found in doped bulk semiconductors [11,12].

Recently these long standing problems have been addressed sucekgsEpa-
tially resolved optical emission data from individual doped NCJ] have shown
that a wide range of tunable colours from these Mn doped NCs arbksa possi-
ble. This arises from the fact that the ligand eld strength vares at di®erent
symmetry inequivalent sites occupied by Mn ions. The signi cangldistorted
ligand "eld near the surface gives rise to very di®erent transitioenergy than
that from core doped NCs and one can tune emission peak over 370vne
Contrary to the earlier results they also have found the emissidinom indi-
vidual doped NC to be very narrow and the anomaly in the largerdewidth
was found to arise from the contribution adding up from multipe excitonic
sites in the ensemble [9]. Despite all these e®orts it remains wal, why does

such Mn emission remain atomic like? Mn d levels are expected tddract
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with nearby anionic states and as these interaction strengthshange with
material one expects di®erent emission energies. However experits show
that the emission is largely independent of the chemical naterof the host
NC. In this chapter, with the help of density functional theory calculations
we have addressed the issue. Considering doping at two inequivéleationic
sites near the core of NC we are able to capture the experimentaldings
of invariant transition energy. Moreover we have consideredvb di®erent
host materials CdS and CdSe and substituted one cationic site Wwitvin ion.
Despite of having huge di®erence in Mn-anion bond lengths inebe two sys-
tems, emission energies are found to be very similar. Analysis oktdensity
of states(DOS) coming from Mn and nearby host anionic sites revethat
there is substantial interaction between them. However the ietaction nor-
malizes in such a way that the relative position of interactingtates remain
‘xed. Moreover there are changes in Hund's coupling strength drcrystal
“eld strength with the change of host materials but the magnitu@ of change
in these energetic are very similar which results in the invanm transition

energy.

4.2 Methodology

We follow the methodology as detailed in section 3.2 to genéganon-
stoichiometric passivated NCs of CdS from its wurtzite bulk strutire. For
present calculations a cation terminated CdS nanocrystal witdiameter of
18 A was generated. 50% cationic sites have been substituted ranalg with
Zn to form alloy of Zn,gCdssSs7. One of the cationic positions near the core
is chosen and has been substituted with Mn ion to generate doped NEg-

ure 4.1 shows our rst core doped NC. Two inequivalent cationic gidions
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Figure 4.1: Relaxed non-stoichiometric NC of MNZ3Cd4gSs-.

near the core of the NC were considered. First principle electng structure
calculations have been performed with VASP [13,14] which iolves a plane-
wave projector augmented wave (PAW) [15] implementation athe density
functional theory. We have used generalized gradient apprioxation to the
exchange correlation functional [16]. All calculations ha been performed
at gamma point only. An energy cuto® of 350 eV has been set for tkie
netic energy part of the plane waves included in the basis. Imtgal positions
were relaxed until an energy convergence of if0eV along with the force
convergence of 5 me\ achieved. To further analyze the optical transition
in the dilute limit we have used bulk supercells of host semicondiing mate-

rials and have substituted one cationic position with Mn ion. Tw di®erent
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semiconductors CdS and CdSe have been chosen to analyze the aoeof
doping di®erent host materials with very di®erent Mn-anion bahlengths.
All calculation details are similar to the case of earlier caldations however

a Monkhorst-Pack k points grid of 6E 6 £ 6 have been used here.

4.3 Results and Discussions

Experimental evidences of optical emission from Mn doped NCs sha well
de ned peak near 580 nm region [17{20]. This peak is indepemtief the size
and even the chemical nature of host NCs. To explore such opticahtsition

we started with the NCs of CdS. A well-known ditculty of probing gtical

transition from Mn doped CdS NC is the strong overlap of the emissio
arising from the surface of the host with the Mn emission. However igican
be avoided by the means of forming alloy of ZnS and CdS [9]. Toimic

such scenario we have formed non-stoichiometric NCs of ,48d43Ss; and

substituted one cationic position near the core to generate deg NC. The
energy minimization leads to a structure where Mn-S bond letfts are found
to be 2.33, 2.33, 2.34 and 2.38. Doping in another inequivalent cationic
position near the core generates another structure where ne¢al Mn-S bond
length are found to be 2.34, 2.35, 2.35 and 2.26

In tetrahedral environment of S ions, Mn d orbital splits into dubly degen-
erate e and triply degeneratet, levels. In the ground state, Mn +2 ion with
“ve unpaired electrons occupy all of the majority spin levels ith e and t,
symmetry and all minority spin channels remain unoccupied. Haver in the
“rst excited state one electron of the highest occupiet,, orbitals is trans-
ferred to minority spin e electron (this outwardly spin-forbidden transition is

allowed because of the nite spin-orbit coupling strength). Sicd-d transi-
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— — — , Crystal
— field
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Figure 4.2: Hund's splitting and crystal eld splitting in tetrahedral envi-

ronment. d-d transition energy has been calculated from thevalues.

tion energy from the rst excited state to the ground state can bexpressed
in terms of Hund's coupling strength(J) and crystal "eld splitting(¢). As
Mn is in high spin state, the splitting between majority and minaity en-
ergy levels with identical symmetry is given by 4J. Considering the crystal
“eld splitting(¢) between t, and e orbitals, d-d transition energy can be
computed as 44-¢. Figure 4.2 explains the transition energy in tetrahe-
dral environment. Any distortion in the local environment shold further
remove the degeneracy and looking at the DOS contributed byh¢ Mn d
states near the Fermi energy, as shown in Figure 4.3, we found aahbut
“nite energy splitting in the t, and e levels. Moreover, the splitting in the
t, states is larger than in thee levels. Despite this additional symmetry re-

moval, the transition energy corresponding to rst(Core 1) and s®nd(Core
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Figure 4.3: Density of states corresponding to Mn d states in Mn ged
NC alloys. Two inequivalent cationic doping positions were clsen while

constructing the structures.

2) structures are found to be 1.89 eV and 1.90 eV respectivelyhi§ invari-
able transition energy from two inequivalent sites are indi¢eve of an atomic
like transition from Mn d states. However very similar bond length in two

inequivalent positions could be responsible for such similar esgion energy.

In the local environment of S ions, one expects nite interaain between Mn
d and S p levels and any change in such environment should also &

the change in transition energy. To check whether there is arguch interac-
tion between Mn and neighbouring anions in the doped structet we have
explored the bulk structure with dilute doping concentratimm. A supercell
comprising of sixty four atoms have been generated and one cetic posi-

tion has been replaced with Mn atom to form MnCg,Sz,. Figure 4.4 shows
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Figure 4.4. Crystal structure of a representative unit cell of M doped CdS.

the crystal structure of a representative cell of Mn doped CdS.dF simplicity
we also have shown the MnStetrahedra. A complete structural relaxation
leads to a structure where Mn-S bond lengths are found to be Z.3\. To

check the interaction between Mn d and S p states, we have plottespin
and orbital projected DOS for Mn d and S p states in Figure 4.5. &0 in
these gures represents the valence band maximum(VBM). Peaksarethe
VBM are mainly contributed by the Mn d states with t, symmetry. However
signi cant hybridization between Mn d and S p induces nite contibution

from the S p levels also. In a two band bonding and anti-bondingnodel, as
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Figure 4.5: Spin and orbital projected density of states of Mn @nd S p
states in MnCds;Sso.

shown in Figure 4.6, this level can be attributed to the anti-bnding state
with major contribution from Mn d levels. The conjugate bondng states are
around 3.5 eV below the VBM. Moreover the interaction betweeMn d and
neighbouring S p majority spin channels induces spin polarizan even in
the S p states. Further, we have plotted charge density (Figure.Z) within
an energy energy window of 0.5 eV below the VBM to show the admixj be-
tween Mn d and S p states. Comparing the DOS in a distant S atom (show
in panel ¢ of Figure 4.5) we found all these feature to be absemicithe main
contribution lies near 2 eV below the Fermi energy. All these seilts con rm
our prediction about the strong interaction between Mn and nighbouring

anions.
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Anti-bonding

Bonding

Figure 4.6: Bonding and anti-bonding levels coming from ietaction between
Mn d and S p.

Figure 4.7: Charge density plot within an energy window of 0.8V below

the Fermi level shows the covalency between Mn d and S p states.
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Figure 4.8: Spin and orbital projected density of states of Mn @nd Se p
states in MnCds;Ses.

To check the scenario in another tetrahedral environment buwith very dif-
ferent Mn-anion bond lengths, we have considered the case of @dSost
material. Similar to the earlier structure a supercell of CdSeonsisting of
sixty four atoms have been generated and one cationic positibas been re-
placed with Mn to form MnCds;Se&;,. In completely relaxed structure, Mn-Se
bond lengths are found to be 2.5% which is signi cantly larger than Mn-S
bond lengths in doped CdS. Despite this huge di®erence in borehgths,
features of the DOS (Figure 4.8) remain unchanged. Main caitiution near
the VBM is mainly coming from Mn d orbitals with t, symmetry and the
signi cant admixing between Mn d and nearby Se p states in the maijity

spin states are also evident from the DOS. Moreover the relatiygosition
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Figure 4.9: Optical transition energy in Mn doped (a)CdS andi)Mn doped

CdSe, calculated from the energy eigenvalues at the gammairgo

of bonding/anti-bonding levels remain xed, indicating a vey similar inter-

action strength. This result is apparently violating Harrisons scaling law
which predicts a decrease in p-d interaction strength with thencrease in
bond length. However one should note that as one moves from 2p 3p

orbital, the spatial extent of delocalized p orbitals incregses further and one
can feel the e®ect of delocalized orbitals from a larger dista This e®ect
compensates for the change in interaction due to larger bonength and the

e®ective interaction strength remains unaltered.

To arrive at energy level diagrams for Mn 3d levels, eigen vecs correspond-
ing to di®erent eigenvalues at the gamma point have been arnady for their
symmetry. Such level diagram for Mn d levels in doped CdS hasdreshown
in the Figure 4.9(a) with energy plotted along Y axis. Hund's el splitting
between levels withe symmetry and the crystal eld splitting in the occu-
pied Mn d levels have been found to be 2.51 eV and 0.80 eV respay.
This results in a Mn d transition energy of 1.71 eV in doped CdS sicture.
A similar energy eigenvalue analysis for Mn d levels in doped Sd (Figure
4.9(b))indicates that there are reduction in both Hund's sptting as well as
crystal "eld splitting compared to the earlier case. Hund's eld spiting and

crystal eld splitting are found to be 2.34 eV and 0.69 eV respeetly. How-
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ever the reduction in both energetic are almost same which resuiln a very

similar transition energy of 1.65 eV.

4.4 Conclusion

We have investigated optical transition in Mn doped semicondtiog NCs
within density functional theory. Contrary to the earlier bdief, we have
shown that Mn d levels interact signi cantly with neighbouring anionic p
states leading to occupied bonding and anti-bonding levels. eBpite the
strong interaction between Mn d and nearby anionic states, theskative posi-
tions of these two levels remain independent of local envinment. The spatial
extension of 3p orbitals are fairly larger than that of 2p orldal. This com-
pensates for the change in interaction due to larger Mn-anidmond lengths
and the e®ective interaction remains unaltered. Moreovernalyzing the
Mn d energy level diagram at gamma point, we found a decreasehtund's
“eld splitting as well as crystal eld splitting while going from MnCdz;Ss; to
MnCds;Se,. However the change in both energetic are almost same resulting

very similar optical transition energy in both the cases.
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Chapter 5

Ultrathin Films of CdS and the
Polar Catastrophe Model

5.1 Introduction

Polar surfaces of oxides have received a lot of interest in ratémes, spurred
primarily by the good quality of oxide Ims which allowed unusal physics
in this regime to be probed [1{3]. The eld started more than thity years
ago with the observation of imperfect interfaces for latticenatched hetero-
valent semiconductors [4]. It was then realized that the intéaces of polar
semiconductors can never be perfect and this is what led to st intermix-
ing of atoms. More recently with the ability to isolate single moolayers of
graphene [5], the eld of layered semiconductors has been regnated. The
inability to use graphene which is a zero band gap semiconducia devices
as we know them, has pushed the focus towards layered semicartdts such
as Mo$S, MoSe, WSe, [2{5] etc.. Surprisingly, even ionic binary semicon-

ductors which favour the wurtzite structure in the bulk have en found to

79



5.1. INTRODUCTION

exist in the graphitic phase in the few monolayers limit with Z© [10{12] as
an example. This transformation is driven by electrostatic ausiderations, as
even when the Tms of these materials were grown without any ksafor the
growth direction, the polar c-direction was favoured. Thisvas traced to a
transition to a graphitic phase which had no dipole moment assated with

it [13]. One is familiar with sp> bonded phases among the st row elements
and the compounds that they form. The natural question that fbowed was
what happens to compounds formed by later row elements at tew mono-
layers limit. As structures not often encountered in the bulk ee relatively
abundant among nano materials [14], would we nd examples ofaphitic

structures here?

In order to examine this aspect, we consider the example of a atent semi-
conductor, CdS. As the wavefunction should be more extended rkeand
ionic charge e®ect considerably less pronounced, the questianagked was
whether similar considerations that drove the favoured strucires in the ionic
limit would be operational here. Interestingly we do nd a grahitic phase to
be stable for 2% strained monolayer CdS, while the unstrained Isnfavour
a buckled structure. Transformation to an sp bonded phase is accompanied
by a reduction in the nearest neighbour bond lengths to make ufor the
lost coordination. However, the shorter bonds lead to increaseZioulomb
interactions between electrons on Cd and S. The system respoitysa buck-
ling of the plane which increases the Cd-S bond lengths. Altertingely the
Coulomb repulsion between electrons on nearest neighbour CadaS atoms
can be decreased by subjecting the system to biaxial tensile straifhis
increases the Cd-S bond lengths and just 2% strain is found to réisin a
stable graphitic structure, a rare nd among the later row semiauductors.
At the bilayer limit and without any strain we nd that the struct ure no

longer remains graphitic and the bonding is now more threemiensional and
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may be regarded as a step towards the bulk structure. In the casktbe ionic
semiconductors, the belief was that the transition to the graptic phase was
driven by potential divergence considerations for a polar siace. The buck-
led monolayer structure has a small dipole moment associated wit. With

thickness, the dipole moment will get enhanced and so while poktructures
may be realized at the few layers limit, with thickness theresi a move to
overcome the polar divergence. This results in non-polar sttures being
favoured beyond a critical thickness which is found to be two amolayers for

the more covalent semiconductor CdS.

5.2 Methodology

Monolayers/bilayers of CdS have been generated by truncatntwo/four
monolayers of Cd-S cut out from a bulk wurtzite [15] unit cellgrowing in
the (0001) direction. The in-plane lattice constants (ab plae) have been
kept xed at the bulk experimental values while a vacuum of 2@\ has been
introduced in the c-direction between images in the periodiunit cells used in
our calculations. This is needed to break the periodicity afay the growth di-
rection and thus to discard the interactions between imagesh®rwise present
in the method of our calculations. In Figure 5.1 we have shown ¢hinitial
wurtzite fragment of CdS monolayer structure. One idea of ouralculations
is to search for possible buckled structure in the monolayer litnand unit
cell of two atoms can be insuxcient to show any buckling in the strtture.
Thus, in order to realize buckling in the structures we have use8€ 3£ 1 as
well as & 6£ 1 supercells. As will be explained later on this chapter, we
have considered two di®erent£33£ 1 supercell model structures to under-

stand buckling in the monolayer. While in one structure (Con guation 1 in
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Figure 5.2 (a)) anions have been placed periodically in theedi®erent planes,
in another structure (Con guration 2 in Figure 5.2(b)) they have been placed

in two planes only.

Q

L A PP

Figure 5.1: (a)lnitial wurtzite fragment of the structure and the (b) planar

structure after geometrical relaxations.

‘?"?"? ‘?"‘P’*?
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oo I -
(2) Configurationl (b) Configuration2

Figure 5.2: Two possible buckling con gurations in the monolay of CdS
are shown. (a) In con guration 1, anions can be placed in the pia above,
below and intermediate planes. (b) In con guration 2, anionsan be placed

in plane above and below only.

Ground state energies have been calculated within a planeweaimplemen-

tation of density functional theory using projector augmentd wave (PAW)
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[16, 17] potentials as implemented in Vienna ab-initio Simation Package
(VASP) [15]. We have used the local density approximation (LDA)32] for
the exchange correlation functional. Full geometrical ophization of internal
coordinates have been done in absence of any symmetry till aneegy con-
vergence of 10° eV and force convergence of 5 me#%/ have been achieved.
For model structures the total energy has been evaluated as anttion of a
reaction coordinate. All symmetry operations have been swited o® dur-
ing the supercell ground state energy calculations. A dense gamamentered
mesh of 1& 16£ 1 K-points has been used to span the whole Brillouin zone
while calculating ground state energies. Dynamical stabilitgf all the derived
structures has been investigated by calculating the phonon sgea. Finite
displacement method as implemented in the Phonopy code [2Zjdbeen used
to calculate the force constants and therefore the phonon disgsion. Super-
cells of 4£ 4£ 1 unit cells of the planar structure with gamma centered mesh
of 8£ 8£ 1 k-points have been used to calculate force constants accuaist
within our density functional theory calculations. The acoust sum rule has
been used to ensure zero phonon frequencies for all three accushonon
modes at gamma point. Both chiral as well as achiral structusewere consid-
ered in the two monolayers limit. Chiral bilayer structures 6 CdS and CdSe
have been generated by truncating two layers of cations andians from the
bulk wurtzite structures. As already mentioned, we have kept th in plane
lattice constant xed to the bulk values but have introduced vauum along
(0001) directions. Achiral structures have been generated frothe initial
chiral structures and by swapping positions of one cation withraon. All
electronic and structural calculations are similar to the calulations done for
monolayers. To calculate the polarization, we have used the Bg phase
method [24] as implemented in VASP. For further analysis the almitio band
structure has been mapped onto a tight binding model with Cd sral S s,p
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orbitals in the basis. The radial parts of these wavefunction armaximally
localized Wannier functions. The VASP to Wannier90 [21, 26] farface has

been used for these calculations.

5.3 Results and Discussions

At the outset we took two monolayers of CdS(one layer each of Gthd S)
cut out from a wurtzite cell to examine if a graphitic phase wastabilized.
Allowing the atoms to relax and lower their energy, we found adrier-less
transformation into the graphitic phase. The graphitic phase as found to
be 197 meV/ formula unit (f.u.) lower in energy than the starting wurtzite
derived structure. In the bulk wurtzite structure of CdS, eachcation and
anion are tetrahedrally coordinated with each other and theonding is found
to be sp’ type. Part of the energy gain in a transformation from a spbonded
structure to a sp* bonded one comes from shorter Cd-S bonds. The reduction
in bond lengths compensates for lost coordination. These areufa to be
reduced by 6% from the wurtzite phase. In contrast one found theduction
to be 8% in the case of carbon [5]. As this was a rare occurrencagfraphitic
phase in a later row semiconductor, we went on to probe if the sicture was
dynamically stable. For that we calculated the phonon dispersh considering
the planar structure. The calculated phonon dispersion are shawn Figure
5.3.

Mode softening for one of the acoustic phonon modes is found rejomost
of the Brillouin zone. The deepest phonon instabilities at M ah K point
have been found to arise from the force on S ions trying to movledm out
of plane(In the inset of Figure 5.3 we have shown the directionf dorce

corresponding to M and K points). The reason that the planar strucre
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Figure 5.3: Phonon dispersion of planar monolayer of CdS. Modeftening
through out the Brillouin zone signi es the dynamical instabiity of such
structure. Resulting force acting on S ion, corresponding to Mnal K points

are shown in the inset.

is unstable is because the system makes up for lost coordinationgning
from the four fold coordinated wurtzite phase to the three fal coordinated
graphitic phase via shortening the Cd-S bonds. However, in coast to
the rst row compounds, even at these reduced distances one nds tithe
Coulomb repulsion between electrons on Cd and those on S is subsal.
Considering a 3 3£ 1 supercell of CdS and allowing the atoms to move
out of plane, one nds that the system gains energy by buckling. ie anions
move out of the plane formed by the cations in the buckled striare, with
them lying in the plane above or the plane below. In the bucktestructure

one "nds that the Cd-S bond lengths have increased to 2.48as against the
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bond length of 2.39A found in the planar structure. This buckled structure
along with the separation between upper and lower anionic pilas has been
shown in the Figure 5.4. Anions in the plane above and below thaton

plane have been indicated with U and D respectively.

D- % ? | Up
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(
@sf
-
Pl 4
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= |
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Figure 5.4: (a)Buckled monolayer structure of CdS. Anions derted by U and
D are in the planes above and below respectively of the planerfeed by Cd.
Separation between U and D planes are shown separately. (b) Btration in

the buckled hexagonal structure is shown.

Movement of anions can be understood from the idea of spatialtersion of
the wavefunction associated with di®erent orbitals. As a result ofie more
extended wavefunction of the B orbitals of sulfur, the Coulomb interactions

between anions are also large, although they are second neigints. In order
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to reduce this Coulomb repulsion they move as far away as possiblThus
their separation increases in the buckled structure from the sliance of 4.14

A found in the planar structure to 4.23A.

In addition to the reduction in the Coulomb interactions whch shows up
in the di®erence in the Hartree energy between the two structugeone also
has a gain from sp bonding in the buckled structure. The bond angles
between Cd and S are now found to be 116 and 121 degrees, sugggstin
mixture of sp> and sp bonding. The separation between upper and lower
anionic planes is found to be 0.9@\. As the unit cell was large, we have
calculated phonon dispersion at the gamma point only and phonanodes are
found to be positive. These results suggest that by increasing thepseation
between Cd and S atoms, one can reduce the Coulomb interacsonetween
electrons on both atoms. In order to examine if this would stakize the
structure, we calculate phonon dispersion for the planar strugte subjected
to 2% biaxial strain. Phonon dispersion is shown in Figure 5.5. lis not
immediately evident that the structure should be stable as we arreducing
the gain from bond formation by expanding the lattice. Surpsingly we nd
only positive phonon modes, indicating that the structure is stale. So, one
has the rare realization of a shbonded phase for CdS. The phase has earlier

been stabilized for rst row elements and their compounds.

In order to realize a zero dipole moment for the buckled struate it is evi-
dent that we must have equal numbers of U and D sites. Additionallgach
anion wants to maximize its separation between nearest neighlr anions.
This can be achieved if the anions in the upper plane have alf ibs anionic
neighbours in the lower plane. In the buckled hexagonal geetny of CdS
this is not possible. Referring to the Figure 5.4(b), anion U dexed by 1

wants to maximize the separation between all anionic neighbrs. This can
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Phonon dispersion of CdS monolayer (2% Strain)

\O

Frequency (THz)
®))

o8]

Wave vector

Figure 5.5: Phonon dispersion of planar monolayer of CdS und2¥ biaxial
strain. Structure is found to be dynamically stable from its pbnon dispersion

analysis.

be achieved if all of its anionic neighbours sit in the D planeThus we should
have anions indexed by 1 and 2 in the D plane. But if anion 2 is iD plane,
we should have anion 3 in the U plane. Therefore positions of ans in the
buckled structure is not well de ned. The problem is analogou® nding

an anti-ferromagnetic ground state on a triangular lattice \Were analogous
to the U and D sites, one has up and down spins. This is a well studied
problem in magnetism and indeed a completely anti-ferromagtic state is
not realizable. In the present problem we have another optidior the choice
of the anion site. It could occupy a position in the same plane aké cations.
We denote this by I. We then consider two con gurations 1 and 2 ashown

in Figure 5.2. In con guration 1 we have some anions at | site and sge
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5.3. RESULTS AND DISCUSSIONS

can satisfy the zero dipole moment requirement. Con guration Bas more
number of atoms in the lower plane(D) than in the upper one andhence
has a net dipole moment. Placing the anions in con gurations and 2 at
di®erent anion separations we nd that for all relevant values,on guration
2 has lower energy(Figure 5.6). This indicates that a nite giole moment
would be inevitable for structures of later row compounds. Theptimized
structure whose ground state energy is shown as a diamond in the sargure
is primarily derived from con guration 2 again has a nite dipde moment

associated with it.

Corrugation in CdS
50 ‘ T ; T ; T

«— Configuration 1
40k »+— Configuration 2
i ¢ Full relaxed

30
20

104

S

Relative energy/f.u. (meV)

| 6 meV |
0 0.3 0.6 09 12 1.5
Anion separation (A)

1
|
| o

-20 ‘ :

Figure 5.6: Total energy comparisons between two di®erent cgarations.
Con guration 2 is found to have lower energy near relevant remn. Com-
pletely relaxed structure is found to have 6 meV/f.u. lower erngy than the

Con guration 2.
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Arranging unit cells with opposite polarization in the ab-plae so that we
have a net zero electric polarization again does not lead tosalution which
has lower energy. The energy per formula unit for the two butdd structures
found at the monolayer limit are not found to be substantially d@®erent from
each other. The calculated dipole moment per unit volume orhe electric
polarization are shown in Table 5.1 for monolayers of wurtat structure of
CdS and zZnO. The value for ZnO is found to be larger, consistentitiv

the more ionic nature of the compound. While ZnO favours a gpditic

phase which has a zero dipole moment associated with it, CdS isifid to

favour a buckled graphitic structure which has a small polaraion of 3.85
1 C/cm?(Table 5.1). These results suggest that for more covalent matars,
at the monolayer limit a structure with a nite dipole can be sustaned while
for thicker Tms the only way for these semiconductors to avoid divergence

of the electrostatic potential is to adopt a non-polar structue.

System Polarization
ZnO wurtzite | 195.821 C/cm?
CdS wurtzite | 117.521 C/cm?
CdS buckled | 3.851 C/cm?

Table 5.1: Polarization of two monolayers of ZnO and CdS casponding to
a fragment of the bulk wurtzite unit cell as well as the polagation for one

monolayer of relaxed buckled CdS.

We then went on to consider four monolayers of wurtzite CdS. Adiving the
atoms to move and nd the minimum energy con guration, we foundhat
the ensuing structure had a zero dipole moment, and was 300 me\W/f lower
in energy than the one monolayer relaxed structure. An unusualrsicture
was realized which could be described as chiral and is shown hetFigure

5.7. Each Cd atom has three S neighbours in the ab plane whichea2.46
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5.3. RESULTS AND DISCUSSIONS

A away. In the z direction, there is a S neighbour which sits alve the Cd
atom making a bond length of 2.78\. Hence this structure represents a step

towards the bulk wurtzite structure for CdS with the coordindion equal to

four.

(7]

=]

4,15 A~

~3.73A —

w

o—@vo

(a) Chiral (b) Achiral

Figure 5.7: (a)Chiral bilayer and (b) Achiral bilayer of CdS.

Examining the energetic which make this con guration favowable, we see
that it is both the increased coordination as well as the gaimi Coulomb
interactions which stabilize this structure. In order to minmize Coulomb
interactions between neighbouring atoms, each Cd prefers hmve S atom
on top in the c direction. This is especially evident when we arine the
achiral con guration which is 361 meV higher in energy in whitthe Cd/S
atoms are on top of each other. As the Cd atoms have localized li@@rons
as a part of the valence band, they prefer to have large sepamat of 3.73
A in the achiral structure that they form. Considering In, Ga conpounds
[27, 28] where the d electrons are deeper, one nds that it isehachiral
structure which is favoured. In addition to the weaker Couloin interactions
on the In/Ga atoms, there is also substantial hopping interactio between the

atoms. The next question we asked was whether the bilayer chirstructure
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5.3. RESULTS AND DISCUSSIONS

which was found to have the lowest energy in our structural optiization was
dynamically stable. In order to examine this we have calculat the phonon
dispersion along various symmetry directions as shown in Figu&8. Other
than small regions near j points we did not nd imaginary phononmodes.
These regions of instability are extremely sensitive to the sizé the supercell
and vanishes as the size of the supercell is increased (shown intin§&igure
5.8).

Phonon dispersion of chiral bilayer of CdS
| I

10 ! | ]
1 |
~ | |
E I | | |
= | |
v [ |
2 | |
s /.7~ | | i
g 7 6x6x1 I |
o — -4x4x1| | L
o
I = \
|
| |
al I |
G M K G
Wave vector

Figure 5.8: Phonon dispersion of chiral bilayer of CdS. Remdsa phonon

instability near gamma point is shown in the inset.

The band dispersion for the bilayer chiral structure has been kalated and
is shown in Figure 5.9. The system is found to have a direct band gaf
1.81 eV, with both the VBM as well as the CBM found to occur at the j
point. There is lifting of degeneracy of the S p orbitals conibuting to the

valence band maximum. One nds that while p and p, orbitals contribute
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5.3. RESULTS AND DISCUSSIONS

to the valence band maximum, the energy level with dominantlp, character
is 396 meV deeper. Degeneracy lifting in bulk wurtzite CdS sitcture due
to the crystal eld splitting is found to be of the order of 50 meV ad it is
thus fairly enhanced in the bilayer structure due to strong loalization of the

wavefunction as a result of con nement in the z-direction.

Band dispersion of chiral bilayer of CdS

396 meV

—

Energy (eV)
e

G M K G
K points

Figure 5.9: Band dispersion of chiral bilayer of CdS. Crystal €l splitting
at gamma point has fairly reduced from the monolayer limit bustill higher

than the bulk value.

In order to understand the large stability of the bilayer with respect to the
planar structure, we have tted the ab-initio band to a tight binding model.
Maximally localized Wannier functions with the appropriae spherical har-
monics are chosen as the basis functions. The bond lengths areisimand

so the extracted hopping interaction strengths are expected tbe similar.
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5.3. RESULTS AND DISCUSSIONS

The onsite energies referenced to the Cd-s orbitals are shownFigure 5.10
while the S-p, p, orbitals have similar energies for both systems, a huge

stabilization of 3.68 eV is found for the S porbital in the bilayer.

Planar Bilayer
0 B T T 1T m
1 Cd(s) | Cd(s)] i
% | | ]
IS -1 L
B 5 g
o 2F 1 oy 41 @l ey -]
o= I I I |
) I I ! I
Q ! I S (PZ) : I
Z | t ! |
| |
° 1S (/p,) 2P | :
A4 ! ] |
4 S®/p,)

Figure 5.10: Onsite energies of S p states referenced to the Cdtates
determined from a tting of the ab-initio band structure to a tight binding

model.

The energy of the S p orbital for the monolayer is found to be only 2.84
eV deep. The origin of this stabilization is traced to the strog hopping
matrix elements of the S p orbital with Cd p, orbital. This channel of
delocalization stabilizes the bilayer over the monolayer sictures. There is
a priori no reason why the Cd-s levels should be aligned in bothd systems.
We use the average electrostatic potential in the vacuum regi@and use that
as a reference in both systems. Average electrostatic potentiaaches a

constant value in the vacuum region and that has been shown inghFigure
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5.11. The bilayer energies are found to move deeper and thencloision

derived assuming the Cd-s orbitals are aligned remain.

Planar Buckled Bilayer
|

-10f . . n

201 u u

Electrostatic potential (eV)

2301 u u

| | |

0 10 0 10 0 12 24
Distance (A)

Figure 5.11: Local electrostatic potential plot for di®erenstructures.

5.4 Conclusion

We have explored the possibility of forming graphitic phases inltra thin

‘Ims of CdS. While the Ims formed at the experimental lattice ®nstant
are found to exhibit buckling, a small biaxial tensile strain ifound to sta-
bilize a graphitic phase. While divergence of the electrosiatpotential are
found to drive the structures favoured for ionic compounds, fanore covalent
semiconductors a nite though small dipole moment can be sustamat the
monolayer limit. This builds up the electrostatic potential with thickness

and at the bilayer limit a non-polar structure is strongly favaired.
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Chapter 6

Orbital Ordering Driven
Magnetism in Fe Intercalated

TaS»

6.1 Introduction

The isolation of the rst two-dimensional material, graphene [JIL has brought
the focus on the entire family of layered materials [2{6]. Tl&se systems are
obvious candidates to probe two-dimensional physics as the akevan der
Waal's coupling between layers allows the facile removal @fie or more layers.
These materials have been extensively studied in recent timasdetheir appli-
cation in various devices explored. In this chapter we congidan interesting
member of this family of materials, Fe intercalated into Tag layers [7{10].
Depending on the concentration of Fe intercalation, one ndthat the sys-
tem is either ferromagnetic or anti-ferromagnetic [11, 12]JAdditionally one

‘nds a very large magneto-crystalline anisotropy associated witFey.,sTaS,,
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6.1. INTRODUCTION

which makes it useful for switching applications. In this workwe explore the
evolution of the magnetic properties with intercalation. Pior to the intro-
duction of the Fe atoms, one has only TgSlayers which are metallic. This
has led to an RKKY [13] model being proposed to explain the magtism.
Originally the model has been used to explain the oscillatory agnetic cou-
pling that one has in magnetic multilayers with nonmagneticspacers [14],
and the present model seems to be in the same direction of thougtiiough
here instead of magnetic multilayers, we have an intercalatedyer of Fe
atoms. Such a model assumes a spin only interaction between thegnatic
atoms and the conduction electrons. While this makes us to daipate ferro-
magnetic interactions at some coverage and anti-ferromaditeinteractions
at some coverage, analyzing the magnetic phase diagram, it sesetimat one
can divide it into two parts. Up to an Fe concentration of 40%, itis found
to be ferromagnetic while it is anti-ferromagnetic above tht [11,12]. This
seems to suggest the presence of competing exchange pathwayserathan
an oscillatory coupling. In order to examine this aspect, we ka considered
several concentrations and examined the changes in the etedic structure

and its e®ect on the favoured magnetic structure.

Considering the 25% Fe intercalated case, one nds that the F- levels
are occupied in the minority spin channel while these levelseaunoccupied
on the Ta sites. For FgsTaS, on the other hand one has the minority
spin dyz, y2 orbitals on Fe occupied whiled,. orbitals are empty. At low
concentrations the typical Fe-Fe separations are 8 and so any coupling
between Fe sites is small. However, the topology of the structure such
that it allows hopping between Fe and Ta sites in thez-direction, thereby
coupling thed,. orbitals on both sites. This channel leads to a ferromagnetic
alignment of the spins on Fe in the z direction. As Fe donates twelectrons

to the Ta levels, one nds that with increasing Fe concentratiorthe Ta d,-

100



6.2. METHODOLOGY

levels get Tled up. These levels then move below the g levels with which
they interact. As a result the Fed,. levels get emptied, and the electron in
the minority spin channel on Fe occupies the:; ,» orbitals. The channel of
hopping for ferromagnetically coupled Fe atoms is thereferemoved. Hence
with increasing Fe intercalation we have a transition from feomagnetism to
antiferromagnetism. This picture of the e®ect of the electran structure on
the magnetism has been veri ed by arti cially changing the chaacter of the
highest occupied states on Fe at a particular concentration. his again leads

to a crossover from ferromagnetism to antiferromagnetism.

6.2 Methodology

The electronic structure of FgTaS, for x=0.25, 0.33 and 0.50 was calculated
using the Vienna ab-initio simulation package (VASP) [15] whichnvolves
a plane-wave projector augmented wave (PAW) [16, 17] impleatation of
density functional theory. A gamma centered k-points grid o16£ 16£ 8 has
been used with a cuto® energy of 500 eV for the kinetic energytioé plane
waves included in the basis. The generalized gradient approation to the
exchange correlation functional has been used [18,19]. Addital orbital-
dependent potentials have been used on Fe within the GGA+U fraework
using the Dudarev implementation [17]. Unless otherwise statetthe value of
U that we have used is 4 eV. Spin orbit(SO) interaction strengthsi expected
to be signi cant for 5d transition metal compounds thus we incqrorated SO
corrections for several calculations also. €aS, form ordered super-lattice
for x=0.25, 0.33 with lattice parameters a'=2g and a':p 3a, respectively
where g is the basic lattice parameter of the Tag array. In the basic 2H

structure of TaS,, Ta atoms are in trigonal prismatic coordination with S
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6.3. RESULTS AND DISCUSSIONS

atoms and Fe on doping occupy some of the high symmetry non-l&g in-
tercalant positions. Lattice parameters were kept xed at the xperimental
values [8] while the internal positions were relaxed till theenergy conver-
gence of 10° eV and the force convergence of 5 mefX/were met. Di®erent
magnetic con gurations labeled AFM1, AFM2, AFM3 and FM as shown in
Figure 6.1 were considered to search for the favoured magneajround state.
In AFM1 we have Fe spins coupled antiferromagnetically in thetaplane as
well as in the c direction. AFM2 has the Fe spins coupled antifesmagneti-
cally in the ab-plane but coupled ferromagnetically in the direction. AFM3
has the spins coupled ferromagnetically in the ab-plane bubapled anti-
ferromagnetically in the c direction and FM is ferromagnet con guration.
Analysis of the ab-initio band structure was carried out by mapimg onto
a tight-binding model with Fe d, S p and Ta ¢, dxz, y2 and d, orbitals in
the basis and maximally localized Wannier functions [21] asi¢ radial parts

using the VASP to Wannier interface [22].

® O O|O© ©||®
TaSz TaSz TaSz TaSz
® &b ®|e O @
TaSz TaSz TaSz TaSz
AFM 1 AFM 2 AFM 3 FM

Figure 6.1: Di®erent magnetic con gurations of Fe intercalatl TaS struc-

tures.
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Figure 6.2: Crystal structure of Fg.osTaS,. Separation between di®erent

atoms have been shown along with 2h block of Ta®ietwork.

6.3 Results and Discussions

The structure of Fey.,sTaS; is given in Figure 6.2. In the parent 2H hexagonal
structure, two di®erent TaS layers are stacked in ABAB fashion. Ta is in
trigonal prismatic coordination with S. Fe upon intercalaton occupies certain
high symmetry non lattice sites. As is evident from the gure, one ds two
layers of TaS separated by a distance of 2.9%. This is believed to result in
a weak van der Waal's interaction between two TaSayers. Fe-Fe separation
in the ab plane is 6.61A and it is 6.04 A along the c direction. Separation
between Fe-Ta and Fe-S are 3.0A and 2.43 A respectively. Though we
have not shown in the gure, Fe occupies vacant in-plane non tate sites

between two Ta$ layers upon additional doping. As an example, in-plane
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(‘,}'8

Figure 6.3: Charge density close to the fermi level is con ned thin TaS,

layer. Signi cant contribution from Ta d and S p states is evidst.

Fe-Fe separation reduces to 3.3A while out of plane separation remains the

same in case of kggTaS;.

The TaS; layers are nonmagnetic as well as metallic and examining thiearge
density at the fermi level, one nds that the conduction is con ed primarily
to the two-dimensional Ta$S layers. The occupation of non-lattice sites by
the intercalated Fe atoms, coupled with the fact that the ators occupy the
region between two Ta$ layers has led to a picture where the charge and
orbital degrees of freedom of the electrons on the Fe site mag lgnored and

only the spin degree of freedom needs to be considered. The sginghe Fe
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atom interact with the conduction electrons associated withite metallic TaS

layer and this RKKY-type interaction is believed to mediate nagnetism.

Figure 6.4:. Charge density for the states close to 1.5 eV belowetlrermi

energy in the minority spin channel.

Examining the Ta$; layer, we nd that the charge density close to the fermi
energy as presented in the Figure 6.3, is con ned within the TaSayer.
Signi cant contribution from d,. orbitals on Ta andp, orbitals on S have been
found. The separation between Fe and S atoms is 2.43and that between
Fe and Ta atoms is 3.04A, so it is not unusual to expect an interaction
between the intercalated Fe atoms and the TgSayer. Indeed we examine
the charge density corresponding to states mainly coming fronef,? levels,

close to 1.5 eV below the Fermi energy for the minority spin state We
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“nd signi cant interaction between the Fe and Ta$S layers (Figure 6.4)and a
spin-only description of the Fe atoms is not valid here. This ialso evident
from the orbital projected density of states shown in Figure 6.5The Fed
states are shown in the left panel while the Tal states are shown in the right
panel. In the majority spin channel we nd that the Fed states are around 4
to 6 eV below the fermi energy and are completely occupied. tne minority
spin channel, one nds that only the Fed,. states are occupied while all other
states are empty. On the other hand, Tal,y, ds2; y2 and d,. states contribute

at the fermi energy while thed,, and d,, states are unoccupied.

—_
W

—_
wm O

h ©

Density of states (/eV)

0 = I 1
1.5 y )\‘
! !
0 n Lol n £ 14
-6 -3 0 3 -6 -3 0 3
Energy (eV)

Figure 6.5: (a)Fe and (b)Ta d orbital projected density of stags for ferro-
magnetic Fg.»5TaS, calculated for U=4 eV.

S p orbital projected density of states are shown separately in Figel 6.6.
Both the majority and the minority spin channels correspondig to Sp states

are found to be occupied leading to a®pcon guration. The Ta states hy-
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Figure 6.6: S p orbital projected density of states for ferrongmetic Fe).osTaS,

calculated for U=4 eV.

bridize with the S p states and in the energy window from 2 eV below the
fermi energy to around 7 eV below and we have the states with plemi-
nantly S p character with Ta admixture. The Ta d,, dy2; y» and the d,.
interact in the xy plane, resulting in the two distinct sets of fatures we see
around 0 eV and 3 eV in the density of states. Additionally we also ke sig-
ni cant interaction between the minority Ta d,. states and the Fed,. states
near around 1.5 eV below the fermi level. This results in a sigonant polar-
ization of the Ta d,. states. Induced magnetic moment on Ta closest to Fe
are found to be 0.1!B per Ta and they are ferromagnetically coupled with
Fe. Consistent with this observation, we nd that the dispersion wdth of
all the minority Fe d orbitals is just 0.5 eV except the Fed,- orbitals which
have a larger dispersion width associated with them. A point to rie that
there are two non-lattice intercalant symmetric positions aailable for the

Fe to occupy at 25% doping concentration. Figure 6.7 shows twb®erent
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doping positions from the top. In Structure 1, Fe is doped on f of one of
the Ta channels along c direction and thus forms trigonal pgmatic network
with nearest S atoms. Whereas for Structure 2, Fe is doped at tleenter
of one of the hexagonal network formed by Ta and S and forms tahedron
network with nearest S atoms. Ground state energies for these twon gu-
rations have been calculated and Structure 1 has been founal be favoured
over the other one. Broken Fe-Ta network along the c directioin Structure
2 should weaken the coupling between Fe and Tg énd magnetism should
not sustain in such structure and indeed when we looked at the magjic
con guration of the resulting structure, we found it to be non-nagnetic. As
Fe is at an intercalant position, the immediate question thatdllows is what
is the valence state that is favoured. Examining the Fe density of states
one nds that Fe has ad® con guration. This suggests a 2+ valency, con-
sistent with the experimental observations, associated with theeFsite. The
electrons donated by the Fe atoms go on to occupy the Ta stateachthe

electron count of Ta d states increase with the doping.

Figure 6.7: Two di®erent doping sites for RE25TaS.

After examining the electronic structure at 25% Fe intercalabn, we went on

to explore the role of increased Fe intercalation by considag the case of 50%
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intercalation. Fey.sTaS; is found to be anti-ferromagnetic. To understand the
anti-ferromagnetic behaviour at this doping concentratio we have plotted
the orbital projected density of states. The Fed orbital projected partial
density of states are shown in Figure 6.8. Here again we nd the Rk
states are completely Iled in the majority spin channel. In theminority
spin channel, however, in contrast to earlier, we nd that the sith electron
occupies thed,:, 2 orbitals. The minority spin d,. orbitals are empty at this
concentration. This reordering of orbitals occurs becausbd Ta d states get
‘lled up with increased Fe concentration. As a result they move bew the
Fe d,> states with which they interact. The hopping interaction betveen Fe
and Ta d,» states now pushes the Fel,. states deeper into the conduction
band. Consequently, the sixth electron on Fe occupies tlg:, y» orbitals.
This mechanism is shown in the Figure 6.9 with the help of two statlevel
diagram. At low Fe concentration, interaction between Fe fwith Ta d?
leads to a bonding state mainly contributed by Fe states. Whersahe same
interaction at higher Fe concentration leads to anti-bonaig state contributed
by Fe d. Again with increased Fe intercalation, as they occupyniplane
positions, we now have the shortest Fe-Fe separation to be 381This leads
to strong interaction between Fe atoms mediated by the S atomesulting
in wider Fe bands than seen in Figure 6.5 for 25% Fe intercalati. In-plane
interaction in between two minority Fe d orbitals via occupied S p states

leads to an anti-ferromagnetic ground state.

Having understood the evolution of the electronic structure il Fe intercala-
tion concentration, we went on to examine the magnetic staly at di®erent
concentrations. Di®erent magnetic con gurations are shown inigure 6.1.
As tabulated in Table 6.1 for the case of 25% Fe intercalation,ev nd the
ferromagnetic con guration to have the lowest energy while AFi¥, AFM2

and AFM3 are found to be 29, 213 and 30 meV higher respectivelyhit is
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Figure 6.8: Fe d orbital projected partial density of states floAFM1 structure

of Fen.soTaS, calculated for U=4 eV on Fe. The Ta d? projected contribution

is shown in the bottom most panel.

Figure 6.9: Bonding and antibonding levels originating fnm interaction be-

tween Fe ¢ and Ta d? at (a) low Fe doping and at (b) high Fe doping

concentration.
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consistent with the experimental observation of a ferromagnietground state
in the system. This is easy to understand as the typical Fe-Fe sep#ions
in the ab-plane are 6.61A which results in a weak coupling between the Fe
atoms. On the other hand, the channel of hopping through the Taites in
the c-direction leads to a strong coupling of the Fe spins in the-direction.
Examining various magnetic con gurations at 50% Fe intercation, we nd
that AFM1 and AFM2 have the lowest energy, consistent with experient.
Here as the Fe-Fe separations in the ab-plane is 3.81and all the d orbitals
in the majority spin channel are occupied, we have a strong afégrromagnetic
coupling between the spins in the ab-plane. The removal of trehannel of
hopping in the c-direction for Fe sites through Ta results in a eak coupling

in the c-direction.

While the calculations were able to obtain ferromagnetism at=25% and
antiferromagnetism atx=50%, the question that followed was what is the
role of the electronic structure in bringing about the changein the favored
magnetic ground state. At low Fe concentrations, we nd that thee is a
pathway for an electron in the minority spin d,. orbital on Fe to hop to
on Ta and couple to a ferromagnetically aligned Fe site in the-direction.
As the Ta d,. states are Iled up, this channel of hopping which favored
a ferromagnetic coupling between Fe spins in the c-directiois removed.
Further, with increasing Fe concentration, we have the sepaian between
in-plane Fe atoms decreasing. This also allows them to intetawith each
other in the ab-plane. As this channel of hopping is from the capied
majority spin states on Fe, the spin on nearest neighbor Fe sitesv@ato be
antiferromagnetically arranged for the superexchange to jeossible. Hence

antiferromagnetism wins over at higher Fe intercalation carentrations.
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U(eV) AFM1 AFM2 AFM3 FM
25% doping

2 -45 5 -46 0

4 29 213 30 0
50% doping

4 -63 -62 -34 0

Table 6.1: Relative energy of di®erent magnetic con guratienin meV as a

function of Coulomb interaction strength for Fe.osTaS, as well as FgsoTaS;.

Figure 6.10: (a) Fe d orbital projected partial density of stags for Fg.,5TaS,

calculated for U=2 eV. (b) Onsite energies for Fe 4 and Ta d,? levels for
U=2 eV and 4 eV.
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Applying a U on the Fe d states allows us to vary the position of thée
d states vis-a-vis the Ta states arti cially. We did exactly that considering
the 25% Fe intercalated case. The Fe d orbital projected dengibf states
for U=2 eV are shown in Figure 6.10(a). Again here, all the majay spin
Fe d states are completely occupied. In the minority spin chaehwe nd
that the Fe d,. as well as Fe ¢, ,2 states are partially occupied. Analyzing
the ab-initio band dispersion along various symmetry directizs in terms
of a tight binding model with the radial parts being given by naximally
localized Wannier functions, we nd that the Ta d:. are slightly below the
Fe d,. levels at U=2 eV. However at U= 4 eV we have the Fe d levels
below the Ta d. levels. This ordering has also been shown in the Figure
6.10(b). As a result of this ordering of Fe and Ta levels we havée Fe d-
levels almost empty for U=2 eV. By the arguments for hopping patiays
presented earlier, this should result in a decreased gain forr@nagnetically
aligned Fe spins. Indeed this is what we nd. Calculating the mamgtic
stability at U= 2eV as shown in Table 6.1 we nd that AFM1 is lower in

energy than the ferromagnetic con gurations by 45 meV.

6.4 Conclusion

The nature of the magnetic ground state for FeglaS, has been examined
within ab-initio electronic structure calculations. A spin oy model of the
interaction between Fe and the conduction electrons of theak, layer is
found to be invalid. Instead one nds a strong coupling betweerhé elec-
tronic structure and the magnetism. At low concentrations the~e d,- levels
are partially occupied while the Ta gd- levels are empty. Hence a channel

of hopping through the Ta states facilitates a ferromagnetialignment of Fe
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spins. Fe favours a +2 valency, donating electrons to the fernrenergy. Con-
sequently with increasing Fe concentration, the Ta d states get occupied,
removing the ferromagnetic channel for Fe spins. Further ondsa has a
decreased separation of Fe spins in the ab-plane. This resultsantiferro-

magnetism being favoured.
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Chapter 7

Engineering Polar Distortion In
Sr7cO 3

7.1 Introduction

The interest in multiferroics has grown enormously in recentears as concept
devices are envisaged in which the strong coupling between thlectric and
magnetic degrees of freedom allows one to interchangeableuan electric
“eld or a magnetic eld to manipulate either degree of freedonmil[2]. One
of the prerequisites for such a device is that one has a sizabldgsization
as well as a high magnetic ordering temperature in the matati Usually
the route to a strong coupling between the two degrees of fremd has been
that magnetism and ferroelectricity are both associated withite same atom.
This is dixcult to realize as among the transition metal (TM) canpounds
those materials that have a large value of polarization are tse that have
a d° electron con guration [3], and hence have no associated magsgt

which requires partial d electron Tling. Recently Bhattacharjee et al. [4]
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7.1. INTRODUCTION

pointed out that even in ad® system, which is a band insulator, one could
stabilize ferroelectric distortions by expanding the lattie. The short-ranged
coulomb repulsion decrease in this case, and this is believedie the rea-
son that the energy of the ferroelectric mode decreases with artrease in
volume. Considering the case of CaMn{) they examined various phonon
modes, and found that while the energy of the antiferrodistorte mode re-
mained volume-independent, the energy of the ferroelearmode decreased
with an increase in volume, becoming soft, and became compaelwith
that of the antiferrodistortive mode at a volume expansion of @%. The fer-
roelectric structures stabilized at larger volumes were fodnto have large
polarization, » 4 * C/cm?, comparable to that found in displacive ferro-
electrics. They also indicated that similar behavior can be obsed in other
A(Sr,Ba)MnO; perovskites. First principles studies have been carried out for
SrMnO; [5] and BaMnG; [6] with similar conclusions. Recent experiments
by Sakai et al. [7] corresponded to the rst experimental validation of the
existence oB-site driven displacive multiferroism in Sg; \Ba,MnO3 through
chemical engineering. This has also been demonstrated by Galiiret al. [8]
where they found incipient ferroelectric behavior in CaMng@ Ims with 2.3%
strain. A basic route to high polarization materials has emesgl from this
approach, which was to choose band insulators. Distortions angj from rst
order Jahn-Teller e®ects are often found to be centrosymmetrand there-
fore these materials are not suitable for systems where one trimsexplore
polar distortions. However rst order Jahn-Teller e®ects are notperative
in band insulators and the lowest order distortions that are opative are
second order in nature. These distortions could result in invems symmetry
being broken. In the present work we look at another member ofis class

of materials.
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Magnetic members are rare among the compounds formed Bgd and 5d
transition metal atoms. Even if some members are found to be magjic,
the typical ordering temperatures are low. Recently unusulgl high mag-
netic ordering temperatures were reported in few Tc-basedatnsition metal
oxides, far higher than their3d counterpart. SrTcO; was found to have
a Neel temperature of 1023 K [9] while CaTc9Pwas found to have a Neel
temperature of» 800 K [10]. This was found to arise from the half- Iling
of the tyy bands in these oxides. A model was proposed [11] that this was
a generic feature ofdd and 5d oxides at half Tling of the t,y bands, and
high magnetic ordering temperatures were to be expected fiorore examples
among this class of materials. Theséd and 5d oxides also come into the
category of band insulators and could be explored for ferr@etricity. In the
present work we focus on SrTc®which is an example of a4d oxide with
a Neel temperatures equal to 1023 K [9] and examined if the mactism of
considering band insulators [4] could drive the system ferroetec. For the
applicability of the idea presented earlier, we took experiental lattice pa-
rameters instead of idealized cubic structural parameters drsubjected the
system to bi-axial tensile as well as compressive strain. Within ¢hstrain

range explored, we did not nd any signature of polar distortios.

Recent theoretical work by Gupta et. al. [12] have shown thaof the case of
BaVO3/BaTiO 3 two dimensional heterostuctures(HS), one can stabilize polar
distortions in apparently non-ferroelectric BavQ layers. Here also we have
investigated the scenario where one forms a HS with intrinsicglferroelectric
substrate of BaTiO;. In both the cases of monolayer and bilayer HS, we are
able to stabilize out of plane polar distortions within the SrcO; layers.
We then ask the question, what are the microscopic considerat®mvhich
allow polar distortions to be stabilized. Within our calculatons we have

explored the possible role of quantum con nement, Born-e®edicharges
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and breaking of the inversion symmetry to stabilize the polar dtortions in
monolayer HS. Additionally the role of asymmetry in the hoppingstrength

to stabilize the polar distortions in bilayer HS have been discusse

7.2 Methodology

First principle electronic structure calculation have been @rformed within
a plane wave implementation of density functional theory uson projector
augmented wave potentials [13] as implemented in the Vienmd initio sim-
ulation package (VASP) [15]. Perdew-Burke-Ernzerhof (PBE)15] forms of
the generalized gradient approximations to the exchange rcelation func-
tional were used. Monkhorst-Pack grid of 88£ 8 k-points mesh were chosen
for the self-consistent calculation of the bulk structures. The ave function
taken in the basis set consists of plane waves with kinetic eneggiless than
or equal to 500 eV. Bulk SrTcQ favours G-type anti-ferromagnetic structure
as the magnetic ground state. We maintained the same magnetiorcgu-
ration in the bulk calculations. The polarization were calclated using the
Berry phase method [16]. The Born e®ective charges have beempgoted
using the DFPT method as implemented in VASP [17,18] which inWees the
computation of change in Hellmann-Feynman forces due to thénange in

wave function.

Multilayer HS of SrTcOs; with BaTiO 3 as the substrate have been generated
from the bulk super-cell of BaTiQ grown along c direction. We have started
with sixteen monolayers of bulk BaTiQ and have substituted one BaO and
TiO, layers with SrO and TcQ, layers while maintaining experimental bulk
lattice constant of BaTiO3 to generate the rst type of HS. We call this mono-

layer HS throughout the discussion. Similarly one BaO and two symetric

121



7.3. RESULTS AND DISCUSSIONS

TiO, layers have been substituted with SrO and Tc®@layers respectively to
generate bilayer HS. Monolayer and bilayer HS have been shownRigure
7.1. In the experimental bulk structure, SrTcQ shows rotation @ ai c°) and
tilts (a' ai c") of the octahedra. We also have taken care of such tilts and ro-
tations while constructing HS. Monkhorst-Pack k points grid oBE 8£ 2 have
been chosen to span the Brillouin zone. Antiferromagnetic conugation for
the in-plane magnetic ions in monolayer HS and G-type antifesmagnetic
structure in bilayer HS have been maintained. Other calculatn details in-
cluding energy cut-o® for the plane waves in the basis set and G&®or the

exchange correlation functional are identical to the bulkalculations.

7.3 Results and Discussions

Earlier work [4] showed that band insulators showed a tendencyg b®-center.
As a measure of the tendency of a material to exhibit polar distbons, we cal-
culated the Born e®ective charges(BEC) for Sr, Tc and O. The pimponent
of the BEC's are given in Table 7.1. The in-plane oxygens havmeen de-
noted as Q and the apical oxygens have been denoted ag.OExamining
the BEC's for the theoretically optimized pseudo-cubic strucre, we nd
values of 2.7, 6.42, -5.79 and -1.66 associated with Sr, Tg, @nd O, re-
spectively. Now the formal valencies associated with these atorase +2,
+4, -2 and -2 respectively. The value for Sr here is similar to th value
found for other alkaline earth metal atoms such as Ca in CaMnand Ba in
BaMnO; [6] and is close to the formal valency of the system. However the
values for Tc and Q are found to be signi cantly enhanced from the formal
valencies expected. Enhanced values of the BEC's have alwdyeen seen in

systems which are incipient ferroelectrics or are ferroeleicis. In the case of
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Figure 7.1: Monolayer and bilayer heterostructures of SrTcZBaTiO 3 have

been generated from the bulk supercell of BaTi#Jyrown along the c direction

the classic ferroelectric, BaTiQ one nds that Ti and O, have BEC's which
are equal to 7.29 and -5.75 [19], and similar enhancements @éaiso been
seen in the recently predicted multiferroics, SrMn@ and CaMnQ;. These
results therefore suggest that the present system could also be a gtal

multiferroic.
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Site index Volume reduced Optimized volume Volume enhanced

index by -2% (@=3.942M) by +2%
ze, 2.73 2.70 2.66
VA 6.22 6.42 6.64
ng -5.61 -5.79 -5.97
zs, -1.66 -1.66 -1.66

Table 7.1: Born e®ective charges of di®erent atoms calculatied a cubic

unit cell of SrTcO; as a function of volume.

The next question we asked was whether one can stabilize polastdrtions
in SrTcO3. The experimentally reported structure for SrTcQ does not have
ferroelectric distortions. In order to check whether it develps any polar
distortions under strain we have considered the situations wherthe bulk
structure is subjected to bi-axial tensile as well as compressigé&ain. We
have explored strain in the regime of 2% or less as SrTg®ecomes metallic
beyond this tensile strain regime. Within our calculations wevere not able

to nd the stability of any polar distortions.

An alternate route in this context could be the HS formed by sandiehing
transition metal oxide layers between a conventional ferréextric. BaTiO3
is one such example where the Ti o®-centering results in Ti-O lbiengths
equal to 1.88A and 2.12A. Recently in a theoretical study [12], Gupta et
al. have sandwiched BaVv@ in between BaTiO;. BaVO3; has V in dt con-
“guration and is a Jahn-Teller active ion. Usually one expects symetric
distortions which lift the degeneracy of the d orbitals. One ths does not
expect polar distortions to survive. Nevertheless they were abto stabilize
polar distortions along the growth direction while rst order Jahn-Teller dis-

tortions were found in the ab plane of the optimized structure The question
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that followed was whether moving from a formal occupation af! at the tran-
sition metal site to o would still allow the o®-centering. While the d case, as
discussed earlier would not have rst order Jahn-Teller e®ects, thecreased
electron count at the transition metal site would increase the @ulomb repul-
sion between electrons on the transition metal and oxygen. Molayer HS
as discussed in the methodology section have been generated witb layers
of SrTcO; sandwiched between fourteen layers of BaTiO After complete
structural relaxations we arrive at a structure where polar ditortions are
stabilized in the sandwiched layer. The out of plane Tc-O bondhgths are
found to be 1.99 and 2.05\ while the in-plane bond lengths remain “xed
at 2.00 A and the direction of polar distortions is the same as that of téa
substrate BaTiO; layer. Moreover we did not observe any tilt or rotation of

the TcOg octahedra originally present in the starting structure.

In order to understand the origin of polar distortions in the sadwiched
layer, we have calculated the the density of states(DOS). Figer7.2 shows
the spin and orbital projected DOS for Tc d orbitals in monolagr HS. In the
octahedral environment of the oxygens the ve d orbitals spliinto t,q and g
symmetry. Tc is in +4 oxidation state and the majority spin t,y4 orbitals are
occupied at a Tc site. We further noticed that there is a distincdi®erence
between the bandwidth of the occupied DOS coming from threei®erent
orbitals. While the d,, orbital is pretty delocalized and spreads over around
1.5 eV energy window, other two orbitals are localized with dispersion width
of around 0.5 eV only. To compare our results with the bulk DOSye have
plotted Tc t,4 orbital projected DOS in the Figure 7.3. The main di®erence
between two DOS is very evident. In bulk SrTc@ all of the Tc t,; majority
spin channels are completely occupied and the width associatedth each
of these three orbitals are found to be around 2 eV. The signi caritopping

interaction between Tc 4 and O p is responsible for the bandwidth that we
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Figure 7.2: Spin and orbital projected DOS of Tc d states withyt; symmetry

in monolayer heterostructure of BaTiQ/SrTcO s.

Figure 7.3: Spin and orbital projected DOS of Tc d states with,f; symmetry

in bulk structure.
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“nd. However in the monolayer HS, dispersion width is reduced sigoantly

for both dy, and dy, orbitals. This immediately points out that the hopping
interactions between Tc ¢, or dy, and apical O p orbitals are limited in the
HS. The presence of Ti@ layer along the growth direction thus have limited
the hopping of electrons within the sandwiched layers. Howevéris is not
the situation in the basal plane where an electron from Tcy§ orbitals is
allowed to hop without any constraint. This con nement of eletons along
the growth direction can be compared to the situation of a partle in a box
and is often discussed in terms of quantum con nement e®ect. Loogiat the
occupied DOS peaks corresponding to the majority Tc,gland dy, orbitals
we found that they are pushed down around 0.75 eV below the Fertevel

again for the same reason.

Discussion mentioned above clari es the role of host layers to liithe elec-
tronic hopping and thus promoting quantum con nement e®ect. & does it
play any role to stabilize polar distortions in the sandwichedalyer? In order
to nd that we have looked at the distortions in the host layers ao. Polar
distortions are found to survive within the host layer though tle magnitude
has reduced from their bulk values and are found to be 2.07 aad®4A. Usu-
ally whenever one grows layers of non polar material withinolar structure,
there is a competition between the polar and non-polar struate at the inter-
face and the host layer loses some of its polarization in the pess. To check
whether the polarization in the sandwiched layer have beendnced directly
by the substrate layer, we explored the scenario where the pdlaation in
the substrate is expected to vanish. Under the bi-axial tensile stin bulk
BaTiO3 is known to lose ferroelectricity. A shorter Tc-O bond length ginif-
icantly enhances the Coulomb repulsion between electron alts on Tc and
O and the short range repulsion becomes strong enough to destedgilpolar

distortions [20] in the structure. We then examined the case whethe sub-
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strate was subjected to 2% biaxial tensile strain. The atomic pdsn were
relaxed again and one found that the polar distortions assoced with the
substrate vanished while they remained in the sandwiched layelt.is worth
mentioning that the lattice parameters along the growth diection have been
reduced to satisfy the Poisson's ratio. This result of sustainableofarization
in the sandwiched layer while it vanishes in the host clearly efinates the
speculation of polarization directly being induced by the h&t layers and one

should think of other mechanisms to be operative.

There are two other factors that could lead to the polar distdrons in such
a HS. One is the inversion symmetry being broken by the nature ohé
structure and another is the tendency to o®-center as evidenbi the en-
hanced Born e®ective charges. As presented in Table 7.1, BEC asHed
with Tc and Oy are fairly enhanced from their formal valencies and could
lead to polar structures. If the enhanced BECs were the only gin, then
one expects the o®-centering to take place even when one hasnwersion
symmetry breaking. Indeed we checked the e®ect of breaking tingersion
symmetry by replacing the SrO layer with BaO. The polar distorions were
found to vanish in such situation. This implies that there is anmportant
role being played by the breaking of inversion symmetry to stalie the polar

distortions in monolayer HS.

After understanding the origin of polar distortions in monolagr HS, we move
to investigate the scenario where another layer of TiOhas been substituted
with a TcO, layer. The TiO, layer is chosen so that the two Tc@ layers are
symmetrically placed with respect to the SrO layer. We call tts a bilayer HS.
Full structural relaxations lead to a structure where the outef-plane Tc ions
come closer to each other. This results in two short Tc-O bonds t@ngth

1.99 A while the other out-of-plane Tc-O bond lengths are 2.09\. These
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Monolayer Bilayer

No Strain 2% biaxial | No Strain 2% biaxial
2.0%A 1.98A 2.0%A 1.98A
1.9 1.92A 1.9 1.92A

1.9 1.98A

2.05A 1.92A

Table 7.2: Polar distortions in BaTiOs/SrTcO ; heterostructure. Tc-O bond
lengths along c direction have been tabulated for monolayas well as bilayer

structure.

bond lengths have been given in Table 7.2. According to our n@mclature
we call this AFE1 bilayer HS. It is clear from the table that thowh the
magnitude of displacement corresponding to each Tc ion has ndbanged
from the monolayer structure, the direction of out of plane diplacements are
opposite. Moreover the host layers are found to be non-polarervwithout
any strain. An additional biaxial strain retains the AFE1 distortions within

the dopant layer and the polar distortions remain absent in théost layers.

To understand the mechanism involved in stabilizing polar disttions in the
bilayer HS we have plotted spin and orbital projected DOS corsponding to
Tc d states in the Figure 7.4. The main feature of the DOS is thessurrection
of the dispersion width corresponding to @ and d,, states, whereas the
width associated with Tc d,, orbital remains unchanged when compared to
the monolayer environment. The only reason that could be respsible for
this change in the DOS is the introduction of second TcOlayers symmetric
to the SrO layers which enhances the out-of-plane hoppingtémactions and
an electron from Tc now can hop to intermediate apical O and #n to

the next out of plane Tc ion. There is no such change within the dsal
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Figure 7.4: Spin and orbital projected DOS of Tc d states withyt; symmetry
in bilayer heterostructure of BaTiOs/SrTcO ;.

plane which is re°ected from the character of Tc g DOS. In contrast to
the monolayer situation where the hopping possibilities alonthe growth
direction was very weak and the Coulombic repulsive force wa®ectively
operative, here we have a competition between these two ensfigs. A slight
displacement of Tc ions towards the intermediate apical oxgm enhances
both the hopping possibilities as well as the Coulombic reputsi. But the
amount of energy gain from the enhancement of hopping surpadsetloss
due to the Coulomb repulsion. At this juncture one should remeber that
the hopping strengths between Tc and O towards the Ti@layers remain
limited. Any displacement of Tc ions towards that direction shald cost in
energy thus is not favoured. Consequently, the asymmetry assateid with
the hopping promotes a structure where both Tc ions move towds the

intermediate apical oxygen. In Figure 7.5 we have shown the asynetry
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Figure 7.5: Di®erent hopping strengths in di®erent directionlead to an
AFE1 structure.

in hopping along two di®erent directions which is responsiblerfthe AFE1

structure.

To further establish the validity of the mechanism presented alve, we have
performed total energy calculations corresponding to di®etetypes of dis-
tortions that one can have in a bilayer HS. There are three suctopsibilities.

The rst one is ferroelectric(FE) distortions where both out ofplane Tc ions
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Figure 7.6: Di®erent types of distortions in bilayer HS. Movermé of Tc ions

from the ideal position has been indicated with arrows.

move towards one of the interface. This results in a long-sheiing-short ar-
rangement of out of plane Tc-O bond lengths. Next one is AFE1 distiions.
The third one is AFE2 distortions where both the Tc ions move toards the
nearest interface. Figure 7.6 shows the movement of out of p&afic ions in
three di®erent bilayer HS. To compare the ground state energiesrrespond-
ing to a speci ¢ magnitude of displacement we have kept the ouf-plane Tc
displacement "xed to 0.05A while all other position coordinates are set free
to relax. One should note that the displacement applied in di®ent model
structures is chosen such that it matches closely the displacemeroticed
in the relaxed AFE1 HS. A comparison between these three ground wa
energies shows that the structure with AFE1 type of distortionss the most

favourable one with the gain of 101 meV compared to the leastviaured
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AFE2 structure. FE structure is also favoured by 42 meV when compad to
AFE2 structure. Considering the fact that there is a gain from tle enhanced
hoping by the movement of Tc ions towards the intermediate apal O, AFE1
type of distortions gains the most. In AFE2 distortions, both Tc ims move
in opposite directions to the movement of Tc in AFE1 and so the losorre-
sponding to such movement is the most. In the FE structure while wieave
gain from the movement of one of Tc ion towards the intermedia apical
O, movement of other one decreases the energy and thus havesiniediate

total energy.

7.4 Conclusion

In this chapter, we have explored d transition metal oxide SrTcO; for
magneto-electric applications. Despite of having enhanceER, bulk struc-
ture did not show any ferroelectrictric distortions. Biaxial nsile and com-
pressive strain are also found to be incapable of introducing sudlstortions.
However HS with BaTiO; as substrate layers have been found to be very
promising route. In monolayer HS we are able to stabilize polatsiortions.
Host layers are found to limit the electronic hopping within tke sandwiched
layer resulting in quantum con nement e®ect along the growth dkction.
Additionally, symmetry breaking mechanism associated with the siicture
stabilizes polar distortions along the same direction that ondave in the
host layers. In bilayer HS, ground state is found to have polar digttions
designated as AFE1. This emerges from the asymmetry in hoppindpag
two opposite directions. Considering total energy calculaties for three dif-
ferent types of distortions that one can have in bilayer HS, weufther have

established the validity of our proposed mechanism.
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Chapter 8

Metallic Antiferromagnetic
State in Electron Doped
NaOsO 3

8.1 Introduction

The microscopic origin of metal insulator transitions(MIT) in stongly corre-
lated systems remains one of the standing problems within comdeed matter
physics [1]. MIT in these materials have been often understoodthin the

Hubbard model. In such model a competition between the localy e®ect
dictated by the on-site Coulomb energies(U) and the delocalizan e®ect con-
trolled by the bandwidth W determines the metallicity of thematerial. While

the system is insulating for high values of U/W, it becomes metadl when
the ratio drops below a critical limit. There are lot of exampe exists for 3d

transition metal compounds which are insulating in nature buthis numbers

Part of this chapter is based on Phys. Rev. B,89, 134416 (2014).
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8.1. INTRODUCTION

decreases drastically for the 4d and 5d compounds. The larger spbextent
and additional screening e®ects present in 4d/5d metals leads & larger
bandwidth and reduced Coulomb correlation strengths. Thus @nexpects a
smaller value of U/W for these materials resulting in them being etallic.
Simplicity of this model does not take into account magneticorrelations.
Slater in his seminal paper [2] on the other hand had proposed angpletely
di®erent route of magnetically driven MIT. According to Slates description,
commensurate anti-ferromagnetic(AFM) order with every neigboring spin
oppositely aligned, occurs at the MIT temperature. This crdas an opposite
periodic potential on each nearest neighbour resulting in amergy gap in

the modi ed magnetic Brillouin zone.

Slater insulators have been studied for more than fty years assulators
with special properties. Despite having theoretical and expienental search
of Slater mechanism driven MIT in cuprates [3], pyrochloregl] there was no
de nitive evidence of such material. Theoretical investigatin of Weber et.
al. [3] has shown that long range magnetic order results in a MIih case of
NdCuO,4. Experimental observation [5{7] showed that NarO; has an AFM
insulating ground state with a zigzag spin alignment below the N¢temper-
ature. Though there is no direct evidence of Slater mechanisim NaxIrO 3,
recent theoretical studies [8] have predicted it to be a Slaténsulator below
MIT temperature. Recently MIT have been found in 5d transition metal
oxide NaOsQ [9]. It was a surprise that the magnetic transition tempera-
ture associated with NaOsQ@ was very high (410 K) as the local magnetic
moments in such oxide were expected to be very small because & Wide
bands that they form. Recent neutron and x-ray scattering redts [9, 10]
have probed long range magnetic order at the MIT and determéd the na-
ture of that order on a microscopic level. NaOs9thus has been presented

as the rst de nitive experimental example of a Slater insulatar The basic
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electronic structure of NaOsQ has been calculated before [11{13]. Despite a
5d transition metal compound, the e®ect of spin-orbit couplingtrength has
been found to be insigni cant. The states near the Fermi level seeto be
strongly itinerant with a strong admixture of Os d and O p thus sugesting
an itinerant model for magnetism. The e®ect of on-site Coulomlepulsion
force (U) on the band structure found to be signi cant but a reasortde U
alone has been found to be incapable of opening the gap [12Joby Jung
et al. [13] showed that for an idealized cubic perovskite struate of NaOsQ
a small rotation of OsQ octahedra leads to the stabilization of insulating
state as well as G-type antiferromagnetism. Thus the microscipdriving
force for the magnetic ordering and the accompanying MIT reains unclear.
The recent model [14] for magnetism in NaOsQOanalyzed the variation of
e®ective exchange interaction strengthyJdas a function of U. Under the for-
malism of multiband Hubbard model [14] it has been shown that inhe U-J,
parameter space, NaOsQlies in the rising part of the curve and there is
scope of nding a di®erent 5d oxide with higher Neel temperatur@he half
Tling implies that a nesting mechanism is operative which drigs the system
AFM and insulating. This has been shown within the model calcutans for
NaOsG;. In this chapter we have examined the scenario away from the lha
Tlling where the nesting mechanism is not expected to be operaé. With
a slight amount of electron doping, a rare G-AFM metallic state &s been
realized. This G-AFM state is found to be very robust with the incement of
dopant and we are able to stabilize G-AFM metallic state even athe 50%
doping concentration. Magnetism in such structures have beerestribed
with the help of Heisenberg model and the contribution from di®ent ex-
change pathways have been analyzed to understand the stalyildf magnetic

ordering away from the half "Tling.
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8.2. METHODOLOGY

8.2 Methodology

Figure 8.1: Structure ofMgg.2sNag.750s0s.

First principle electronic and magnetic structures of NaOs9and electron
doped NaOsQ have been calculated within a plane wave implementation of
Density Functional Theory (DFT) using projector augmented wae (PAW)
potentials as implemented in VASP [15]. Perdew-Burke-Erngeof (PBE) [16]
forms of the generalized gradient approximations to the elkange correlation
functional were used. In addition to the PBE form for the exchage correla-
tion functional orbital-dependent potentials on Os withinthe GGA+U frame-

work using the Dudarev implementation [17] have been used. Mdorst-
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Pack grid [18] of & 6£ 6 k-points mesh were chosen for the self-consistent
calculations of the bulk structures. The wave function takenn the basis set
consists of plane waves with kinetic energies less than or eqt@l450 eV.
Lattice constants were kept xed at the experimental orthorhmbic struc-
tural parameters of NaOsQ, while the internal coordinates were optimized
until an energy convergence of 10 eV along with the force convergence of 5

meV/A were met. Figure 8.1 shows the experimental structure of NaOsO

Figure 8.2: Di®erent collinear AFM con gurations.

The robustness of the magnetic stability with electron doping &wve been ex-
amined by considering supercells of NaOsGand substituting monovalent
Na atoms by bivalent Mg. This doping corresponds to an enhancetdectron
occupancy at the Os site. Considering the example of 20 atoms sugell,
substitution of one of the Na ion with one Mg results in an averagef 8.25
electrons per Os site. Various collinear magnetic con guratns have been
considered to analyze the stability of G-type antiferromagrissm as a func-
tion of doping concentration. In Figure 8.2 we have shown vamiis magnetic

con gurations schematically. Spin-orbit interaction strenths are expected
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to be large for the 5d transition metal compounds and so have bemcluded
while calculating the stability. Magnetic structures of NaOsQ@ and Mg doped
NaOsG; have been analyzed with the help of classical Heisenberg spin mode
Magnetic energies for such model is given hy3 i i Jij Si'sj, where J is the
exchange interaction strength corresponding to the spin statg and s; at
lattice site i and j respectively. A +ve/-ve exchange interadbn strength
corresponds to FM/AFM interactions between interacting sites. We have
employed the frozen magnon approximation to nd out exchangmterac-
tion strengths. In such approach, the energy corresponding to awaspin
spiral state q is equivalent to a magnetic con guration represented by the
unit vector given by (sin(W):coqq:R);sin(M):sin(g:R); codW). R; is the po-
sition vector w.r.t the chosen origin andu is the spin angle made with z
axis. In reciprocal space it can be shown that the magnetic engrg given
by E(4;0 = Eo(W) i Sin?uJ(q). Magnetic energies at various g points are
calculated from the total energy calculations to map out thepin wave disper-
sion. For the sake of simplicity all calculations are constraimen the p= %2
plane only. An inverse Fourier transformation is then appliedd nd out real
space exchange interaction strengths. Exchange parameterscatated such
way then undergo a least square error minimization subroutineotestimate
the best set entering into the Heisenberg model with the least nurab of
parameters. A comparison between exchange interaction streng extracted

from our model have been discussed to analyze the e®ect of doping.
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8.3 Results and Discussions

8.3.1 Electronic Structure Analysis

In recent studies [10] NaOs©@ have been found to be the rst example of
Slater insulator. According to Slater's description of magnétally driven
MIT, AFM ordering with oppositely aligned spin neighbours occts at the
MIT temperature. This spin alignment creates an opposite pevdic poten-
tial on each nearest neighbour resulting in an energy gap in theagnetic
Brillouin zone boundary. Thus the AFM ordering driven by such esting of
the Fermi surface plays an important role in the gap opening isuch insu-
lators. Nevertheless one should remember that the mechanism désed is
strictly operative at the half- lling of the orbitals. In NaOsO3;, Os is in +5
oxidation state which corresponds to the half ‘lling of the d orffals with
tog symmetry. In Figure 8.3 we have shown Os d partial density of state
for G-type AFM structure obtained from our ab initio calculations for U=1
eV on Os site. Main contribution from tg/ey majority and minority spin
channels have been labeled for the ease of understanding. Ademt from
the DOS that t,y majority channels are completely occupied, whereas minor-
ity channels are empty. States corresponding to;esymmetry are higher in
energy and does not contribute near the Fermi energy. The bargap is in

between b, majority and minority spin channels.

Orbital Tling should be important in a model where the magnetsm is nesting
driven. In order to check the scenario away from the half Ilingve started
doping electrons into the system. To do so, monovalent Na ions lebeen
substituted with bivalent Mg ions. Thus corresponding to each sudbitution

of Na ion, we dope one electron into the system. The most diluted o

ing(2.8%) limit we considered is one electron in every thirtgix Na ions. At
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Figure 8.3: Os d orbital and spin projected DOS in NaOsQwithin ab initio

calculation with U= 1 eV on Os.

this limit we stabilize a structure which is G-type AFM. Magnetic moment
on Os is found to be 1.3 5. This value is exactly the same as reported [14]
for the magnetic moment of Os in NaOs@ Atom projected partial DOS is
presented in the Figure 8.4. In the majority spin channel we havthe main
contribution coming from Os tg orbitals. There are nite states in the Fermi
level contributed by the minority Os d orbitals with t,3 symmetry and thus
the structure is metallic in nature. There is a signi cant admixure between
Os d and O p states near the Fermi level but the main contributio from the
O p states are nearly 3 eV deeper to the Fermi level. We went ontencing
the doping concentrations and analyzed the stability of such agnetic order-

ing. The magnetic stabilization energies for the G-Type AFM ao gurations
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Figure 8.4: Spin  polarized atom projected partial DOS for
MQgo:028Na9:9720s0; within the ab initio calculation with U= 1 eV on
Os.

at 25% and 50% doping concentrations calculated from our ahitio calcula-
tions are given in the Figure 8.5. In each case energies areerehced to the
other AFM con gurations. G-AFM is found to be the magnetic groundstate
for both doping concentrations. We further nd an almost linearvariation
of stabilization energy with the doping. With an increase in @ctron doping,
the di®erence in energy between magnetic con gurations deases and for
50% doping C-type and G-type AFM con gurations are almost degenate.
Spin-orbit interactions are believed to be signi cant in 5d tansition metal
oxides and could be of the same strength as the intra-atomic dsenge in-

teraction strength. Consequently we went on to examine if thenclusion of
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Figure 8.5: Variation of magnetic stabilization energy of GAFM with di®er-

ent doping concentrations.

spin-orbit interaction strength modi es the trend we had in theabsence of
it. A similar trend in the magnetic stabilization energies wagound with the
G-AFM spin con guration as the ground state. Magnetic moment on ® has
also been calculated and again found to be identical as repedtfor the case
of NaOsG; [14].

To show how the density of states change with the doping conceations we
have compared the Os d partial density of states within the ab itio calcu-
lations for U=1 eV at Os site and have plotted in Figure 8.6 for Na®O; as

well as for doped cases with G-AFM magnetic ordering. In NaOgGhere is a
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Figure 8.6: Os 5d orbital and spin projected DOS for NaOsQ
Mgo:25Nag.7s0s0O; and Mgy.s0Nag.500s0;. Fermi energy has been indicated
with dashed line to clarify the rigid band shift with doping.

band gap in between 4; majority and minority spin channels. A similar mag-
nitude of the energy gap between the majority and minority spi t,, states
is found for the doped cases with all other aspects of the elemtic structure
remain the similar. Surprisingly, one nds an almost rigid band skt of the
density of states in the doped system and the shift of the band enhaags with
the doping concentrations. This rigid band shift can be explaed by consid-
ering increase in electron count with the increment in dopingoncentration.
In NaOsO; Os ions are in 5@ con guration corresponding to the complete

‘Tling of t ;3 majority spin channels. Substitution of Na with bivalent Mg
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Figure 8.7: Os 5d orbital and spin projected DOS for MgoNag.500s0; in

various antiferromagnetic con gurations.

leads to an extra electron per doping site. This electron nowopulates the
Os 5d t,g minority spin channels which was unoccupied earlier and we Ve
a rare occurrence of an G-type AFM metallic state. Now with the icrement
in the doping concentrations, electronic Iling in the t4 bands also increases

and one have Fermi level buried within the minority b4 bands.
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It is also noteworthy that while the ty bands show a large exchange splitting,
the g, states which are at higher energies show hardly any exchangeitsipg.
This is because the intra-atomic exchange splitting in these syshs is small
and whatever exchange splitting one nds for the,} states, emerges from
the super exchange interactions, primarily from nearest-néigour Os atoms.
This e®ect is even more evident in Figure 8.7 where we have ot spin
polarized Os d partial density of states for di®erent AFM con gurdons(A-
AFM, C-AFM, G-AFM) for 50% Mg doped NaOsQ;. In A-AFM all the
in-plane magnetic neighbours are ferromagnetically aligd whereas out of
plane neighbours are antiferromagnetically coupled. In @FM we have in-
plane magnetic neighbours with AFM alignment, out of planesra ferromag-
netically aligned and for G-AFM all neighbours are antiferrmmagnetically
aligned. Thus the number of AFM neighbours increases from A-AFMot
C-AFM and to G-AFM con gurations. The exchange splitting is also fand
to increase with the number of AFM neighbours contributing to he super-
exchange pathways. While there is no energy gap between thejordy spin
and the minority spin in t,y states for both A-AFM and C-AFM con gura-
tions, a small gap exists for the G-AFM magnetic structure, againneerging

from the same reason.

8.3.2 Magnetic Structure Analysis

Results shown in the Figure 8.5 compares the stabilization emgr of di®er-
ent collinear magnetic con gurations. The immediate questiothat arises is
whether we have probed enough magnetic con gurations as themkd sys-
tem could have spin spiral con gurations being favoured. We thefore have
considered various spin spiral con gurations characterized lifie spin spiral

vector g and have plotted spin wave dispersion along various high symmstr
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Figure 8.8: Spin wave dispersion of NaOs® Mgg.2sNag.7s0s0; and
Mdo:50Nap:50050:.

directions as shown in the Figure 8.8. The high symmetry pointsonsid-
ered here areG(0.0,0.0,0.0),2(0.0,0.0,0.5),t(0.0,0.5,0.5),y(0.0,0.5,0.0) and
r(0.5,0.5,0.5) where the coordinates are given in terms ofciprocal lattice
vectors. Everyq corresponds to a de nite magnetic con guration. As an
exampleG point corresponds to the G-type AFM con guration. Our calcu-
lations for Mgo.50Nag:500s0O; did not converge beyondz and thus have not
been shown in the gure. It is very evident from the dispersion thaG-AFM
is the ground state for all three structures reported though té stabilization
energy reduces signi cantly with the enhancement of doping roentrations.
Considering thez point, we have stabilization energy of 574 meV for NaOsO
whereas it has reduced to 384 meV and 166 meV for pgNay.7s0sO; and
Mgo:50Nag.500s0; respectively.
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Figure 8.9: Spin wave dispersion of NaOsGnd results tted with classical

Heisenberg model.

We then have analyzed the spin wave dispersion of NaOs@ear the ground
state G-AFM con gurations by means of mapping our results onto alas-
sical Heisenberg model with least number of parameters. Dispersialong
G-z-t-y have been considered when extracting out the exchange paraerms.
Figure 8.9 shows the model energies tted to our ab initio reswdt First four
magnetic exchange interactions are given by; JJ,, J; and Js. In the left
panel (a) of Figure 8.10, we have shown the nearest neighbouda&x and the
corresponding exchange interaction parameters in a G-AFM sttture. It is
apparent from the gure that one should have AFM rst and third neigh-
bours whereas second and fourth neighbours are ferromagoally coupled.
We have extracted out di®erent exchange parameters and havegented in
Figure 8.10 (b). As one can see;Js found to be the most dominant and

antiferromagnetic in nature. J and J; are found to be predominantly negli-
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Figure 8.10: (a) Neighbours corresponding to rst four exchangaterac-
tion terms. (b) Heisenberg exchange interaction parameters NMaOsG; as a

function of nearest neighbours.

gible while J, between two ferromagnetically coupled spins are again found

to be signi cant.
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Figure 8.11: (a) Spin wave dispersion of MgNa.;s0sO; and results tted
with classical Heisenberg model. (b) Exchange interaction pareeters of

Mg.»sNa.7zs0s0; as a function of nearest neighbours.

To understand the change in exchange pathways with doping coemtrations,
we have considered the case of MgNay7s0s0O; and extracted out the ex-
change parameters according to the method described above.el&ively
smaller dispersion alongG-z-t were considered as a subtle change in the
magnetic moment were noticed beyond that, leading to a devian from the
Heisenberg model. Fitted dispersion spectrum is shown in the FiguB8.11
(a) along with the magnetic exchange interaction parametsrshown in the
panel (b). As it is re°ected from the gure that there is a reducton in the
strength of exchange parameters;Jand J;. J; has reduced to -9 meV from
the observed -12 meV in case of NaOgOJ, is now negligibly small and can
be considered as zero. Surprisingly one now have an enhancdano¢rother
two exchange parameters which were negligible prior to theging. J, and J;
are found to be 3 meV and -3meV respectively. To explain the eahcement
and reduction of di®erent exchange pathways, we have analyzéé orbital

occupancy and the possible exchange mechanism involved in eaake. It
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Figure 8.12: (a)Only AFM interaction possible in undoped NaOs9whereas
there are both FM and AFM component in (b) electron doped NaOs©

is noteworthy that the magnetic exchange interactions arei& intermediate
O ions and the only exchange mechanism to be operative is the supEex-
change. Now with doping one starts to populate minority spin chranels with
t,g symmetry. This immediately opens up a minute ferromagneticdpping
channels between the rst magnetic neighbours. Now an electrorofm the
majority spin channel can hop to the partially occupied neast neighbour
minority channels and the e®ective rst neighbour exchange ettactions (J)
which now can be assumed to be comprised of AFM and FM interactions-
duces from its original value. The e®ect of electron doping dhe J; has

been shown in the Figure 8.12. This same mechanism of hopping\ketn
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majority and minority spin channels is again responsible for gnmodi cation

of other exchange path-pathways that we have encountered.

8.4 Conclusion

In this chapter we have studied the electronic and magnetic stctures of
electron doped NaOs@ NaOsQ; is an example of Slater insulator charac-
terized by the MIT at the Neel temperature. A slight electron dping turns
the system to be metallic in nature but AFM ordering is found to bevery
robust irrespective of doping. We have analyzed the DOS and fadi a rigid
evolution of the states with doping. Fermi energy in the dopedystem is
contributed by the minority Os d states with t,g sSymmetry. Magnetic struc-
tures have been analyzed with Heisenberg model and the e®ect @bidg on

di®erent exchange pathways have been discussed.
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