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Chapter 1

A brief overview of theoretical studies of surfaces and
thin Films.

1.1 Introduction

Surfaces are the fitst line of defence of any substance in its interaction with its surround-
ings. This i5 precisely the renson, that knowledge about material surfaces hos becomes
indispensable in order to produce noael maternals which will aid the technological and

solentifie advancement of the human civilization.

One of the interesting festures of magnetism at a surface is the medificabion of the
surface magnetic moment because of difference betvween atomic envitonments in the sur-
face and the bull. The study of surdace mognetism had a dramatic start, when it was
suggesbed that dead or paramagnetic lavers in overlasers of [Mi were formed when thev
weare deposited oo Cu (Liebermann f al 1969). But those controversies have now bean
lnid to mest with new and more sophisticated experiments refuting the earlier contronmar-
sinl findings. Ancther exctic feature of surface mognetism is its anisctropy, which has
immense potential for industoal applicaticns.

In bull: materials where we hawe Iattice translational symmetry, Bloch Thecrem bosed
reciprocal space methods are used to determine their electronic and magnetic structures.
But for surfaces and thin flms this translational svmmetnr is lost. If we are dealing
with a (001) surface, there still exils a remnant translabicnal symmetry in the x-v plans,
while that in the =-direchion is lest. Therefore cne can shill talke advantage of this planar

1



Chapfer 1. A brief overview of theoretical studies of surfaces and thin films 2

svmmetry and use the Green funchicon techniques. Alden ef ol 1992 havre utilized the terc-
dimensicnal pericdicity on Hat sudfaces to deal with a tvo-dimensional reciprocal space
while treating the direction perpendicular tothe sudface by a eal-space method.

For a rough surface(100) even this planar symmetry is lost . In such a scenaric
wea cannct afford the comfort of reciprocal space based methods. The real space bosed
“Recursion method" (Haydock ef al 1972, Hmydeck 19800 is an alternative |, as it doss
not tale recourse to any translational svmmetor

In chapter 2 we have first carried cut TE-LMTO super cell calculakions for crdered thin
films . Then we performed a real space recursion with the TB-LMTO =super call Hamilto-
nian. We hawe caleulated the crbital( f-m-m,) resslved Local density of States(LDOS) and
magnetic moments for different lavers of the thin film. We obtained surface enhancement
of magnetic maoment for body-centered cubic Fe(100) and Cr(100), face-centerad cubic
Cof 1007, Mi(100), Mi(110) and IMi(111), hewagonal closed-pacled Cof100) nine-lorered
thin films. Our results | Chalkraborty ef al 2003, Chalaaborty ef al 2005) mabched well
with the existing results. In addition, cur {f-m) resclved moments and | f-m-m. ) resolved
charge revealad some interesting facts (Chalaaberty of 2l 2005). We found that all the
d-orbitals do not contribute to the surface magnetic enhancement | on the contrarn: the sur-
face magnetic moment of some d-arbitals are suppressed (in some cases lile face-centerad
cubic Mi{100) and IMi{111) surface)In fact it is the way in which the electronic charge
redistributes among the different d-states, that determines their confribution to the sur-
face enhancement. The s and p states in some cases (lile face-centerad cubic IMi( 100 jand
hexagonal closed-pacled Co(100) where the enhancement is fesble) facilitate the surface
enhancement. We also obserred a Frrede! like cecillation in the charge and magnetic mo-
ments of the lwrers of thin Ailms. We have also applied the recursion methed to see howr
different types of roughness affects the sudace magnetismin IMi{ 100) and Fe(100 ) surfaces.

Substituticnally disorder is a commeon cocurrence in the feld of matedals and is of
immense imporbance, both from the pont of wiew of phisics a5 well as technology, Par-
tial discrder is ancther form of substitutional discrder where some of the sub-lattices are
crderad while others are discrdered. This generally oocurs when we are slightly awoe
from stoichiometrv(example CusAn ). In chapter 3 we have dealt with the partial disceder
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in bulk and thin Alm(100) of CouFr_Cry_ _Al a doped quaternary Heusler allew in 12,
phase. The Heusler compounds are of great technological impartance as thev are poten-
tial candidate for application in spintronics, since many of them exhibit the property of
haltmetallicity. For partially discrdered bulle, thin flms and surtaces of CoeFr.Cr Al
we hawve emploved the augmented space farmalism (Meclerjee 1973) in conjunction with
TE-LMTO super<ell calculation. The augmented space theorem which caloulates config-
uration avernged quantities , is cne of the most elegant methods to do the conhguration
averaging in discrdered svstems.

In chapter 4+ we have studied the effect of electron-phoncon interaction in ground
state for chemiecally uniform and albernating 1-d labtice and a trilavered thin flm( 100}
in real space. We have achieved an excellent matching with the ground state K-space
results( Chalaabarti ef al 2006, Bonea ef al 1999) for the uniform 1-d lattice and then
we hoe applisd cur real space methodology o study the ground state slectron-phonon
interactions in a chemically alternating lattics and a trilorered thin Alm. The adwmntage
of the real space method is that, it can be applied to cases where one cannct do reciprocal
space calculations.

1.2 HReview of the basic theoretical tools.

In the following two sections we shall review the two bosic theorstical tods we shall use
subsaquently in the course of all our worl: © the density functional theorr and the linear
muffin-tin orbitals methed. In the nenxt tero chapters we shall tale the cutcomes of thess
tero methods and medify them to suit cur problem at hand .

The cohesive, elactronic, optical, magnetic and superconducting properties of solids
are dominatad by the behmwriour of valence eleckrons mesring in the fisld of the ion-cores
of the constituent atoms. Ion-cores are the nuclel together with the core electrons which
do not participate in bonding in sclid. This manv-body problem is impossibly difficult
to solve without introducing simplifiing, but reascnable approcdmations. Explanation of
different properties of the solid equires different lewels of sophistication in the treatment
of electron-electron correlations.

One level of sophistication is the density functicnal thecry (DFT). The DFT is a
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self-consistent feld approdmation which reduces this many-bedy problem to essentially
a one-aeleckron cne and has been the basis of the band theory of sclids. Ik has prosed
to be immensely successful, especially in the physics of metals and semiconductors. It
provides us with the most handy hrst-principles technique to verify, ns well s predict,
the properties of materials with quantitative accuracy. Today it is possible, for ecoample,
to calculate total energies of solids with ro 50-100 mHBaxd. accuracy, so that we may

investigate surtace reconstruction, interface relasmbion or bond formation with conhdence
(Das 1993). The developments of band structure metheds have been well documentad.

Dur aim here is to review the energy band description of sclids based on the density
funchicnal approach which maps the ground stabe of an inkeracting electron gas onbo the
ground state of non-inkeracting electrons that experience an effective potential. The meost
crucial term in this effectivwe potential is the exchange-correlation potential whese origin
lie in the quantum mechanical and slectrostatic interactions between the electrons. One
electron band structure methods, where this exchange-correlstion term is trested in a
mean-feld sense is surprsingly successful in vielding the correct ground stabe properties
of alarge wariety of solids that are of interest in maternal science have been recently tackled
with chemical accuracy. To o limited ectent, it i5 also successful in descrnbing single
particle excitations due to prodding the materials with photons, electrnc and magnetic
field, temperature etc. | although there are limitations of band theory in explaining
strongly correlated phenomena.

We shall concentrate on the Keorringa-Iichn-Restocker (IR} scattering approach
to band structure and its linearized version : the linear mufiin-tin orbitals technique
(LMTO). The advantages of the technique are :

(a) it leads to the Hamiltonian and cverlap matrices with smallest rank and hence fastest
from the computational point of view, in particular in dealing with complen: solids
with many atoms per unit osll

(b) it is possible to define a localized basis such that the Hamiltonian can be recast in
a tight-binding form which can be solwed in meciprocal as well as real space. For
handling non-pericdic systems where kis no more a good quantum number and real
space methods are extremely important.
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1.3 The density functional theory

We start learning quantum mechanics with the simplest electron-nucleus svstem, for ex-
ample, the hydrogen atom whese Schrodinger equation

[—"-._: + I'Er'l] U ir) = E v, (1.1}

can be exactly solved as the potential energy 1(r ) of the alectron in the electrostatic fisld
of the proton is known to be —2/r wheare r is the electron-nucleus distance. We shall
use Rydberg units with =1, &°=2, mz%, ag=R"/me"=0.52018 « 10 cm for the unit of
length and Radberg |:E:_.-"'_.‘_'|.;|'I=13.EC|EIT for the unit of energy. The waove funchion o, (1)
and the energy levels £, are obtainable analytically. However, as we move towards higher
5 elements and their compounds, the elactrostatic repulsion amongst multiple electrons
in presence of attrackive centres, the ion-cores, male the exack scdution of the problem
intractable. The only plausible wray is to somehow replace the many-electron problem to
an effective cne-electron problem: but this has to be at the cost of intreducing cerbain
appreedmations. To stark writh we decouple the ionic and electronic motions via the Born-
Oppenheimer (cr adiabatic) appradmation. The second is the DFT which reduces the
manv-body problem to an equivalent single-electron cone. This TFT was proposed by
Hohenberg and lohn 1973 and Iichn and Sham 1965, The basic idea of DFT criginated
from the query, “Can we arrive at a potential Vir) uniquely; given the charge density p(r)
of the system 7" Our comwentional wisdom of the Schrodinger and Poisson equaticns
suggests that the converse is frue anywa, ie. given V'(r), cne can ensily obtain p(r). It
i5 this unique search prescription, that is at the heart of the DFT.

More formally, Hohenberg-Iiohn thecrem expresses the total energy of an electron-
nucleus svsbem o5 a functional of the electron density and also proves that for a fAxed
excternal potential T__u(r), the energy functicnal E[p(r)| is minimum for the true ground
state density g,(r ).

The Total Energy- functional for a svstem conbaining interacting electrons in presence

of nuclei can be writhen in terms of density as
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Elp(r),{RY = Eale(r),[R}] + Ew[{ R, E'}]
Tlel + Exclel + E. [, [ 51

where R and R' dencte the nuclear coordinates. Here T.[p] is the kinetic energy of o non-
interacting electron gas of the same density as that of the actual interacting svstem, E__[g]
is the exchange-correlation energyr including the correction term (7 —1T17, ) to the kinetic an-
ergy, E__[o| is the total electrastabic energy, i energies due to classical electron-electron
Coulomb (or Hartree) potential |, external potential and ion-ion Madelung potential. This
last term, writben encplicitly in terms of the electronic and ionic coordinates, takes the

form

Eesle] = Exlol+ Ecule, [RH + Esrae( [R,E'})

':r'F' (') Zrir
JI'JI' i — ] e drdr -I—JII Tl ip(ridr + '}_' |R g

Dn applyving vadational ponciple on E"'[plir i] ie. making total energy stabionary with
respect to the first-order varation in the density, S E[p|/dp| mp. = 0, cne arrives at the
Euler equation

S{E[plri] - g [ plridr} =

where p is the Lagrange multiplier, which turns cut to be the chemical potential of the
svstem. Sclution of this Fuler equation vields the so-called John-Sham (KS) equation :

[—"-._E + Vogelr '|] w;(r) = =), (1.2}

where the effective potential

r y =2 r a ¢ Pl:rlll A :-R JE_“_.[F'] 2%
I..ﬂr(r —-fﬂr‘lr_r_‘ll‘l'—%lr_ﬁl‘l' éplir'l |:1.._-



Chapfer 1. A brief overview of theoretical studies of surfaces and thin films 7

consists of the Hartree potential T (first tarm). the external or ionic potential T,
{second term) and the exchange-correlation potenfial p. . (third term). The LS equation
represents o mapping of the interacting manyv-electron svstem onto a system of non-
interacting electrons moving in an effectiwe potantial dus to all other electrons and 1ons.
The crucial quantity in this scheme is £, [g], since an ewact knowladge of this functional
implies that the exact solution of the entire many body problem is known !

In terms of the cne-electron eigenfunction o;(r) and cocupancy f;, the density is
cbtained ns

plr) =2 flus(r)® (14)

and the resulting energy functional is

E[[L'J-I-,R] = —frzi J||I L'j'l:r'l"-._:u,-lir'ldr+ JI' drplzr'll',_ﬂlir'l

—_— -

+J||' Jlll FIPEF I-:'r'-:r' + E_.[olri] + F | 1_?.&_.??"| (1.5}

It is to be noted that this KS Equation(1.2) is of the same form as the Schrodinger
equaticn(1.1) for a hydrogen atom, excepting for the fact thakt the effective potential
contains, amongst other terms, the exchangecorrelation (MC) energy term, the emct
form of which is unfortunately not known. One needs to introduce some approcdmation
and the mest successful and well tested is the so called local density approscdmation (LTA)
which was irst introduced by Slater for simplifving the non-local exchan ge energy in terms
of the local pl 3 potential. The local apprecimation essentially amounts tothe assumption
that the X C-energy density depends only on the local electron densify p(r ) arcund each

volume element dr 1.2
E_f::"'l EJ{ plir'l.-:_“_. [F'I:r 'l] dar

The XC-energy density =_[o(r )] of a homogenecus electron gas has been calculabed
by several approaches : (a) mam-bedy perturbation thecrny (b) quantum Monte-Carls
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methed. Ameongst which the mest widely used XT pobentials used are the Barth-Hedin
(von Barth and Hedin 1972) and the Cepetley-Alder X T parameterizations.

The energy functicnal in equation(1.5)is vadational which means that a self-consistent
solution of the IS equation (1.2) leads to the true ground state density. In practice, cne
can use same trial 1 ¢, (which nead not be the exact self-consistent walue), sclve the IS
equation to get ©;(r) and hence the cutput total electronic charge density p(r), which
in turn can be used as a new input charge densitv in the sslf-consistency loop. The
cumbersome part is that T, [g] can net be emluated unless pis ealeulated vin the squation
(1.4} from the eigenfunctions ; of the single-particle IS equaticn for some pobential Tosr.
Mevertheless, it is this crbital structure dependence of T, in the I{3 scheme (unlike sap- in
Thomas-Fermi-Dirac theav) that enables it bo describe all kinds of chemical behasricur.
In actual computation, the 1L E. i5 expressed as the difference between the total energy
and the potential energy of the non-interacting electrons in the potential T,

TN 'E -
T,=- E e | V7 | ) :JI' : znfeide — JII' Vegelrlolridr

Here, the first term on the right hand side is the cocupiad cne-electron band energy
which can be exprassad in terms of the density of states (DOS) V(). The KS tctal energy
expression (Equation (1.3)) therefore can be recost o5

. E 1
E'{"E[_ﬂ] =JI|' f:r!li:ﬁ-‘-’-j [;-::[:-4.',-_4_“_.] piridr +Ei.ﬂ'-l+ Earad (1.6}

It is this expression which is used in practice in all the cne-electron band structure total
energy computational schemes, and we shall come bad: to it in a later section.

In crder to handle magnetic swstams, one needs spin-polanzed calculations, for which
the local spin density approcdmation (LSDA) has to be involed instead of LDA. The
fundamental quantity p(r ) is then replaced by two quantities : spin-up density p|[r I and
spin-down density g (r), which in turn define the total charge density p(r) and the spin
density o(r ) as

alr) = o)+ 2y (7) alr) = py () = oy (7)

Accordingly one has to caloulate two sets of single-particle wase funchicns for up-spin
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and down-spin electrons, with the corresponding one-electron eigenwalues from the spin-
polarized IS equation which takes the form

[ 7 4+ Vaplr] 5 () =5 ),

where o denctes the spin index (up or down). Obvicusly for equal spin-up and spin-down
densities, o(r) is zero throughout the real space and LSDA becomes identical with the
1DA approach.

The LD A and the L3D A hore proved to be astonishingly successful for many cond ensed
matter systems (Jones and Gunnarsson 1989). However, one must kesp in mind that the
success 15 restricted mainly to ground skate propertiss, and nob rigorously for encited stats
properties. The IS eigenvalues £; are only locsely interpreted as single-particle excitation
energles, although the socalled Janal’s thearem ngorously proved that the highest .::"_"Fr
corresponds to the exack ionizaticon energy. The facks remain that LD A underestimates
the band-gaps in semiconductees and insulators, cverestimates bonding (cohssive energy)
in a sclid and fails to describe the ground state of highly correlated sistems e.g Doth
insulators such as [Ti0. Becnuse of all these, there hawe hean attempts in the recent past
to improve upon the correlation effects with betbar anar gy functionals, but still remaining
within the puriew of DFT.

1.4 Multiple scattering approaches to electronic structure

1.41 The Muthn-tan potential and partial wave solutions

The local density functicnal appradmation (LDA), discused in the earlier sections, re-
duces the manyv-body Hamilbonian of the valence electron cloud in the presence of a
“frocen” arrav of on-cores. The effective Hamilbonian sis seen b an electron within the
1DA is :

'['|:£'| = E ul:z—ﬁ'l

i

where R are the positions of the ion-cores and ¢ is the posibion of the elechion.
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Figure 1.1 The construchicon of the muffin-tin potential

1d

In the neighbourhood of an ion-core the potential seen bor the electron in a solid is not

very different from that in the atom whose ion-core we are focussing on. We shall define

a mmdius sz arcund JF within which we shall asume that the pobential is spherically
svmmetric. These spheres will be called the muffin-tin spheres. In the interstitial, that
i5 the rest of the space from which the muffin-tin spheres are carved ocut, the potential
vanes verv slowly. We shall replace the potenftial in this region b a consbant average.
The resulting potential is ealled a JMuffin-tin Potential A schematic dingram showing

the approcdmation is the figure 1.1 above. 4 more realistic illustration comparing o full

potential with a muffin-tin cne, is shown in Agure 1.2

Batore we attempt to solve the full problem of an electron in o solid, let us Arst ecamine

the problem of an electron in a single muffin-tin potential. This potential is given by :

ul:rﬂfl tx r, <8, g = |£— E|
— V=
vir — K) { o : ;

.?I":. E.i‘l

and the Schrodinger equation for the single electron wore-function is given by

S
l__n$-+u|:5__&] Hr—H,z) = sojr—R,«)

We moy immediately solve the above equation in the region r, =

5., in which the
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THE FULL POTENTIAL

Figure 1.2: Comparison betwean a full- and a muffin-tin pobential

11
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potential is spherically svmmetnc and

E'[L—E] = I:I:I.i'l.'.l:r.?!ilz:l ]'Ll:r:ﬂ] |:1'T]

Here L denctes the angular momentum labels (¢, m), 17(7) are the spherical harmonic
functions and 7, are the angular variables associated with the unit vector (r — E)jr,.
drr (T 4,2 ) are solutions of the radial equation

ldg — ulre) + AE+1)

- =7 Ar e = 0 13}
l ﬂl:l";lﬂa.l:ﬂl |:

dry T

This solution is regular at ¢ = K and behaves likke rj; as v, — 0. Outside the muffin-tin
sphere the potential is o constant. Again the worrefunction fackorizes ns in equation 1.7.
The sclution of the radial equaticn with a constant LII:rR] = —ug

d- fe+ 1) .
[ + I: - hFl r:l':r:'nzl:..rn:‘!] = d

Lel Lel
drz TR

are the spherical Bessel and [Meumann funckicns and &* = £ — vy Sincer = R is not
included in this region, both the sclutions are allowed and the full sdution in this region
is the linear combination :

"d‘R'-l:E:H']jfl:Hrﬂj + -HRH:E, o ?!:l:h'.r'ﬂ]

If we now invole the boundary condition that on the muffin-tin sphere both the wrave-

function and its dernwmtive are continuous, we get

_ {(Ipﬂzlzrﬂizjﬂril-l:ﬁrﬂ]}
{Felmr o), mclr 0}

Brie,n) = —{ﬁ?ﬂ:(rﬂizj’jiﬁrﬂj} (1.9}
T {r!;I:Hrﬂ],_;II;I:HFﬂ]}- .

a‘i_ﬂl_'l:E: Fl.-'I

Here the Wronslaan 15 dehined as follows

[firh el = J‘Iir.155:_:;::'1 - y(rnagn

The scattering phase shift is given by,
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m‘t?_i'ﬂl-l:!;ﬁ] — ‘dﬂfl:..!: k) — _ 'I.-':r':'mzl:za rn:lar.it'l:ﬁ'rﬂ]}
Eﬂfl:z: K {I:I:I.?I: (E: = :': Jfl:"": "a 1}
TR
The pobential function is given by :
Firle,n) = —cotnads,s)
e | Dlnelo )] = Dl (6,7
= - |:1.1CI I
Jelisre) | Dlje(wra ] = Dl (721
]

where D[f(r )] is the scalad logarithmic derivative

It follows immediately from equaticns (1.9) and (1.10) that the pobential functicns
or the phase shifts are dependent on the muffin-tin potential. They, in fact, carry the
signature of the potential. In inverse scattering problems, we actually experimentally
mensure the phass shifts and infer about the potential from them.

The partial wave solution in all space 15 then :

'T.Ell:zl h"l I:I:I.Ea'. (rﬂl E:I :Lf rﬂ E E.:'l

:I:lg,r_l:rﬂ,z] = { I:l.llfl

nelnrg) — Poile,w) jlrr,) i r, = 5,

Nir () is o normalization constant. In cnse we alresdy ensure that the head of the
partial wone s normalized within the muffin-tin sphere centrad at R,

.{: dr e og (e = 1
a

then, WVg,(z) = 1. However, we shall retain this factor for fubure reference.
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Figure 1.3 Construction of muffin-tin crbibals

The part of the partial wave within its muffin-tin sphere (that centrad at r = R, often
referred to os its parsonal sphera) is called its head, while the part cutside its personal
sphere is called its fail

142 MWuthn-tin orbitals and tail cancellation

The partial waves are not adequate as a basis for the folowing reascon @ we would lile a
basis to be such that its head contains all the information about the potential, while its
tail contains information only about the constant potential cutside the mufhin-tin sphere.
In addition, wea would like the basis not to be a badlyr behaad funchion anywrhere in space.
A wov of choosing such a basis is as follows

[I;L[E:""]':l:'nzl:rn::] + PELI:E:H]J.EEHTRJ] if " i: S
(1.12)

"L'ﬂl:rﬂ :E] = {

(KT, i ry =5,
The equation (1.10) ensures that the hend and the tails of the above function match
continucusly and differentiably at the mufintin boundary at s . These functions are

called Muffin-tin Orkitals (MTOQ) and qualify as suitable basis for representation of the
wave function in the solid.
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We can think about the construction of the muffin-tin orbitals as follows | We start
from the Meumann function n (rr, ) defined in all space. We now retain the part in its
tail and replace the head by the function N3 (=) 2, (r,,2) + PFPa lz,x) jlwr,) which
joins smoothly and differentiably with the tail. This is illustrated in the figure (1.3},

3o far we have been discussing the parbial wonres and muffin-tin crbitals associabed writh
a singls muffin-tin potential. Let us now introduce the wovre-funchion solution of the solid
muffin-tin potential of the tpe shown in figure (1.1). We shall expand this wave-function
a5 a linear combination of the muffin-tin orhitals ssseciated writh individual muffin-tin
potentials centred of different sites [ B} :

P(r,e) = 33 carle) varlr — B,z (1.13)
R L

In what follows we shall also use the expression for the tail of the NMeumann function
el wr ) cutside its persanal sphere :

KT, ) = - E SEL,&'L-'(H" J':-":““r.‘- ) (1.14)
r

Here SEL,&'L-' (%) are the cancnical structure constants which depend upon the relative
position of R with respect to K and hawve nothing to do with the ion-core potentials that

sit at thoss sibes.

M, if we refar to figure (1.1), we note that the MTO can be written as

[.T;_Ll:.'_',ﬁ'l PazlTa,e) + Paple,w) _]-;I:Hrﬂ'l] Yo(rg) if rp = s,
- X, JelRT g ] 5;-1-',&;':"".' Vi(r,) f ry S5y
veelr—R,z) = -, J'f-'lzﬁ*",.,-.- \ 53‘-‘;-‘,&;(“" Yilf,) i or, <s,
nelmrg) oir,) it r, £ interst.
(1.15)

We shall nowr intreduce a convenient notabion ;
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_ Cther Spher= FEFECI nal Spher:-le _ Cther Sphere
||'Il
."ll y
J \
§ I".l
flll} H-==|.-:I"‘-.
! ,
¥ N
J L
Tail i LY Tail
A
- &H
li=5 .,*"' |p==+]|j=F "'--.__' li=5
e o
s P 1

Figure 1.4: 4 MTO centred at R with its tails inside cther spheres and its hend in its
personal sphere. The MTO is shown schematically cnly by ils envelope.

v, (r— ) G (ra ) Yo (1)

Ll;_,,lIr—R] mLul:rﬂ]]:r_ul:r:ﬂ]
|| L'_R:I — =

L'-Ltlr.r_R] mlx(rn]]lx(r:n]

— functicns L'Ll:?' — R} are defined in all space

diry Ernj TLL Er:n:l
""'-E'-L':ll:r.r::I T-L'Jl:r:ﬂ]
| L'_R:I % Ei'l:rﬂ]

mikl:..r.u:l ]r-"lkl:..r-n )

— functicns are all —ero cutside their pemsonal spheres
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@y Ern ) T-'ll. Efﬂ )

m-'l':l Erﬂ] -'ir-ﬂ':ll:..r:.r::I

$or) = ]__[ |:1 - Ei'lirﬂ_.]:]

mﬂxl:rﬂ] ]lkl:r-.?! )

— functions are all non-zerc only in the interstitial space

The expression in equation (1.15) can then be written concisely as follows

| xalel) = MNzle) loale)) + Pale, w) [als)) — 3 Spa(s) lia(s) + $#na(x)

R
(1.16)
Here,

N, 0 0 B, 0 0
Ny = 0 N, @ P = a P, d

i J 0 i

Saﬂhﬂl SﬂRLL,RL-: S-ELL,R-E:

and E.:E.R-' = Su.RL-:,.RLL SURL':,RL': S-EL'I,RLE

SJR.L:,RLL SQRL:,EL-: .

The construction of the MTO from the [Meumann function (ss shown in figure 1.3) can

he wrtten os ;
| walely = || na) + Wzle) orle )l + Pzle, w) |jzis)) — |n=lx))

The equation {1.13) can also be rewritben as

lle)) = 3 ckle) || xale)) (1.17)



Chapfer 1. A brief overview of theoretical studies of surfaces and thin films 13

" T T ¥ T T =
L ¢ . L o
He=ad
L IIIII\ " . ]
A { \ o
lI.I "'. III-' % J i
,."II b Y _I-" \
SR /N /N |
LY
/ %, _,.-"' " i !
r N r , %
- .- r . & Yy -
¥ gy ). ¥ 1
4 P S
- " Tails e b
- .
' 8 ! 4 1
- S G- B
L T W T e Eemeemee |

Figure 1.5: The fail cancellation thecrem illustrated

where,

We shall now argue as follows | note first that if we confine curselves to a given muffin-
tin sphere centred ot K,, the potential seen by the electron in the solid is identical to that
in the single muffin-tin potential =t R, The boundary conditions (smeooth differentiable
joining onto the tails) are also the same. Consequently, the solubion of the Schrodinger
equation of the electron in the solid within the muffin-tin sphere 15 o linear combinakion
of the partial wraves :

For rg, = 8g_,1e. within a muffin-tin sphere centred at A,

[T(=)) = cri=) Nile) fomalel) (1.13)

Mow substituting (1.16) inbo {1.17), we cbfain
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[T(e)) = ko) [Nilolenle) + Pife,n) [in(x)]
— 2 chle) S alwilin(n))
Resf o

Let us define Wy as WY dgpr, Phg as P Sgge and 35 =0 if R = B, We may

rewrite the above as

(&) = Cehle) [Niale) lone) + {Prusle,n) — Siabo} Lixt)]

If we now compare (1.19) with (1.18) and refer to figure (1.5}, we ncte that the extra
term P“"Ral:z'l | 7g (%)) which we added to the partial wawe inside ils personal sphere (or
to its head ) is exactly cancelled by the contributions of the tails 5% (x| jz(x)) coming
from all the cther muffin-tin spheres :

ECL(EII[N'J&RIZE'I;I_I [P"MI:EJH;] - S"Raﬂl:h;'l] liz(x)) = 0

el N"IZ:'I_I[P"’I:.-:,E'I - S“’IZH,'I] = (1.207

Here A” is5 a super-mabnix -"'-I-RL,R'L" ,le amatnoxin R, g labels, each component of
which is itself a matrix labelled by L, L.

This is true for every muffin-tin cenbred at any Ry, 50 (1.20) is a set of linear equaticns
in the unknowns {cgr(=)}. A complete scluticn of these equations will give us the wave-
tunctions through the equation (1.13). The condition for such solutions to exdist is :

det | Po(e,n) — S(w)| = © (1.21)

This is the KIKR Secular Equation which provides an equabion for determination
of the eigenvalues «.
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143 Energy linearization and the linear muffin-tin orbitals (LMTO)

The KR secular equation is an implicit equation for £ We hawe no g prors idea howr
many roots we expect, nor whether all roots are phyvsically permissibla. The equation
i5s not of the eigenproblem tvpe, so that we have no proot of the reality of the rocks.
Further, the implicit equaticn is computationally expensive and the full KR s difficult
to implement for solids with mony atoms per unit cell. It is therefore desicable to bvposs
this energyv dependence. Andersen ef al 1987 devised a clever wav of adhieving just this.

The first step towards ineanzing the LR is to examine the energy dependence of the
structure matrix 8% o (x). This ensrgy dependence is inessential if the sphere packing is
clecse. The tipical waelength of the partial wares or the muffin-tin crbitals is of the crder
2w, It this 15 mudch larger than the distance betwean neighbouring mufhin-tin spheres,
then the structure matnx has a very weak ensrgy dependence. We choose & o be energy
independent. In the interstitial region the potential is almost Hat and the kinetic energw
of the electrons is wery small. In most of the LMTO methods we tale & = 0, although
non-zero and multiple & caloulations are also mrailable these davs. In the & = 0 methods

wa heme

. P (r e )f
lim Jelwr) = e
| o

lim, nefwr) = (1w )1

The next step is to note that the ener g dependent solution of the Schodinger equation
inside o muffin-tin sphere can be expanded as a Tavlor series about some energy £5; in

cur range of intarest :

':r-"-R-Llnr.r..'::lE.I = ':r-"-ﬂll:r..'::l":.-&.';."l'lz'! - EELI":l':"RLI:r..!:IE;L.' + D[_l:E - E-.RLF,:I
In cur concise notaticn
lole)) = |(E) + Ale=ENIAE) + Ofle - &a:P)

Here ogrir,,2) = Sogr(ry,=)/dz and the super-matrix Az — E,) has elements
|:|‘_' - 'E.,.RL 1 lﬁﬂ&'éu.‘.
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In what fdlows, if we do not explicitly whte energyr dependence in a function, it will
mean the function ewmluatad at one of the £, Consider the two functions :

Gle)) = N () Jple)

|E.'E-I:£ ) T (e 3 (T" it EIESY -|-I':-I"|:5'| (19 1 =)

It e dehine
— I,qu I::[,.']-._-..I—l

we note that o i5 a completely diagonal super-matrnx and ab £ =«%; we have
|{.‘:-:: = ||;'_'.| and |{.‘:- = ||;|_',| + o |f.':-_g

In the KR methed we had builk up the muffin-tin crbitals bor starting from a Meu-
mann funchion and replacing its head by a partial wme such that it 15 smocthly and
differentiably joined with the tail part on the muffin-tin sphere suface. Andersen’s iden
was to build up linearized muffin-tin crbitals by again taldng o MNeumann function at a
fized walue of % (say, © =0) and replacing its head by a linear combination of the funchions
|¢=) and |n':.:&-ﬂ::. In addition, the tails of the LIMTO in the cther spheres 15 also replaced
T |£.::-R':: associabed with these spheres centred ot R

vzl = |lns) + |eal+ E hgg: |'5:"R-':: — =)
=

= |og + E hgg |f':"&' I+ H#ng)

Fd

= ¥ { Tamlgx) + hawm|oz)} + #na)
1

In our concise notation,

Iv) = Tlo) + bl + #n)



[}
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whers

II = I + ho (1.22)

Since [i2(z)) are scluticns of the Schradinger equation within the muffin-tin spheres,
talking energy derivative of the equation and putting « =«%, we get :

(H — £5)|zm) = 0

(B — enilon) = e

Let us again inbroduce the following nobation :

fo|lw) = o.¢f = A
where
r?“ L] a -
-"'-I-RL,R-'L-' = 5;;_-' j::u ar v digy I:rﬂl L'R.'L_'Iir“ |

Using this notation, we get
lala)y = T -::Er-|ﬁ.:-:: = 0
(2le) = p : (6le) = (p+o?
We can now caloulate the coerlap matric and the Hamilbonan representation in the
IMTO bosis :

O = (x| x)

= II'M + hiph 4+ (n#n
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H = (x| HI x]
= IT'h + M7 + hice"ph + nEHHEn)
I:l.f::'.-'l

The basis we have chosen is not crthogonal. Let us dhange the basis to a neary
crthogonal set labelled b ~

(RSN | B
In this basis :
O = I+ hph + nHn)
H = £ +h +hd'ph + nfEHEnR) (1.24)
where
L = Ll 4 heo™

I:l.ffl'l

If we neglect terms of the crder of p and o, an approcmation which is called in the
LMTO literature o5 “the second order approcimation”, then in this nearly crthogonal

represantation

DTEJ - I
H? = E +h -hoh (1.26)

The secular equation folows divectly from a vanstional treatment of the Hamilbonian
representation a5 in any fived bosis set methed
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| - H] =40 (1.27)

If we now start from the KR secular equakion (1.20) and expand the potential term

about the reference energiss :
F'is) = P° 4 («I-s") P°
Since the super-matox P is totally dingonal, we moy define the matnx P Y7 s
the totally diagonal super-matrix with dingonal matrix elements Pop. Substituting the

expansion in (1.20) we get :

det [ P2 22] det |P~‘P=-1 b oo - & - p 5*Pa‘”|| det [P27] = 0

det | PP ! 4 oI - E. — PP P12 = ¢ (1.28)

i det [P17] 20
If we define the potential parametears as :
= -PP?' and A=P" (1.29)
then, comparing (1.28) with (1.27) we note that :
HY = € + AV SAY

In expanded notation :

H.rﬂl.i,.ﬁ.";-' = Crr drrdry + _1'1-;;: Sar _1'1..152 (1.307
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144 The screensed or tight-binding KKK formalimm

One of the difficulties with the IR method (or the linearized version of it), described in
the previous sections, is that any attempt to develop areal-space technique for the solution
of the secular equation is hampered by the fact that the structure matriv described above,
called canaonicalin the literature, is long-ranged . For exampla, if we choose our --axis along

the direction of F — R thenfor k. =0 and d = |R—H"|
W - 1—1 ; - - P - ) s Py |
57 rad D Sne™d ey ™ O
o =3 ) o 1—d ) o =0
s ra H Spdl'a'..'r_l ra H Sdr_ll'a' for .E_I e

Different methodologies have besn proposed to obbain a new representation in which
the structure matrnxis sho-ranged o tight-binding like. We shall followr the proposition
by Andersen ef al (Andersen ef 2l 1937). The method is basically a change of basis from
the cancnical MTOs to the so-called seresned MT Os. Construction of the MT Os begins
with a choice of an emelope funchion, whose head is then replaced by an augmentation
function. In the cancnical formalism described abowve, the envelope function in all the
cther muffin-tin spheres (other than its parsonal one) is replaced by its own one-centre
expansion in that sphere. We require the envelope to be a sclution only in the interstitial
region and hence chose it bo a Meumann funchion. Our new choics of the envelops function
will be

|| mRlkrg )l = |nglargll — E Sar mirr,) + #ng(erg))
=

In its personal sphere the modified envelope has an extra part coming from the possible
dingonal contribution from 5% ;. In the other spheres the enwelope is now different from
the cne-centre expansion of the MNeumann function centred of R, We define,

lizlsra ) = |irlwr, )} — aglnz(er, )
The screening functions are dingonal in both R and L, 50 we can still tall about the
personal sphere of the meodified Pessel functions. The meodified Pessel’s funchions are ill-

behared in their personal spheres. We now adjust cur new struchbure matnces such that
the new emwlopes are linear combinaticons of the unscreenad cnes :
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We shall revert to our concise notation :

|| n*(m)) = | —8%(w)j] + Swla]|n)
= @+swa{l) - T+5 ) a)? S()i)
= (I+5%uia)|ln)

only if

I+ 5 (kla) 8% (k) = B(&)

I:S"I:h;'l'l_l = I:S“I:h;'l'l_l + a (1.31)

We now build the scresned MT O hasis, as before, b replacing the hend of the envelope
b acombination of the partial woee in that sphere and a modified Bessel function centred
at that sphere :

|| v = W¥ei|ez(e)) 4+ P, w)|(n)— S (w7 w0+ H g

The tail cancellaticn theorem now vislds a secular equation :

el = (e =1 [P“"I:z, Bl — S""I:H,'l] = (1.32)

The two secular equations (1.20) and (1.32) must give identical scluticns, since all we
hoore done is to change the bosis of representation. Let us impose the following :

Pz, n) IZP‘"I::,n;'I'I_l = N |:I"-I"‘|:£'|'|‘1

|:PJ'|:E:,H-'I'I_1 = |:P"’|:.-_-,H.'|'|_1 - a (1.33)
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Since det |P*(s,x) — F(x)] = 0, the following equations are consistent :
fu f.PDI:a',m'l - S"I:H,'IJ = q
We now procesd o follows

[-aP =1+ 5 = P(P)7 - a) = (57 + a)

= P I:P"l'l_l = & IZS""'I_:L =\ ]:_"""Iil:_"""l_1 8 = 5
We mov now stark from the canonical secular equation :
e Ty=-1 [P“ - sa]:n

= o Nt W W= [P'“ — s=]=n
— f I*-I"‘IP"P“‘I[P“ - E“]:EI

Il

cTN““l[P~‘ - P'“‘P“‘IS*] =0
NP - 5] =0

Il

The two secular equations are thus identical. The two equaticns (1.31) and (1.33)
then describe the transformations of the structure matrix and the potential funchicn.

1.45 The taght-bainding hnear muthn-tin orbitals method . TE-LAMTO

In this subsection, we shall discuss the linear muffin-tin crbitals (LMTO) method which
not only establishes connection with both LCAQ and KIKR-ASA methods, but also com-
bines the desirable fentures of both. Here basically one derives an energy independent
basis set v (v} from the energy dependent parkial waves @ e, ) in the form of MTOs
Vrel=,7) , and then comes out with a fo=t, efficient and reascnably accurmate prescription

for computing one-electron energies and wave-functicons for all the elements in pencdic

table.
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The KR method essentially leads to the scluticns of the secular equations of the
type which can be recast in a general form M=) oz )=0, where the secular matriz M(s)
has a noo-linear energyv dependence. And the crux of the problem lies in Anding out
the roots ete. By involing ASA, the energy dependence of the structure matriv hos
been remcred. The remmining ensrgy dependence now ocoours only along the disgonal
of the KILR-ASA matrix where it enters through the radial logarithmic derivative (or
equivalently the potential function P, (z)) evaluated at sbomic spheres. It is always
desirable to somehow bypass this energy dependence in the INIWR method, so that the
entire band sthructure problem can be simplified. Andersen and Jepsen 1984 expressed
the energy dependent scution g i=,r) of the Schrodinger equation within a sphere in
tarms of o well converged Tovlor series about some arbitradly chosen energy ¢« = E, at
the centre of interest

Grcle, mr) =@, (el + (e — E )i, (t2)4+ O - E P (1.34)

where g (r) =& E,,riand &g dr) = Sdie,r )= |

equaticn and its energy deriwmtive

=, are the soluticns of the Schrcdinger

==

E—T:-I-I'—E_..'I['J:T'I — l:|
IZ—"-._:+I'—E_..'It,L1:r'I = (r)

Truncating the Tavlor series (Equation (1.34)) after the term linear in energy, cne
gets the so-called linear bosis set which describes fairly well the change of the radial waw
function throughout the atomic sphere (r<5). The errors inwlvwed in such a ¢-truneation,
which is second crder in &£ — £, meraly gives rise to fourth arder errors for the energy
bands, and thess are usually small over an enargy mnge of v 2 Rvd. It waos in fock
demenstrabed by Andersen 1984 that the term O (¢ — E, F = %II: — E, FEris two to
three orders of magnitude smaller than «2(r). At this point it is workh specifring the
normalizations of v and . The partial woves dg (=, 1) are assumed to be normalized to

unity in its sphere, 1.2

e, |l = Jﬂ:ﬂ [E-;rlzz, r'l]: rdr =1
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The superscript v 15 purposely inserbed here to imply that the madial sclutions of the
Schrcidinger equation are normalized as above, and also the radial solution and its energy
derwmtives are crthogonal to each other within the sphere 1.6

1 - - o - e 5 oo,
e |:,:.IM,: = j.;. [c.‘:-ml:.-:,r l:.':-mlz.-:,r l] rdr =4d

In the general a-representation, the partial wawes and its energy dernwmtives can be

expressed, after incorpomting some s-dependent normalization V= (), as

B le,m) = o e, 7 [NVg (2) /N5
T

6, (e,) = L (e, ) [VE () /NE] 4 6 (e, ) [Wa e )y V2]

Theretore at s = £,,57 =@, =7y, (say) and the general energy derdvative function
> bhecomes a linear combination of the crthogonal » — o2 pair

(l;-".;fl:r ) =':|;-";,-|:r.' + I:I‘-'|..-||'|:r ) G;E

where of, = (i, | = ) or os == (=)~ = P [EP‘J_I is, in general, a non-diagonal
crietlap matnx which has to be determined such that the intra-sphers linear combination
of (» and > can be matched in both amplitude and slope of the boundar- r = 5, with the
interstitial envelope function (viz. plane wowes or spherical waves ). This is the so-called
2 - 2 augmentation, which is of the heart of most of the linearized methods. Using the

bra-lset notation one can rewrite the abore equation as

| =) =l )+ | o) o= (1.35)
where | o) , | &#) and | &) cbey the fdlowing set of relations,
o=t le)=0
ol ¢l =" (o) =p" =0 +p°

Here, the disgonal matrix p* with elements = t,_'.""‘" = —-Z::I_:'m|”t,_'.";r:: is known as the

VT gt

small parameter’ (small but positive). The general LMTO basis can therefore be writken
in an energyv independent form



Chapfer 1. A brief overview of theoretical studies of surfaces and thin films 30

1:.: |:?'ﬂ )= s |:?'_I! '+ E I:'h_.:.'.:.'lzr..-:-' ) hi‘-ﬁ"nﬁ + ‘t:::j
or equivalently in matrix notation,

|5 = 17) + 1) B 4 ) (1.36)

where the expression for the Hermitian matnx h® can be derived starking from the KIR-
AS54A secular Equation as

e = _P:.(P.:.-I—l_l_ Iip..-u.-l—l"_" = |:'P._-|..I_1"2
= (0" —E.)+ VA= 5° A= (1.37)

In this expression for h®, the first tarm C° —E, is diagonal and ensures the boundary
condition at “home sphere’, while the second (hopping) term -.,.-"E g= -.,.-"F is the off-
diasgonal term which ensures the boundary conditions at “fareign spheres’. In the meost
tight-bindin g a-representation the structure matrix 5% alsc has a non-zero diagonal mabnx
element. [ote that some standard potential parameters iz, the band-centre parameter
(C*) and the band-width parameter (A%) have been defined here in terms of the slope
and amplitude of the pobential funchicon as

o =E, - P° [P’“]_l and  A® = [1.5"“]_1

Thus we find that within ASA the expansion coefficients h® in the expression (Equa-
tion (1.36)) for |[v=) and the orbital overlap o, = {ezn, |t,_'.'"“h_ | in the expression (Equation
(1.55)) for | &°) are the caly two independent adjustable quantities, which can be chosen
i5 such a way that the augmentations are continucus as well as differentiable at the sphere
boundary,

The conventional LMTO methed (8 = ) emanates from the replacement of the
IIWR-AS4 secular problem by an algebraic eigenvalue problem , by taling recourse to
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linearization and «» - > augmentation. Of course, this replacement is only approvimats in
the sense that while the I.IWR method describes the enfire spectrum, the LIMTO method
vields the same states and energies only over a limited energy range around £, the
charactenstic energv of inead-ation. The generalized a-representation provides us with
certnin computational advantages, as has alrendy been discussed. We hawe just s=en in

saction 5.1 that the disgonal matrix & guarantess to give (= @) the same logarithmic
derivative at the sphere boundary s, as the tail of the enwelope function ¥ and the
Hermitian matrix h® males the augmentation of the envelope function +* continucus at
the sphere boundary. Knowing these two quantities, and combining Equations (1.35) and
(1.536), we get the LMTO basis set

[v=) = o) (L4 0"k + |67) b + [v*)° = |@) T+ |@7) 24 |

which is in the same form o above with II =1 4 o®h™ and 12 = h®. The cvetlap and
the Hamilbonian matnces are

o = I:I + o®h" 'lTl:[ + o®h™ 4 ]:L"‘rf;i:L"l 4 -2:1"‘| 1"‘::‘- I:l.?.-E i
H* (I+o0°h*/h* + [+ b= E +...

+ b E.ph® + (%= T + Vi (o][v=) (1.39)

Here, Vhair) = Vir) — ZgV,(r, ) is the interstitial non-spherical part of the sclid
state potential. By involing ASA the interstitial inkegrals can be made to wmnish (their
contributions can be included +via the “combined correction” terms), and one needs only
o matrices viz ¢ and h® in crder to describe the cerlap and Hamiltonian.

Merwr lot us transform | =) as follows, to a new basis set | )% which will turn cut to
be the crthogonal basis set, (where the superscript + is henceforth droppead )

|=|-l::m = |=t"‘::m|:]: + D“]J_"‘"l_l = ||;'_'.|: + ||;'_'.|:|'z + |=|-l::j

where we hore defined

h =h*(I +o"h*)™! =h* — h*c"h” + h*c“h*“c"*h™ — . .. (140
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and
|} =[x + o"h= !
In this hew hesis, the overlap and Hamiltonian expressions bacome simpler viz.
O=I+hph H=E.4+h+hE, ph

and then cne can procesd to sclve the eigenwalue equation. Meglecking terms second
order in k, (both involving the small parameter p), we can write

0¥~ HP=~E +h*—-h*sh"

T facts clearly emergs cut of the above transformation iz,

(a) The new LIMTO basis set |1 )™ is nearly orthogonal (to first crder in h) and hences
can be callad the arthogonal (or +-) representation. IMote that unlike the corresponding
loealized quantities which are represented with the superscrpt o, the supemscripts + in
|71, h"::‘-:l |="1, |+7") and h™ are usually cmitted; and in the present paper all these
quantities without the superscrnpt + will correspond to crthogonal representation. The
notable features of this y-representation is that here |7 and |») are crthogonalie o=
lela) =0

(b) The Hermitian matrix H™ itself is the second order Hamiltonian, This reveals
the most imporbant feature of the new basis set |v)®, viz. that under this basis the
LILR-AS54 secular equation becomes equivalent bo the LT O-4A54 eigenvalue equakion

I:Hr:J - :;:JIW c; =0 (141

In terms of the eigenvectors c;, one can express the wave functions as

w () =10% = [ el + e+ [0 e
= [l +1@h] e+ ) b,
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where the new vector b; = (I+ ohi~'c; = [1 — oie;i — E.J] ¢;. In component form o;
locls lile

i) = 3 [lewdr) + @ (niel = BN e ] + 3 00 (r b
RL RL
= E 2 [:Fj,rd Wr(rg) cp , + E 1:': (g, . (142
RL RL

Thus the wae funchicn turns cut o be a cne-centre expansion in terms of the radial
solution &, (2;, 7, ) expanded in Tayler series to first arder in (=; — E. ).

At this stage, a further simplificabion moy be introduced wiz. an effective twio-centre
TE Hamiltonian HY may be defined, by truncating the series representation (Equakion
(1.40)) of b to first crder in h™ which is given by Equation (1.37). Thus the first crder
(in £; — E..) Hamiltenian within the ASA can be written as

HY = E, +h* = C° + VA= 5 VA= (1.43)

Since 5 is short ranged, H" itself is shott ranged. Also this expression for H'Y doss
not contain a explicitly and hence is valid for any choice of a, provided the corresponding
8* =8I - a5~ has no poles. With the proper choice of a, the matrix elements of
H"Y connecting aboms bevond the second shell of neighbours in all close pacled systems
can be mode to vanish. The resulting energy positions of the festures in the densityr of
states are, however, correct only bo first order in (£; — E.), and gives resscnable energy
bands in a range of half a Rad. arcund E,.. Twice this range can be covered if cne uses
:[-I'EJ:I because then all potential funckions are linear to second crder in |:£j — E.). Thus

we now have three important obserwmtions,

(a) Within the LMTO formalism, the effect of trunecating the range of the Hamiltonian
h iz well defined and can be controlled bor truneating in the approprste term in the
power series (Equation (1.40)) in h®. The more terms are included in this power
series, the wider is the energy range around £, in which the eigenvalue match with

the coe-electron energies «;.
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(b)

o

TUnderstanding the electronic structure of complicated svstems like allovs or supet-
cells is ensier in terms of localized quantities. TB-LMTO therefore establishes a
direct link to ideas which are based on the simpler but less accurate empincal TE
methods. For structurally discrdered solids for excample, one can use this method in
conjunchion with Haordock’s recursion method | or coherent potential approsdmation
or augmentad space recursion, which are discussed in other chapters of this vwolume.

I In loealized basis, the computational effort in caloulating Hamiltonian and overlap

matrices or the full charge density, scales linearly with the number of atoms and
is independent of the number of k-points. This should be compared to a tvpical
cubic dependence on the number of atoms and a linear dependence on the number
of f-points in most other methods with endended orbitals. Thus, for sufficiently
large number of atoms in the unit cell, the computer time required for TE-LMTO
calculation is dominated by matrx diagonalizaticn.



Chapter 2

Electronic and magnetic properties of ordered thin
films and surfaces

2.1 Introduction

Atoms on surfaces of transition metals show an enhancement in their magnetic moments.
This is well established both from theornr and experiment (Falicow and Moran-Lopez 1939,
Wangand Freeman 1881, Ernst 2000, Wimmer ef al 1884 ). Development in experimental
techniques along with extremely accurate fist-principles, salf-consistent local spin-density
(LSDA) basad ealculations have substantiated this fact. This enhancement is attributed
to the reduced svmmetry and coordination number at sudaces. This in turn results in
band narrowing and hence enhancement of the paramagnetic density of state at the Fermm
energy Ex (Alden ef al 1992). Stoner-like arguments then lead to an enhancement of the
local magnetic moment.

Let us discuss the Stoner’s model in bref, and eccamine how it predicts enhancement of
magnebic moments with reduckion in coordination number. The electron has an inkrinsic
magnetic moment due to its spin, which can be either in the *up® or *down® state. All
tvpes of atoms with unhlled shells are magnetic. In 3d-transition metal atoms with
unflled 3d-crbitals, the alignment of the electron spin reduces the Coulomb ener gy that
results from Pauli exclusion principle. This is because the awerage separstion of the
electrons will be larger in same spin state than that in opposibe spin state. However in
the bulkk metallic form coly a few of the Jd-elements exhibit spontanecus magnetization.
The reascn is that the cuber electrons are no longer bound to the individual ion-cores

35
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and these fres-electron form the conduction band. Heowever electron spin alignment still
results in red uckion of echange ener gy but at the cost of the kinetic energy (ILE). The KE
increnses, if the electron spin aligns, because then the option of two electrons of opposite
spin oomupving the the same IWE state is not being ussed. Whether o not a bulls metal
will develop spontanecus magnetization, depends on this subtle intarploay: between the ILE
and exchange energy. The Sfoner orferfon for ferromagnetism depicks this interplan:

nlEz1T =1 (2.1}

where, [, the excchange integral, is a mensure of the Coulomb interaction between two
electrons of same spin cocupyving the same site within the metal. ni Ef) is the density
of states at the Fermi energy Ep, which i5 a measure of increasa in the total IWE of
the electrons if we allow a shift in the balance of the spin-up to spin-down electrons.
Along the 3-d pericd of the perncdic table from Ti to i, both [ and ?EEE;" increass,
Then we find, although the early 3-d transifion metals do not exhibit ferromagnetism,
the late transition metals Fe, Co and [Mi show spontanecus magnetization in a descending
crder. The bandwidth in general and d-bandwidth in padbicular is a function of the
coctdination number (ie., the numbear of nearest neighbours). If stoms are talen sofar,
that thev can be considered free-atoms, their bandwidth will reduce to a delta function
at the position of its abomic d-stabe. Agnin, when the atoms are brought closer together
their atomic orbitals stad cverlapping and leads to a formation of bands. 5o of the
surface where coordination numbers are reduced, the width of the d-band which holds
the lev to spontanecus magnetization, is less than that of bulk. This generally lends
to increase in n(Er), if the Ex is not too close to the edge of the band. There are
complications dus to &4 hybridization but qualitatively this reduction in band width leads
to enhancement of magnetic moment of Fe, Co and i surfaces. But for (111) surface of
IMNi, local magnetization shows no enhancement. The amount also depends on the tipe
of lattice symmetry and the number of nearest neighbours the sudace is losing( Howson
1994,

Theough it 15 in general true that band narrowing leads to enhancement of the surface
magnetization, when we scanned the individual orhital components, we found not all of
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them contribute to this enhancement. In fact few of the crbital { -m) resdwed components
ware actually magnetically suppressed. In discussing sutface enhancement the rde of 4-
band is often emphasized. We found that the s and p bands also play a significant role,
spacially in foo IMi (001) and hep Co{001) sudaces |, where the enhancement is feeble. The
moment enhancement is largest in Fa boo(001 ), ameng the ferromagnetic thin films, where
the majority band (in bulk) is not saturated and less in IMi and Co where the majarity band
i5 almost saburated. Enlmson 1991 and Alden ef al 18982 suggested that, less saturaked
the majonty band in bullk, more the possibility of enhancement ot the surface. For [N
thin films, almest the whole of the enhancement at the surface is due to the d.2_» crbital,
but for this state the majarity band is more saturated than the three i3, states in the
bull:. It is therefore of importance that we carry out a debailed crbital decomposad study
of magnetism at a suface before we can male statements with confidence. The anti-
terromagnetic Cr (001) thin Alm shows a mammeth surface enhancement in the absclute
value of its surface magneization.

There have been numerous theorstical studies on thin flms and sudaces, both for
free standing thin flms, as well as for those on substmates, using different methods. The
thecretical approaches have been carded cut in essentially three different approaches

1. Single slab geometry with boundarn matching Green functions (Wang and Freeman
1881, Wimmer ef al 1981, Ma ef al 1886, Wang and Freeman 1885, Jepsen ef al
18982

2. Blabs in a three-dimensional super-cell, well separated bv empty space with charge
but no atoms (Alldredge and Kleinman 1872, Kleinman and Carruthers 1972,
Carruthers ef al 1976, Schliiter ef ol 18975, Louie ef al 1877, Louie 18973) The
assumption is that the slabs separated by sufficiently wide empty spaces do not
interact with one ancther.

Lan

. A Green function technique malding use of the teo-dimensional pericdicity on Hat
surfaces and treating the direction perpendicular to the sudace by a real-space
method., This was implemented within the tight-binding lineanzed muffin-tin ot-
bitals methed (TB-LIMTO) v Slriver and Rosengaard (Skriver and Rosenganrd
1991) and used to study IMi surfaces by Alden | Alden ef af 1082}



Chapfer £ Electronic and magnefic properfies of ordered thm films and surfaces 33

By construction, the first and last of these approadhes take proper account of broken
svmmetry ab the surface. The second approoch introduces artificial pericdicity. However,
it is believed that it does render accurate results when carried cut to convergence ( Ohnishi

and Freeaman 1931,

Havdeck ef al 1972 proposed a technique for the caloulation of projected and integrabed
density of states which was bosed entirely on real spacerepresentations and therefore did
not necessarly male any use of translational svmmetnr of any kind. This recumsion
method also vielded the energy moments of the projected densibyr of states and mest
related physical quantities with controlled accuracr. Extensive worlk has been carried
cut bo identifv the errces in the recursiwe procedure and both analvtical and numerical
estimates of errcrs are available (Haydock 1980, Hmdock and Te 1994, Ghosh ef af 1977,
Chalrabarki and MMoolerjes 20027, Within this method the errces mo be controllad.
Earlier, we have applied this methed to study the IMi thin films (Chalraborty ef af 2003).
Dne of the crernding adwmntage of the recursion method above others is the possibility of
studyving rough sutdaces. We have dewelopad a scheme, combining the recursion method
with the TB-LMTO tostudy unsupported (001} thin films of transition metal elements I
(foc), Fe (boc) (both planar and rough) |, Cr (bec), Co (foc) and Co (hep) (only planar).
Other than these (001) thin films we hawe also studied the (110) and (111) thin flm of I7i.
Thev aresurrcunded by lavers of emphy- spheres carrving the charge spillad cub of the slabs.
We homre obtmined the laver esolved local densityr of states and the local magnetic moment
tor these thin films. Our main interest was to see, how individual crbitals contributed
to surface magnetism and how the bullk degeneracies are lifbed for the surface states. All
cur thin flms were nine lavers thick sunrocunded by lavers of emptyr spheres to mimic the
spilled out charge. We had earlier seen that for o nine laprer thick slab, the central laver
local density of states is almest indistinguishable from the bull Chakmborky ef al 2003).

2.2 Methodology

The recursicn method can be combined with any electronic structure basis which vields a
sparse representation of the Hamilbonian, The TE-LMTO based on the wotk by Andersen
and his co-workers (Andersen 1975) is ideal in this respect = it vields both a minimal
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basis set and an almost nearest-neighbour tight-binding like Hamiltonian.

The second crder TE-LMT O Hamilbonian is written in terms of potential parametsrs
and the screened structure matriv. It is given b,

HY =E°+h" —h" o" h*

; . 12 i v
=3 (G = Bne)Pre+ 2 T (05:)" Frzmw (050)" Tazaps
R,.L R.Lgr

O, oand A are potential parameters of the TB-LIMTO method. These are diagonal
matrices in the angular momentum L = (£,m), spin o and lover s indices. In the
absance of spin-orhit terms in the Hamiltonian, the representation is diagonal in the
spin inderc. o~! hos the dimension of energy and is o messure of the energy window

arcund E, around which the apprerdimate Hamilbonian H™ is reliable.

F., A dencte the positions of atomic spheres on a two-dimensional layver parallel to
the sudace lnner. These lovers are labeled by 5 and ¢

S;‘L i is the TE-LWMTO structure motrix in the most screened repressntation.
This depends on the geometrr of the underlving lattice. Its laver dependence de-

scribes sidace relosation.

Py and T.R_.L,R;_.L-' are the projection and transfer cperators in Hilbert space
H spanned by the TB-LMTO minimal basis {|R,L)} : Py = |RL){R.L| and
TR.L,R;_.L-' =|R?L::-::R';_|L'I|_

The recursion method uses a three term recurrence relation to change to a new basis in
which the representation of the Hamiltonian is tri-diagonal:

|]_:: = |R?L:: |I:I:: =i
41 = HP|w - alle) - El- 1) (23)

[ ]
k]
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where, using the crthogonality of the new basis :

_ {n|Hn) F {r|m)

On = {n|n) {n—1n-1)

TUsing the above equations and normalizing the new basis

b = [eb/(nlnh? and
{'ri|HLE]|ri}- = a, -I_-r!—].lHE:llfi} = 4, (2.4}

ayy =1
GRr AL (=1 =11 [:I - H.L_]J Y
Sowe have to obbain the corner element of the inverss of the matriv

z—0o, =53 J J

If Dy iz)is the determinant of the matriz above with k of the rows and cclumns remenad
starting from the top and left, then :

Dilz) = (z— awgr) Digalz) — 3, Digalz) (2.5)
Mo,
. - Dz 1
(1] {I-H2) o= =)
§ -Dljl:—_:l 'Dl:ll:::l.lllﬂll:::l
1

z—m — & Dofz)f Dafz)

If we now go on applving Equation (2.5) repeatedly the dingonal element of Green
functicon is obtained as a conbinued fraction :
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GRurmr (z) = = (28]

The continued frackion is terminated ofter &V = 40 steps consistent with the error
windowr allowad b us (Hadeck and Te 1094, Chalorabarti and Mockerjee 2002) and the
terminator suggested bv Beer and Petbifar 1952 is used to replace the asvmpbotic part of

the continued fraction. This terminator maintains the Herglotz analvtic properties of the
excact Green funchion :

# All singularities -:nf.Tl::] li= on the real z-ands.
® Sign of Dm I(z) = - Sign of Smi ).

a ﬂeT[EJ r IleEflﬂ.'s E — 40

The partial density of states, Fermi energy and energy moments are given by :

1
ri:rL[E] = —— %m i_?;‘LR‘LIZE+Eﬂ+]
?r 1
Er 1
f_m dE {E,g, ra':rI,_I:Efl} =mn

Exr -
mf = f_m dE nZ (EV(E- Eon. )

The spin and laver resclved charge densities are given in terms of the energy moments
and the sclubion of the Schradinger equation within the atomic spheres :
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1 - .
giry = o 2 kD mﬁipﬁl.r_':r"_ + Emilliladbililir'lmlll:ri +. ..
T L

+m,r,_F {E:-R P+ L ir E.:-R_‘,_(r |}] (2.7}

The tobal energy per atom 15 expressad as .

1 Ex
ETL"T=EE J||' -E'EErzfrll:E'l+EE_".I;__r_.-|:R_R"| Qar Pz ...
=L —a

v 3 MOl S PR EIORCT) | BN
(28

3 is the number of layers, M /(K — F') are the Madelung matrices given by Skiiver and
Rosenganard 1881 | 0z, are the mulki-pole moments of the surface charge densities, and
these are chbiained from the charges conbained in the sudace empty sphere laver and e, is
the parametenzed exchange-correlation energy density. We hawe used the exchange energy
density suggested b von Barkh and Hedin 1972 for all the cases encept anti-ferromagnetic
Cr (001) thin film, where we have used the Vosloo-Will-[Musair local exchange correlation
potential along with Perdew-Wang non-local exchangs correlation.

2.3 Results

We have studied thin flms and their corresponding surfaces by decomposing information
for their crbitals and comparng them with their bulk counterparts. At the suface the
svmmetry of the bulls is lost and orbibals of different direction starts behawing differently.
Bafore applving cur scherme on different thin films, we have cross-checled the conver gence
of cur method for different layerad thin films of (001) M. We found that the energy
moments shows excellent convergence writh the TE-LMTO supercell results. We also
chserved that to mimic a realistic surface (i.e., central layer of the thin Alm to emulate
the bulk features), we should talke at lenst seven to nine layersd flm. While checking
the convergence, the surface enhancement were bit underestimated as we tock o bigger
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supercell without using the planarsymmetry. The supercell had 36 inequivalent sites,
proper use of the remnant svmmetry would malke the supercell half (ie., 18 sites) and will
malwe the calculation more accurate. The details of this worlk was published in Chalzmabork
et al 2003.

The surface environment is different from that prewmiling in bullz, and this difference
has got a directional dependence. This directional dependence has a s in howr the charge
get redistributed amongst the different crbitals. There seem to be tvo competing effects
which determine the way charge redistributes among the d-crbitals:

ii) For those orbitals whose lobes point away from the sudface towards the emply
spheres, there is increase in self-energy which favours depopulation

(ii} their band width decreases which should facilitabe increase in population (Jepsen ef
al 18932,

Our results for loer, crbital and spin decompeosed dharges and maognetic moments are pre-
santed in the following subsections. Here all the caloculations utilizes the planar svmmetoe
of the thin flms, where ever they are present.

231 The face centred cubic MNa {I]I]lj surface

Laver Atomic sphere charges IMoments

& P d Tckal (g
S+1 | 0.088 | 0082 | 0.0405 | 0.211 | -0.004
) 0.593 [ 0457 | 865 | 9.70 0.65

=1 0.673 |0.7es | 8.a0 | 10.10 Q.53
52 decl | 0.736 | 5.5 5.99 .61
53 decd | 0.733 | 8.60 | 10.00 0.60
=4 decd | 0.734 | 8.6l | 10.00 0,585

Table 2.1: Charges in the atomic spheres and magnetic moments in varnous lavers of a
nine-lagrar (001 ) i slab

Table 2.1 shows us the charge profile of the crbitals for different lovers. We can also
see how the charge and magnetic moment cecillates with lavers. Figure 2.1 shows the
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Figure 2.1: Layer resclved local density of states of o nine lover thiclk (001) IMi film . The
majorty bands are shown in the left oolumn and the mincoty bands are shown in the
right column. Energy is menasured with respect to the Fermi Energy

layver projectad local density of states (LDOS). The surface laver shows the characteristic
narrowing, while that of the central lover resembles that of the bulle The magnetic
moment of the central laver is also similar to that of the bulk, Our estimate of the
enhancement of the surface magnetic moment agress closely with the result of Alden ef al
1992, It is slightly more than the full-potential LMTO (FP-LIMT O ) work of Erlmson 1991
and less than the full-potential linearized augmented plane wave (FPLAPW) of Wimmer
et al 19834, The wmriation of d-charge for different loyers is wery small (Table 2.1). Tahble
2.2 shows the crbital-decomposed charge and magnetic moments for the surface laver and
bull:: Howeerer, it is the manner in which the charge redistribution tales place among
the five d-orbitals, that males surface magnetization different from bull. At the surface
the d.., d,. and dy.=_; orbitals have their lobes poinbing perpendicular to the surface
and toward the empty spheres, their TDOS become narrow and thev gain charge. The
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doy and d.a_ 2 orbitals have their lobes parallel to the surface and theyv lose charge. In
the face-centred cubic IMi {001) surface , the second effect dominates. A similar effect
at [Mi{001) surface was seen by Jepsen ef al 1932 for five layered film It is the dor_ e
crhital which almeost single handedly enhances the surface magnetic moment. The ole
of 5 and p orbibals is also significant. In bullkk the sp magnetic moment is polarized
cpposite to that of the d-magnetic moment and is about ~v —0.035 pg. At the surface
though the polanzation isstill oppeosite, the magnitude decreases ~v —1.016 and facilibates

enhancement.

Surface Laver Bulk

Orbitals | Q[ Q| | Total @ pa o 2] | Total Q 25
5 0.205 | 0.287 | 0593 | -0.0018 | 03534 (0347 | 0688 | -00074
Px 0085 (0081 | Q177 | -0.0056 | 0.122 | 0.132 | Q.254 -0.008
Py Q085 (0081 | Q177 | -0.0056 | 0.122 | 0.132 | Q.254 -0.008
P. 0.051 | 0053 | 0104 |-0.0026 |0.122 | 0.132 | Q.25 -0.008
- 0887 | 0.73 1627 0.167 | 0805 | 074 1&5 0.160
d.. 094 | 0.80 1734 014 | 0805 | 074 1liEh 0.160
s 094 | 0.80 1734 014 | 0805 | 074 1&5 0.160
daa _ya Q94 | 0.80 174 0.14d | 081 | 0856 138 0.079
daa_q 0.945 | 0.869 1581 0076 | 0841 | 086 18 0.079

Tahle 2.2: Orhital projected Charge(Q ) and magnetic moment of (001) surface and bulk
of foo ITL

Figure 1.2 shows the m resdved LDOS for the surface d-arbitals and the e, and i,
levels for bullk IMi. The 45, degeneracy has been liffed, but z- and vz orbitals are still
degenarate due to the remnant planar symmetry of the (001) ilm Figure 2.3 shows the
magnetic enhancement(in %) for different lmrers. An interesting facet of this study is the
stesp suppression of the magnetic moment for the aboms below the surface laser. Jepsen
et al 1982 also reporbed similar iinding, although their suppression was bit less.
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Figure 2.2: Orhital resclved LDOS for the d-states on a foc i (001) surface . The right
hand bottom corner panel shows the splitting of d-crbitals in bulle,. Energy is measured

with respect to the Fermi Energy.
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Figure 2.3: Magnetic enhancement |:in 950 of [ﬂﬂ]] I falm

The face centred cubic MNa I:llD;I surface

A face centrad cubic (110 jsurtdace loses five of its nearest neighbour compared to four for
(001) and three for (111) surface. Consequently, the sudace sites far a face centred cubic
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Figure 2.4: Layer resclved local density of states of o nine lover thiclk (110) IMi film . The
majorty bands are shown in the left edumn and the mincity bands in the nght. Energy
is measured with respect to the Fermi Energy

Looar Atomic sphere charges MMoments
5 P d Total =y
S41 | 0.134)0.115 | 00054 (0304 -0.004
3 0.562 | 0.385 | 8.64 960 0.69
3-1 0672 | 0.7 | 8.66 10.04 0.55
5-2 0E67 | 0.754 | B3.63 10.05 0.55
3-3 0661 | 0.733 | 3.58 o83 064
5-1 deec | 0.736 | 3.al 989 .58

Table 2.3: Charges in the atomic spheres and magnetic moments in varnous lavers of a
nine-lﬂ_'-.'erlzl 105 i slabk

(110 IMi loses maximum amount of charge and exhibits maximum enhancement in surface

magnetizabion, compared to other surfaces of I we have studiad. Here only di.2_y has
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1t5 lobe parallsl surface plane, all the the cther orbitals do not stay parallel to the surtace
plane. Unlike the (001) surface where at least two of the crbitals were degenerte, here all
the crbitals are renderad degenerate. Table-2.3 shows us the charges of different crhibals
and lmrers. The local density of states of each laver for the majority and mincrity band is
showrn in Figure 2.4 The width of the suface states are reduced due to the sudace offact
and the minchty suface states i1s significantly pushed right of EF which results in charge
loss from the mincrty state and hence a significant enhancement. Here the surface lover
shows o magnetic enhancement of almest 19% which is almest double than that of the
(001) surface. Ancther very inberesting effect can be seen if we closely lock at the laver
resolved magnetic moment given in the Table-2.3, the magnetic moment of the second
and third laver of the thin film is almest same and their LDOS is also similar.

Surface Laover Bull:

Orbitals | Q[ | Q| |TotlQ| ws | Q[ | Q| |Total Q| ps
5 0.231 | 0.280 Q.51 00005 | 0.3+ | 0.347 | 0.683 | -0.0074
P 0.0456 | 0.043] | 0.0847 | -0.0015 | 0122 | 0.132 | 0.254 -0.009
Py 00382 | 0.038 J.1e8 | -0.0067 | 0122 | 0132 | 0.254 -0.0048
P. 0083 | 0.088 0.131 | -0.0055 | 0122 | Q.132 | Q.254 -0.009
tay, 0.8a Q.87 1323 00915 | 0,805 | 0.74 1.5 0.1ed
d... 0.83 0.36 178 0.073 | Q8ds | 974 1.g5h J.1igd
oy 0.82 Q.72 ligd 0.202 | 0905 | 0.74 1.5 0.1ed
doa_ya 0.81 Q.64 1.ed7 0.222 | 0.8 | 0.56 13 0.a748
dy.1_q 0.85 .33 157 Q.11+ | 0.8 | 0.56 13 0.078

Table 2.4: Orbital projected Charge(Q)) and magnetic moment of (110) surface lover and
bulls of foc i

The individual crhital and spin resclved charge and the corresponding magnebic me-
ment of {110) sudace and bullz INi are given in Table-2.+. The Local density of states for
each d-cebital of (110) suface is shown in Figure 2.5, Here the burden of the substantial
enhancement is almost shoulderad ko the d.a ° state which is mainly dus to the signifi-
cant depletion of charge from its minority stake. This is reflected in the LDOS in Figure
2.5, which clearlv shows that the mincrity stabe of d_a_ » has been pushed to the right of
Er. Thed,. and the d;.»_; stabtes also contribute to the enhancement. The d., and the
d_. stabes shows reduction in their respective magnetic moment and that is mainly due to
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Figure 2.5: Orhital resclved LTDOS for the d-states on a foc i (110) surface . The right
hand bottom corner panel shows the splitting of d-crbitals in bulle,. Energy is measured
with respect to the Fermi Energy.

5'|, Hi{ 10 Film

Figure 2.6: Magnetic enhancementiin %) of (110} IMi film

their mincrity state gaining more charge than their majority state. This is evident from
their projected LDOS shown in Figure 2.5, Here also, the two effects which determine
whether a surface loses or gains charges, act differently for different d-stabes.
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The laver dependent charge and magnetic moments exhibit cecillations. The nature
of these cscillations is different =5 compared to that of the (001) thin film of i The
percentage( %) variation of magnetic moment with respect to the central layver is shown
in Figure 2.6.

2.3.3 The face centred cubic N1 l‘,:lll;l surface
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Figure 2.7: Layer resclved local density of states of o nine laver thicl (111) IMi film : The
majorty bands are shown in the left colomn and the mincity bands are showrn in the
right. Energv 15 measured with respect to the Fermi Energy.

The magnetism of the (111) surface of I1i is unique, in the sense, it does not exhibit
any enhancement in surface magnetization. Table-2.5 shows the orbital dependent charge
profile and the magnetic moment for different lowrers of the thin flm. The magnetic
moment of different lavers hardly show any significant variation. Apart from the surface

atom losing a small amount of charge, same can be said about the charges of wmrious
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Laver Atomic sphere charges LMoments

5 P d Teokal (g
541 | 0060 | 0062 | 0.0303 | 0.153 -0.004
3 Q.850 | 0546 | 857 | 9.77 0.608

=1 0.638 | .77 3.60 | 10.06 0.604d
52 J.e84+ | 0.755 | 8.57 | 10.01 0.603
=3 0.685 | 0.756 | 8.57 | 1d.01 0,585
54 0684+ | 0.754 | B.55 599 0.6.07

Table 2.5 Charges in the atomic spheres and magnetic moments in varnous lavers of a
nine-layer(111) Ii slab.

lavers. The charge lost by the sudace atom 15 entirely from the p-state. The LDOS for
different lapers of (111) i thin film and bulk IMi is shown in Figure 2.7. The surface
LTO S shows the characteristic narrowing both for majonty and mincdty stokes. But it is
interesting to note, that there is hard v any major shift near £z for any of the LDOS. But
when we scan individual (f-m) resclved components, they are not that feabureless. Here
none of the d-orbitals is in the {111} plane. Therefore more or less every d-component
has scme part of it poinking towards the weouum.

Surface Laver Bulk

Orbitals | Q[ | Q| [Totl Q| pz | @ | QL |Total Q| ps
5 0.323 | 0.328 | 0650 -0.005 | 034 (0347 | 0688 | -0.0074
Px 0104 | 0112 | 0.216 | -0.008L | 0.122 | 0.132 | Q.254 -0.008
Py 0.105 | 0.113 | 0.218 | -0.0085 | 0.122 | 0.132 | Q.254 -0.008
P. 0054 | 0058 | 0113 |-0.0041 |0.122 | 0.132 | 0.254 -0.008
- 0801 | 0.736 | 1637 0.165 | 0805 | 074 1&5 0.160
d.. 08947 | 0843 179 0104 | 0905 | 074 1liEh 0.160
s 0845 | 0886 | 1.546 0054 | 0805 | 074 1&5 0.160
daa 2 0892 | 0.705 | 1.587 0188 | 084+ | 086 138 0.079
daa_q 091 |0.789 17 0121 | 0841 | 086 18 0.079

Tahle 2.6: Orbital projected Charge (Q) and magnetic moment of the (111} surface laover
and bulls of face centred cubic i

It we see Figure 2.8, which shows the individual d-orbitals, we can see that, for the
mincrity state of d.. and d,. states, there is asignificant shift of the main peal: towards
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Figure 2.3: Orhital resclved LDOS for the d-states on a foc i (111) surface . The right
hand bottom corner panel shows the splitting of d-crbitals in bulle,. Energy is measured
with respect to the Fermi Energy.

left near Er. This is aptly reflected in Table-2.6, which shows big gain in charge for
the mincrity states of d.. and d,. and as a consequence the magnetic moment of these
states are suppressed with respect to that of the 4, stabss in bulk It is due to the
significant enhancement in the magnetic moment of da_ 2 and dj.2_; that the IMi{111)
surface retains the bulk magnetic moment. Their mincnty surface states losing significant
amount of charge results in such a scenaric. Here also the suggestion of Erilsson 19891
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and Alden ef al 1992 doss not seem to hold, because the majority g, levels were almest
saturated in bulls. The charge and magnetization of the d_, state hardly shows any change.
Ancther noticeable fact 15 that the combined sp moments which were less negabivelv
polarizad in (001) suface and contributed to the surface enhancement of that surface, do
not significantly help in enhancing the sudace magnetization.

234 The face centred cubic MNi{001) rough surface

We howe considered six different structures that moy arise in a rough surface. First, we
mov roughen the surface laver by randomly emeving abtoms from it and replacing them
b empty spheres carrving charge but no ion-core. The first four environments are those
in which cne to four of the nearest neighbours of a sudface otom are missing. The ffth
structure is one in which a single [Mi abtom sits atop the sudace and the last is the top
atom on a pyvramidal struckbure sitting on the surface. The Figure 29 shows the local
density of stabes (both for the majority and for the mincrity bands) in the six different

environments.
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Figure 2.9: Majorty and mincrity local densiby of stabes in the six local environments on
a rough IMi (001) surface

The Table-2.7 summarizes the local magnetic moments at the six different rocugh en-
vironments. It is known that the local moment on I is fragile. In allovs, with a non-
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magnetic partner, for example, M1 neads other M atoms in its neighbourhood to bolster
its magnetic moment. If it has less than eight [Mi neighbours in a face-centred cubic lattice
it loses its magnetic moment completaly. The same effect is seen here when we replace
I b empty spheres from the neighbourhosd of the M1 atom under study. It is also clear
from the table that in a rough surface there is considerable Huctuation in the magnetic
moment as we encompass the surface. In an earlier communication Huda and Mockerjee
2003 studied this Huchuaticn and intreduced the idea of a magnetic roughness which was
clesely melated to structural roughness of the suface.

Environment Eovirl | Envir? | Envicd | Envird | Envich | Envicc
Ih{ug.mum[ugl T .45 . 355 .25 .56 .53

Table 2.7: Magnetic moment of [Mi atoms for different envircnment.

2.3.5 The body centred cubic Fe (001) surface

Lanrer Atomic sphere charges koments

& ol d Tekal | (pg)
S+1 | 015+ | Q.115 | Q.052 | 0.322 | 0054
3 0.576 | 042 | 651 | 7.50 | 285

=1 d.e7 | 4.786 | 6.7 3.163 | 2.2
32 0654 [ 0.787 [ 6.565 | 5006 | 2.3
53 0647 | Q.772 | 658 | 5.005 | 2.23
54 des [0.775 (6568 | 500 |22

Table 2.3: Charges in the atomic spheres and magnetic moments in varnous lavers of a
nine-layer slab (001} of Fa.

Table-2.8 shows us the charge profile of the crbitals for different lavers of a nine lorerad
bee (001) Fe film. We also see that the magnetic moment cecillates as we go down the
layvers from the sudace . There is magnetic enhancement ot the surface laver, but a
magnetic depression in the next lower lover, excactly os in the IMi film.

Figure 2.10 shows the lover projected LDOS. The surface LTDOS exhibits the charac-

teristic narrcwing because of the lower bonding environment. Dur magnetic enhancement
i5 similar to the Green’s function technique result of Alden ef al 1992 as well as that of the
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Surface Laver Bulk
Orhitals | Q[ | Q| |TotalQ[ pz | Q[ | QI [TokalQ| ps
5 0.293 | 0.285 | 0.576 0401 | 0.32 | 0.334 | de5: | -0.014
Px 0.082 | Q.07 | Q157 (0007 | 012 ] 0,14 0.2g -0.02
Py 0082 | 0.075 | Q157 (0007 | 0.12 ] 0.14 0.26 -0.02
P- 0.055 | .05 | 0.105 [Q.005 | 0.12 ] 0.14 0.26 -0.02
dy 082 | d.48 141 g.43 (435 0.5 1.35 i1.35
d... 083 | 0.36 13 0.57 (035 0.5 1.35 .35
oy, 083 | 0.3 13 0.57 (035 0.5 1.35 .35
doa_,p 0955 | 0.3 1.25 dec (094 0.3 1.25 .63
dya_q 0971 0.2381 1.25 gy (094 0.3 1.25 .63

Tahle 2.9: Orbital projected Charge and magnstic moment of (001 ) surface layer and bull:
of boo Fe.
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Figure 2.10: Layer resclved local density of states of a nine layer thick (001) boo Fe film.
The majoity bands are shown in the left oolumn and the mincnty bands are shown in
right. Energv is measured with respect to the Fermi Energy.
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Figure 2.11: Orhital resclvwed LDOS foa the d-shates of the bee Fe suface . The right
hand bottom corner panel shows the splitting of d-crbitals in bulle. Energy is measured
with respect to the Fermi Energy.

Fe Film

Figure 2.12: Magnetic enhancement (in %) of boe (001) Fe thin film.

FPLMTO 4 SO (Eriksson 198915 and FPLAPW {Ohnishi and Freeman 1931). Mot all of
the approadhes, however, show magnetic suppression in the penultimate lover. Table-28
shows the crbital decompesed charge and magnetic moments for the surface lover and
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bullke, The magnetic moment of none of the crbital components are suppressed compared
to bulle. Out of the two competing effects, described earlier, which determine the woy
charge redistributes among the d-crbitals ( Jepsen ef ol 1932), it seems that the first effact
is5 dominant, which results in depopulation of the d.. and d,. components. But for the
dy.2_y orhital there is no change in the population as comparad to the bull:. The en-
hancement 15 mostly due to the three tp, orbitals. The majorty band for the to, orbitals
was less saturated than the e, ones in bulk, this perhaps facilitates their sudace enhance-
ment{Alden ef al 1992}, Agnin, the sp crbitals play a significant role in the enhancement.
The magnetic moment due to the s-p orbitals changes pdanzakion. Figure 2.11 shows
the crbital decompesed surtace d-states and e, and i, levels of bulle Fe. The lifting of the
d-crhital degeneracies at the surface, is same as in IMi{001) thin films. This is expected as
both areina cubic structure and the cubic symmetry is brelen at a (001) surface. Figure
2.12 shows the magnetic enhancement IZJ.n ) for different lovers wr.t bull

2.3.6 The body-centred cubic Fe (001) rough surface

LOOD S for diffsrent mcugh srnvircrmesrnt on F#= Surfacs
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Figure 2.13; Majority and mincrity local density of stabes in the six local envircnments
on a rough Fe boo (001) surface

We have carriad cut the same analysis for a rough bee Fe (001) surface o= for IMi. The
corres ponding local densities of states are shown in Figure 2.13. The accompanyving Table-
2.10 shows the local moment. The magnetic moment of Fe is robust and the analysis of
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Envitonmenk Envit]l | Envit? | Enwvicd | Envicd | Envich | Envicc
IMag mem. I:ug | 316 286 278 26h TiEd 257

Table 2.10: Magnetic moment of the Fe atoms for different environments with decrensing
loeal curmbure.

the magnetic roughness is different from that of IMi. Here, the environments are arranged
in decreasing order of local curvature. As found in the earlier paper (Huda and Mockerjee
2003 ), the atoms on large curvatures on mounds have the largest moments. The moment
of the Fe atom in environment 115 nearest to the moment of an isclated Fe atom. Rough

surfaces of Fe show the magnetic roughness as proportional to the curwmture roughness os
mensured b the correlation functions of the two quantities. It should be noted that the
recursion method, described in this paper, is one of the meost powarful tech niques which we
can use for the study of rough surfaces where the tero-dimensional translaticn svmmetoe
still mvailable on planar sudaces 15 also viclated and the usual lower-dimensional Bloch
thecrem techniques are no longer feasible.

2.3.7 The body-centred cubic Cr (001) surface

Lanrer Atomic sphere charges Lloments

5 P d Tokal | (pg)
S5+1 | 0182 | 0.126 | 0.057 | 0.366 | 0.12
= 0.565 (0.4 [ L53 |55+ | 281

31 0.655 | 0854 | £63 | 6.142 | -1.38
=2 0657 | 0.545 | L4808 | 589 | 1.40
53 063+ [ 0843 [ £45 | 585 | -0.96
54 0645 (0840 [ L4808 | 588 | 085

Table 2.11: Charges in the sbomic spheres and magnetic moments in wmnous loves of a
nine-lager (001} slab of Cr

Barring Cr, all the thin flms we hoave studied enchibit a ferromagnetic ground state.
The ground state of Cr is anbi-ferromagnetic with a Mesl Temperature of 312°C. The
albernate Cr lavers are anti-ferromagnetically aligned. The Cr sutdace magnetization is
spectacularly enhanced. It shows an enhancement of almost 200%. The charge and
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Figure 2.14: hMajontv and mincrity local density of states of bullk and different lavers of
Cr boo (001) thin flm.

magnetic moments of different lasvers of thin film is shown in Tahle-2.11. Figure 2.14
displavs the laver and spin resclved LDOS. There is a significant dip near £ for all the
LDOSE except the majorty surface state. The dispesition of the dip about E- exhibits
an interesting cecillation for the alternating layer, which can be attributed to the anki-
ferromagnetic coupling. All the major features of the mincnty suface LDOS below E- are
subdued | but features in the majority surface state are much more developed compared
to lovers belowr i resulting in a mammoth magnetization gain.

Mowr it we delve a bit desper inbo the orhibal picture, more engrossing facks comes to
light. Table-2.12 individual crbital projected charge and magnetic moment for the surface
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Surface Laprer Bulk

Orbitals | Q[ | Q| |TobalQ| pz | Q] | @l [Toml Q| ps

5 0.306 | 0.258 | 0565 | Q048 (0332 ) 0.331 | 0653 0.011
P 0.038 | 0078 | Q.16 0.01 | 0141 | Q.14 | 9.282 | -0.00053
B, 0.088 | 0078 | 0.166 001 | 0141 | Q.14 | 0.282 | -0.000853
e 0.058 | 00489 | Q.103 0.01 | 0141 | Q.141 [ 9.2832 | -0.00053
dy 0.778 | Q.27 101 0.51 | 635 | 0118 14052 0.217
.. 0.751 | 0.13 0831 0.57 | 0635 | 0418 14052 0.217
d.. 0.751 | 0.18 0831 0.57 | 0635 | 0418 1452 0.217
da 0.e8L | 0.13 0325 | 0563 | 0405 [ 0.267 | Q72 0.138
daa_q gesl | 0.135 | 0796 | 0.525 (005 | 0.267 | 0672 0.138

Table 2.12: Orbital projected Charge and magnetic moment of surface lover and bulle of
bec (001) Cr.
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Figure 2.15: Orbital resclved LDOS for the d-states of the beoo O sudace . The right
hand bottom corner panel shows the splitting of d-crbitals in bulle. Energy is measured
with respect to the Fermi Energy.

and bullt states of Cr. The p-states have changed their magnetic poladzation ot the surface.
The each mincrity d-states which were altead v sparsely filled in bulk has undergons further
depleticn in their charges and each majority d-sbates has gained significantly. Though each
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d-state contributes significantly to the surface enhancement, but contrnbution of da 2 is
the meost robust of all. Figure 2. 15 shows the orbital resclwed LD OS of d-stabes of surface
and bullk Cr. In cose of Cr as in Fe the argument put foreard by Erleson 1881 and Alden
ef al 1992 holds true.

2.3.8 The hexagonal closed-packed Co (001) surface

Laver Atomic sphere charges Lloments

. B d [ Tokal | (us)
S+1 |0062 [0.063 | 0052 | 016 | 0007
3 0623 | 0551 | 7.61 | 8.78 1.66
S1 |0662 0788 | 7.62 | 007 | 157

=2 0654 | 0.766 | V.57 | 380 1.58
53 0.658 [0.768 | V.58 | 8.01 1.57
S+ 0.657 [ 0.767 | V.57 | 9.00 1.58

Table 2.13: Charges in the sbomic spheres and magnetic moments in wmnous lovers of a
nine-layer slab of hep (001) Co.

Surface Laver Bulk

Orbitals | Q[ | Q| [TotlQ | pz | Q] | QL |Total Q] pa

5 0.306 |0.316 | 0623 -0.01 | 0.317 [ 0.333 .65 -0.016
Px 0.103 | 0.117 Q.22 -0.01+ 0115 [0.138 | 0.25% -0.02
Py 0.103 | 0.117 0.22 -0.01+ 0118 [0.138 | 0.28 -0.02
P. 0054 | 0058 | 0111 | -0.003 | 0.118 (0141 | Q.25 | -0023
. 0814 | 0606 152 0309 | 082 (0593 151 0.326
Az 095 | 0.6l 156 034 | 0893 | 0.596 153 0.337
dy: 095 | 061 1.56 034 | 0893 | 0.5096 153 0.337
da_3 Q.91 | Q.ed 152 0.31 (0918 | 0.583 151 0.326
da.a_q 092 | 0.51 141 041 (0908 | 0587 | 1468 0.32

Tahle 2.14: Orhital projected Charge and magnetic moment of (001) suface laver and
bull: of hep Co.

The stable structure of Co is hemgonal closed pacled (hep) Table-2.13 shows the
charge profile of the orhitals for different layvers of nine lovered hep (001) Co thin flm
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Figure 2.16: Layer resclved local density of states of a nine layer thick (001) hep Co flm.
The majoity bands are shown in the left oolumn and the mincnty bands are shown in
the right. Energy is measured with respect tothe Fermi Energy.

The table shows wariation of charge and magnetic moment with lovers. Figure 2.16 shows
the lwver projected 1TDOS Our magnetic enhancement for the surface laver is similar to
Green’s funchion result of Alden ef al 1992 but substantially less than the FLIMTO 430
results of Ernlsson 1991 . The variation in the d-charge for different lavers is verv small.
Here cub of the tvo competing effects which determine the wanr charge redistributes among
the d-crhitals (Jepsen ef al 1982) | it seams that the second effect is dominant in case of d..
and dy. crbitals which results in incrense of their population, compared to bullk. But for
the d, a_, crbital it is other wonr round | and there is a decrense in population. Here, among
the d-crbitals, only this d; .2 _; contributes significantly to the enhancement. The majorty
band of dy,2 _; has the least saturation among all the d-orbitals of hep bullk Co, which can
be cne of the reasons for the enhancement. Again s-pbands plor a significant role in the
enhancement. We find significant enhancement due o &p-bands. The magnetic moment
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Figure 2.17: Orhbital resolved LDOS for the d-stabes of the hep Co (001) surface is shown
in the left oolumn. The bght hand column showr the splitting of d-states in bullk. Energv
is measured with respect to the Fermi Energy
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Figure 2.18: Magnetic enhancement(in %) of hep (001) Co film

due to the sp-band does not change polarization. The degeneracies for the surface states
and bull states are same. This is because in (001) sudfaces the s-direction is renderad
inequivalent, thus brealking the cubic svmmetry in face-centred cubic and body centred
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cubic films (IMi and Fe) but in case of hewagonal closed-padied | there is no addibional
svmmetry brealking at the surface. Figure 2.17 shows the densiby of shates of crbibal
decomposed d-bands for surface and bulk of hexagonal closed-paded Co. Boath in bulle
and surface | d.. ,dy.pand {d.2_p2 | dey} ocour in degenerate pairs. Figure 2.18 shows
the magnetic enhancement (in %) for different lavers.

2.3.9 The face centred cubic Co [Dﬂlj surface

Laxer Atomic sphere charges Lloments
& r d Tkal (gl
S4+1 | 0.105 | 0.083 [ Q.04 [ 0.234 0.012
3 0591 | 0436 | 7.581 | 5.66 17g
=1 deey | 0311 7.a6 | 914 l4ig
22 Qieht | 0783 | 7.56 | 9.00 158
33 Quehe | 0777 | 7.58 | 9.00 156
=1 duight | 0783 | V.55 | 9.00 158

Table 2.15: Charges in the sbomic spheres and magnetic moments in wmricus laers of a
nine-laver IZCICI]:I slab of foc Co.

Table-2.15 shoews us the charge profile of the orbitals for different lavers of nine lorered
foc (001) Co Alm. We can see that the charge and magnetic moment cecillates with lavers.
Figura2. 19 shows the laver projected LDOS. Marrowing of the suface state is sean. Our
magnetic enhancement is similar tothe Green'’s function results of Alden of af 1992 and the
FLAPW results of Li and Freeman 1983, But, here also the magnetization is substantially
suppressed for the loyver below the surface layer. The % enhancement for both foo{001)
Mi and Cosurfaces are of similar magnitude and similar amount of char ge lealnge is seen
in both cases. Table-2.16 showrs the crbital decomposed charge and magnetic moment
for the surdace loover and bull. Here magnetic moment of day 15 suppressed compared
to bull. Out of the two competing effects which determine the wmr charge redistributes
ameng the d-crbitals (Jepsen ef al 1932) | it seems that the second effect is daminant,
which results in incremse in population of the d.. and d,. components. But in case of
dy.2_y stabe, the effect i5 reverse, and consequent depopulation is seen. Hers all the other
four d-crbitals (barring d., ), contribute to the sudace enhancement The sp-bands have o
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Figure 2.19: Layer resclved local density of states of a nine layer thick (001) foe Co flm.
The majonty bands are shown in the left oolumn and the mincoriby bands in the right.
Energy is measured with respect to the Farmi Energy.

significant role in the enhancement. The magnetic moment dues to the s-p-band does not
change polanzation. But the 5 and p, band have almest equally populated majonty and
minceity band. The lifting of the d-orbital degeneracies at the surface, is same as I'Mi and
Fe thin films, because of its cubic structure. Figure 2.20 shows the crbital decomposed
density of states of the surface d states and e, and 45, levels of bullk for foo Cobalt. Figure
2.2]1 showrs the magnetic enhancement (in %) for different layers.

2.4 HRemark: and Conclusions

We hawe carried cut an crbital decompeosed study of the dharge redistribution and mag-
netic moment in thin flms of (001, (110)and (111) I (foc), (001) Fe (boc), (001) Cribeac)
and (301) Co (both foc and hep). The blanket statements made earlier that the d states
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Surface Laprer BEuill:
Orbitals | Q[ [ Q| |TotalQ| pz | Qf | QL |Total Q| pg
5 0,295 | 3265 .58 Q000 | 3.322 | 0337 | dahg -0.015
P 0082 1 g0es | 41587 | -0.004 [ 0122 130,141 . 263 -0.01%9
By 0092 19088 | Q187 | -0.004 | 0122 { d.141 0. 263 -0.018
jir Q.055 | 0055 0.11 0000 | 3.122 | 4.141 0. 2683 -0.018
Ay 0908 | d.64] 1.55 0,267 | 08905 | 0.601 1 505 .304
.. 0835 | d.588 1.535 0.3+ | 3935 | 0.edl 1.50a 0.304
.:.I‘F 0835 | 0.588 1535 .34 | 3.8905 | 0.601 1 506 0.304
.:I‘_.__-:_H-: Q845 | d.519 1465 0427 | 984 | Q57T 152 0.363
da.a_q Q8 [ 0547 1.487 Q403 | 984 | Q57T 152 0.363
Tahle 2.16: Orhital prejected Charge and magnetic mement of (001) surface laver and
bulls of foe Co.
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Figure 2.20: Orbibal resclved LDOS for the d-states of the foo Co surface . The right
hand botbtom coner pansl shows the splitting of d-crbitals in bulle. Energy 15 measured
with respect to the Fermi Energy.

are alone responsible for magnetism enhancement on sudaces do not seem to be totally
correct. Firstly, not all d-components contribute to the sudace enhancement. On the
contrary, few of them have their magnetic moments suppressed for some surfaces . Clas-
sic example in this regard is I1i (111) sudface where there is enhancement in few m-states,
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Figure 2.21: Magnsetic enhancementiin %) of foc (001) Co ilm

suppression in few, the net result being a surface moment similar to bulk. Secondly dom-
inant effect which decides howr charge distibutes among its m-components 15 different for
different surfaces. It is true that the majorty band of Fe is less saburated than Iiclssl and
Cobalt and this could be the resson for its huge surface enhancement (Alden ef af 1992,
Erilmson 1891 ), but when viewed from our orhital decompessd study, the most saturabed
m-components vields the masdmum enhancement (lile the IMi surface). But again their
contention holds true for anti-ferromagnetic Cr surface. Ik seems that the conjecture of
Alden ef al 1892 and Erlsson 1991 helds true for more open structured body-centred
cubic surfaces than surfaces of closed pacled structures like face-centred cubic and heag-
cnal closed -packed . A Friedel-lile cecillation in magnetic moment and charge is found in
all the coses exoept the (111) IMi thin ilm. We conclude that magnetism at a surface is
sensitively dependent on the charge transfers and redistribution among the crbital com-
ponents o5 well as betvween the varous lavers and such a detailed studyv is required to get
a clear picture of the phenomenon.



Chapter 3

Electronic and magnetic properties of the partially
disordered systems : Co-Fe; ,Cr;:Al a quaternary
Heusler alloy

3.1 Introduction

Discrderad allovs are of great technological importance and involve rch physics
as wall. During the last few decades considerable effort has gone into devising methods
for carmving out mrerages of physical obserwmbles over different configurations realized b
discrderad smstems. We will tov to illustrate the importance of configuration averaging
with the following exampls. Suppoee a experimentalist is carrving cut energy resclvad
photcemmission studies on a disardered metallic allew, Varving the frequency of his inci-
dent photon and keeping the energyv window of the excited cubgang electrons reasonably
narrow, he can map out the density of states of the valence electrons of the alloy. If he
carfnes ot the experiment oo ten different samples of the same aller he should obbain
slightly different results. The allov is mndom and different samples will hove different
atomic arrangement of its constituents. Yet, the varation the experimenter sees in the
different samples is well within his experimental error bars. What he chserves is an av-
erage result, averaged over different realizable configurations of atomic arrangements in
the allov. The interesting fact is that he sees the awraged result in a single sample. The
same is true for all global properties of the system like the specific heat, cond uctivity and
different response functions.

People adopt different approaches to do configuration sveraging in materals. The
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mostly used methods are the ccherent potential approcdmation (CPA) and the augmented
space formalism (ASF). The supercell method is also used to study discrder effects but
here the artifacts of the arbificial supercell svmmetry shows up. The augmented space
i5 a direct product space of the underlving lattice space and the configuration spoce.
This formalism carries cut configuration mreraging cer all the important configurations
and the magnitude of errors in the caloulation are known and can be controlled. The self-
consistent augmented space recursion in conjunction with TE-LMTO hos been successfully
developed and applied to different totally discrderad syvstems (Chalaabarti and Mockerjee
2005). The foamalism is rcbust encugh to include subtle phenomena of disarder like shork
ranges effects into its scheme of things. In this chapter we will descilbe howr the ubilib
of augmented space theorem has been used to study the wveryv important phencmena
of partial-discrder. This had already been appliad to medel syvstems (Chalrabarti and
Moolkerjee 2002 ), here we hore developed it further to study real systems. IMany systems
in nature exhibit partial-disorder, specially allov of different metals at off-stachiometo
Here we have chosen a system which is of greab technological impartance. Mowr we will
trv to understand the system as well as its importance.

The feld of spintronics halds cut a promise for the future as it could plovy a
pioneering role in further integration of data storage, processing and transfer (Prinz 1993,
Johnson 2000, Hirchata ef al 2005). Datta and Das 18980 has proposed spin-polarized
field-effect transistor (FET ) as one of the major application of spintronics, which requires
both injection and detection of spin across the ferromagnet )/ semicond uctor inberfaces with
a verv high efbiciency. Two theotetical approadhes hawe been proposed to mest this
requirement: spin injection from the ferromagnet with nearlv 100% spin poladzation
in a diffusive regime (Schmidt ef al 2000), and inserfion of a tunnel barrier into the
terromagnet /semiconductor interdface to utilize ballistic electrons (Rashba 2000). The
first of the two proposed approodhes can mest the requirement using dilute magnetic
semiconductors and half-metallic ferromagnets (HMF ). The HMF are those materials,
whess minerity band exhibits a gap at the Farmi Level ( Ex) whareas its majority band is
perfectly metallic in nature, thus adhieving 100% spin polarization at the Ex. Till date
tour types of HIMF hovre been theorstically predicted : cvide compounds, e.g |, rutile CrO.
(Bchwarz 1936), prevoslites e.g., Log:Srg :Mn0, (Piclett and Singh 1996), zinc-blende
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compounds e.g., Mnds, Cras Cr3b (Shimi e af 1093, Shiri 2003) and Heusler alloys.
The adwmntage of Heusler allovs over the other HIMFs is its high Cure temperature, which
lets one avmil its half metallicity even at room temperature. Heusler alloas are called half-
Heusler aller if ther howe o general formmula XY 2 and full-Huesler allow if thev haowe
general formula XY D) where X and Y are d-block elements and T is a p-hlock elamant.
The crvstal structure of Huesler allenr consists of four inter-penetrating foc lattices. In a
conventicnal unit cell ¥ and T cocupy the sub-labtices with origin at (00,0} and IZ%, %,é [
while X and either a wocancy or ancther X atom cocupy the sub-latbices with crigins at
(43,30 and (3,5, ).

We focus cur abbenticon on the doped quaternary Heusler allev ConFeqiCrosdl . This
i5 a not a perfect HMF because unlilke HMF it does not show a true gap at EF in the
minceity band. This is an important maberial because of its fermomagnetic charmcter at
room temperature. Here it is worth mentioning that, though Con Cral exhibits o HMEF
character, its Curie tempernture is below the room temperature, but there are experi-
mental reports that on substibuting Cr atom with Fe thers is an enhancement in Cure
temperature. Also at this parbicular concentration polveryvstalline ConFeg | Crggal shows
a high magneto-resistance ratio of up to 30% at a relatively low feld of 0.1T (Wurmehl ef
al 2006, Felser ef al 2003 ) though a similarly prepared samples of Coo CrAl shows a neg-
ligible mognetcresistance. This property 15 ascribed to spin-polarized tunneling betwean
grains(elelear and Clemens 2004). In addition it shows phase separation (Iiobayashi
et al 2004) and tunnel magnete-resistance (Inomats ef 2l 2003, Kubota ef o 2004) at
room temperature for the magnetic tunnel junction which utilizes ConFey ;O 54l and
Coelindl as an electrode. These exchic features of this compound has motivated ex-
perimental groups to study the thin Alms of this compound as well as its parent com-

pounds(Hirchata ef al 2005, Iielskar and Clemens 2004).

There hawe been several theoretical atbempts in understanding the electronic and mag-
netic ehavicur of Heusler allovs. Ameong them is the full-potential screened Korringa-
Iichn-Rostocker( KKK ) method in conjunctica with either ccherent potential approxima-
tion cr super oell construckion to ascount for the random distributicon of Cr and Fe atoms.
FResults using fully relativistic version of the LI E-CPA formalism has been reported by
Wurmehl ef al 2006 for CopFeoCry_-Al for different doping, to study the magnetic nature



Chapfer & Partial disorder: 4 gquaternary Heusler alloy 71

of the allov at different doping. They have studied the L2, B2 and A? phases and their
combinations separately. For the L2, phase and for x = 0.4 their site projected magnetic
moment for Co, Cr and Fe were 084ug , 14205 and 2892u 5 respectively, wherens their
encperimental wlues were 1.11pg , 0.36pus and 2.64p g respectively. Reference Antoncow ef
al 2005 reported super cell based fully relativistic IMTO caloulation of CoeFe. Cri_- Al
varving the concentration of Fe and Cr. Their observation was that, the concentration
and arrangement of Fe plaved a decisive role in debermining the magnetic propetties of the
allovy and its constituents. Their thecretically calculabed magnetic moments for Fe and Co
were quite near to their experimental valuss, but that for Cr was highly overestimated.
The large crerestimation of the Cr moment 15 common to all the thecretical approaches.
For all cther phases their mesults also show higher mognetic moment than the exper-
mental chserwmtions. LMiura e al 2004 theoretically studied the ConFey (Cry Al using
ELR-CPA formalism. Their indings indicate that spin polarization of CooFe_ Cry__Alat
E g, decrenses with increasing Fe concentration in both the L2y and B2 phoses and disor-
der effect plays a significant rcle on the spin polarzation(at Ex) at low Fe concentration.
Elmers e al 2003 used magnetic circular dichroism (MCD ) and X-ray absorption spec-
troscopy (2LAS) to study the CoyFay (Crp 54l experimentally. From these data they hawe
also obtained site projected magnetic moments using magneto-optical sum rules and haswe
compared them with band structure calculations. Recently there has been a spurt in ex-
perimental activity on thin Alms of CoeCral and CosFeAl | Hitchata ef al 2005 reported
magnetic properties of both L2 polvorvstalline ConCrAl and epiboodal L24- structured
ConFedl films on GaAs(001) substrate. Their obserwabions showed the exdstence of unias-
inl magnetic anisotropy along the [1-10] for ConFeAl . On the other hand ConCrAl showed
an isotropic M-H loop. In an ancther worl: Ivelelar and Clemens 2004 reported o methed
of development of single phase epitasial thin Alms for CooFe, Cr; Al and cbserwed large
Hall resistivity in the ange (+ — 5) = 10~ D mat 5 K for x=0.4.

In this chapter we howe investignted the magnetic and electronic properties of the bulle
and (301) thin film of HMF CooFay (Crg Al alley, using TE-LMTO and ASE farmalism.
Here we have taken L2 unit cell with Frmim svmmetry, with experimental lattice pa-
rameter a = 5.727 A (Wurmehl & ol 2006). The Co site is ok 8c(1,1 1) and the Al site
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is situated at 4a{0,3,0). The Fe and Cr cocupy the -J:.';'IZ%, %, %'l site with probability 0.4






