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Abstract

The theoretical and pracal aspects of the pseudopotentintl model potentiahethod
in metal physicare reviewed. We start by showing how a formal statement of the
guantum mechanical maiibody problem of interacting ions and valence electrons in a
metal lead, in the setfonsistent field approximation, to the eslectron problem of
setting upthe potential energy function for the motion of a valence electron.We then
review firstly the various pseudopotential theories for simple-{raorsition) metals that
beganin199 wi t h Phillips and Kleinmands introduct.
by reinterpretatingHer ri ngés 1940 orthogonalized plane wa
band structte calculation as a (namitary)transformatiorthatorthogonakesplane
wavesto the ion core wave function. Although the OR&kudoptential transformation
preserves the energy eigenvaluggherates generally nomunique repulsive potential
that cancels most of the deep attractive potential of the bare ions resulting in a net weak
effective potential which could be represented accurately enbyghmodel potential of
Heine Abarenkov(HA) type. Secondly, we review the correspondirigtezpretation of
the augmented plane wave (APW) method of energy band calculation for thedmansiti
andrareeart h met al s t hat b ebgnaresonance hd@d@iftenms t h Zi man
of generalized OPVpseudopotential and transitiometal modelpotential (TMMP) of
HA type, and tabulate for the first time the TMMP form factors for 27 transitidimane
earth metals. Finally we review experimental verification of the pseudopotential theories
and a critique of the problems arising from the-naoitary character gbseudopotential
transformation and outl i ne nheawd rvoinsitca smepcrhoavnii dcesd
for handling norunitarity theorieamong other problematic aspects leading to fruitful
generalization of the standard (BCS) modelhigh-temperature superconductivity
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1. GENERAL INTRODUC TION AND STATEMENT OF PROBLEM

1.0 General Introduction

In the past fiftyyeas the modelling othe effective potential felby a
valence electron in metals and semicondudias assumed a key position in the
determination of the various aspects of #lectronic structure of condensed
matter. The potential has been required not onlyHercalculation of the energy
band structure of the regular solid but aldoe phonon spectrahe structure
around a defectscattering probabilities and hence transpgmdperties of th
solid, liquid or alloy phases of condensed matter.

In this paper, we wish to rehearse the statement of the problem before
proceeding with the review (in Sec. 2) of the various aspects of the
pseudopotential formalism developed by Phalig Kleinman[1] in 1959 from the
orthogonaized plane wave (OPW) method of electronic energy band structure
calculation introduced by Herring[2] in 1940. The popularity of the OPW method
in the first six years (1959965) due to its successful applicatiantheoretical
and experimental understanding of the geometry of the Fermi surface of metals
(Gold[3], Harrison[4], Heine and others[5]) climaxed with the introduction of a
model potential by Heine and Abarenkov[6]) which simplified the computational
aspets and led Animalu and Heine[7] to the production of tables of model
potential form factors for 25 nemansition elements which were described by
Harrisoninhis196® ubl i shed book[ 8] as fAthe best val

In Sec. 3 we shall desbe the second high point dealing with the re
interpretation of the augmented plane wave method (APW) (Loucks[9]) as a
phaseshift transitioametal pseudopotential method by Ziman[10] and others.
This led to the construction of a generalized transiteal pseudopotantial by
Harrison [11] in 1969 and the corresponding transitital model potential
(TMMP) by Animalu [12] in 1973. The form factors obtained from mainframe
computers in ref.[12] were largely unpublished at the time but have recently been
recomputed on laptop with Fortran77 programme developed by Essien[13] who
also successfully applied it to the computation of the phonon spectrum of cobalt.
The form factors for 27 transition elements will be presented for the first time in
this paper andhe most recenapplication of the TMMP form factors to laptop
computation of the phonon spectrum of cobalt will also be given.

Finally in Sec. 4, we shall review experimental verification of the pseudopotential
theory and a critique of weknown formal poblem of the OPWpseudopotential
method pesently ignored by condensed matter physicists, namely the fact that the

2



Proceedings of the Secordternational Seminaron Theoretical Physics & National
Development, July 5 8, 2009, Abuja, Nigeria

pseudopotentialtransformation is nomnitary and therefore does not conserve
probability. We shall highlighta new vista for resolving thisroblem permited by the
di scipline of i with dintriguing successfud Applicdtian st@ high
temperatire superconductiviyd] and draw the attendant conclusions.

1.1 Statement of the Problem

The problemof settingup the potatial energy funcon for a mamybody
guantum mechanical system has been well known from the late 1920s when it
arose in the determination of structure of matgctron atomsn the Periodic
Table. In the physics of metalse aresimilarly dealing wth a large number of
paticlesi ionsand valence electrons. An ion consists of the atomic nucleus and
the core electrons tightly bound to it. The valence electrons, more or less, form a
Fremi gas. On a macroscopic scale the net charge of the electron gas completely
neutralizeshat of the ions so that the solid is electrically neutdalwever, on a
microscopic scaleeach valence electron feels the field of the ions and the
fluctuations in the density of the gas of other valence electrons on which the
electronic properties of ¢hmaterial depend. A description of such microscopic
processes requires setting up the potential felt by a valence electron in the
material and solving the appropriate wave equation for the energy eigenvalues or
bands and the wave functions of the valegleetron, subject to suitable periodic
boundary conditions. Although the interaction between any pair of electrons or
between an electron and a proton is known to be Coulomb in character, an exact
solution would be extremely complicated for the?*l@lectons per cubic
centimeter in a normal madt In fact, one has to solve ARelectron equation:

B B, . (CS f
HY 1 Ta P+ g V(R )+1 a‘f—e‘uv EY (1.1.1
[ i i,m
Y LY () (1.12)

where p, 1 -i>p/pr is the momentum operator of the ith electrm(rf, fe'm) IS its
interaction with themth ion which needs to be set up, and the term W’lthﬁ: N
represents the interaction of the ith and jth electrons.

The Hartree and/or Hartrdeock self-consistent field methas which have
been very successful in setting up the potential dubetdons consist of writing
(1.1.2) as the symmetrized product of eslectron wave functionsy,:

N
Y =Oyk(r?) (1.13)

i=1
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so that the energyg, is then the sum of orgectron energiesg, ; the last term

in (1.11) represents now the exchange and correlation interaction of the electron

gas (Slater[15]) which is fopientlydenote simply by . The longrange character

of the exchange and correlation interactianggads t o an feinrefrigryiot e s el
which is the classic problem of quantum electrodynamics and quafielom

theay.

We shall base this review of fiftyearsof pseudopotential theomyn the
following formulation of the valence electron problem in terms of the concepts of
Abareo and fAeffecti vepanptheeaengy eigedlues The ei g

E, are given by the solution of the wave equation:
2

a > ) L0
é%%t‘) +Vy, +a§/k—Ekyk (1.14)

=]

where v,, is the Hartree potential and i s a mass o@aralgynwo oOr

representing the exahge and correlation interactions. The total density of the
valence electrons is given by

r@ry=& nky 10 (3 (1.15)
k

n(k) being an occupation number and the summation over spin indices being
understood. The procedure in receaass is then to considev,, ,a and r(rj in
(1.12.4) and (11.5) as the sum of three contributions due to

0) the ions,

(i) a uniform density of valence electron!so(r\) neutraizing the
ionic charge, and

(i)  the change or fluctuationy ; in (1.1.2) from the constant value

r,as a result of choosing a fAtesto v
() and (ii), and considering its interaction with thtker electrons.
In other words, one imagines an array of positive ions immersed in a rigid

uniform jelly of valence electrons in (i) and (ii), and then includes the effect of
(iii1) which is to Aunfreezeo tlleekthej el | y. Th

potential of the fAbareod NMB@sichisasuallysi mply t h
represended by a pseudo or model potental] the resulting potential after
taking into account the screening action of the electron gamaifisom the
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density fluctuations (i-¢onsi stemt d eadr tfhec
potentialV_. (or U) of the valence electron in the material.

2. THE POTENTIAL OF THE BARE IONS

2.1 Introduction

Considerable experieachas been accumulated in the task of setting up the
bare potentialy®, from band structure calculations (see, for example 1 8t
review by Heine [5] From the results of tlse calculations and expearental
studiesof the shapesfdhe Fermi surfaceg(notably the experimental map of the
Fermi surface of lead by Gold[3] in 1958 and its theoretical extensions to
aluminium and other polyvalent metals by Harrison[4] over the period-6959
it becane clear that the valenckeetron insimple metals behavezffectively as if
it were nearly free: i.eits wave functiony , in the region between the atomic

cores is very close to a simple plane wave or a simple linear combination of plane
waves; in the region insidthe atomic corey/ behaves like an atomic wave
function with several oscillations or sharp wiggles on account of the strong
attractive core potential in this region. But it has been shown, as we shall outline
presently, that these wgtes can be looked upon either as a manifestation of the
exclusion principle which requires the valence electron states to be orthogonal to
the core orbitals or as indicative of high kinetic energy of the electron
corresponding to several phase change2@fbefore it reaches the edge of the
strong attractive potential well. In either case, the effect is to cancel most of the
attractive potential resulting therefore in a weak net potential which is called the

pseudepotential Vps, and which acts on a new wave functién, Thus (Fig.2.1)

Fig.2.1: True wave functiop and Pseudowave functicf .

in the region between the ion corésmay be represented by a simple linear
combination of plane waves but in the region of the ttod®es not possess the
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sharp wiggles of the actugl. In fact f in the region inside the atomic cores may

be looked upon as a smooth extrapolation of the simple plane wave from the
region outside the corestothe core region

2.2 Pseudopotential Transformation

A. The OPWPseudopotential

We now proceed teshow how the cancellation of the strong negative
potential energy of the bare ions by the positive kinetic energy terms arising from
the oscillations of the actla)/ comes about: this is the essence of 18d40s
orthogonalized plane wave (OPW) method of bandcsire calculation (Herring
[2]) and the pseudopotential theories RIHfilllips and Kleinmafi], Harrisorj4],

Heine and others[5There are at least two ways of looking at the change fyom
to f: (i) as a mathematical transformation and (i) in terms of phase shifts. If we
mathematically transfornthe Schrodinger equation:

Hy ' % 2 P?+V§ =Ey (2.31)
c 2m =
using
f=y,+aay, (2.3.2

where ), andy _ are respectively the valence and core eigenfunctions of the
same Hamiltonian operator, H, {#.31) and &_ are arltrary, the summation
being over the core states, then we obtain

4 > gy B
e oD +Vp5§f> Elf). (2.33)

As the & are arbitrary, a variety of _ are obtainable from the various choices

of a,.Fa example, if we setf)° ‘@ , a plane wav of wave vectdr, and set

a.=(y.

I:> (2.34)
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the matrix element of‘lz;; and <J/c
core states (Herring[2], Phillips and Kleinman[Hquation(2.32) takes the form

y.)=@- QLK)

, then we have mad‘é(\;} orthogonalto the

or more generally,
y.)=da- Qk)* @ Q) (2.35)

where

(2.36)

Q=aly. ).

iS a projection operator w¢h projeds a function on the core statéBick and
Sarm45] ) and

1)=& a,/K] (2.37)

is the pseudowave function which is a simple linear combination of plane waves.
On setting up secular equatiéor band structure calculatiof2.35) implies we

obtain rapid convergence of the secular equation on the basis of the nearly free
electron model. Equivalently2.33) and(2.36) imply

V. |f)=V|f)+8 (E - EDW )V |f), (2.38)

where the second term may be interpreted as a repulsive pot®htiélhillips
and Kelienman[1} As the energy of valence barkg is always higher than those
of the core state€_, it follows that V, is always positive and consequently

cancés most of the negative attractive potentid,, in the first term. The
arbitrariness in\/pS is now apparenfrom the fact that if we add any arbitrary set

of core functionsthe orthogonality condition (248). immediately subtracts it out
and we obtain exactly the same eigenvalde,in (2.3.1) and (2.3.3) fahe new
f -equation.

Various forms of Vps have, therefore, been obtained by smoothfnén
sane sense. Cohen and Heine[Byoked a minimum principle for the kinetic
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energy term subject to all variations &f: in contrast, Harrison[4] used a
maximum principle for the potential energy. Austikleine and Sham[5]
formulated a completely general form Mps which can be used for realistic

calculations and applies to the free atomic energy states as well as to the solid:
V. |f)=V|f)- a(F.|f)ly.) (2.39)

Cc
where F_ are completely arbitrary core functions. The particular choice:

F =Vy, (2.310)

leads to the minimum principle in theense of Cohen and Heine[3h actual
calculation, one starts by determining thenaito psudepotential from (2.39)
written in the form

V.=V - (k| ). /f) (2.311a)

on the basis of which the second term may be calculated éach angular
momentum states, p, d,etc by projecting out each state from the Harffeek

equation for each atomic gusb-state; and simplification emerges bypressing
it in the form:

V. =V +EVi(NA, (2.311b)
|

whereA, IS a projection operator which pickstauparticular angular momentum
state,l, and VFL is the repilsive part of the pseudaotential expanded according
to the spherical symmetry &f (r). As eachVFl varies slightly with the energy,
the pseudgotential in solids is obtained from the atomic one by smoothly

extrapdating the energy dependence\i’é. A review of the current state of art

is available in the Cambridgaublished 2004 book byartin[16] entitled
Electronic Structure: Basic Theory and Practical Methddambridge. UK.

B. The HeineAbarenkov Model Potential
Another way of looking at the transformatifnom )/ to f is in terms of

the phase shiftsg . In the Born approximation, a weak perturbing stange
8
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spherically symetric potential W. produces at a distanag for an angular
momentum staté, with energy>>k®/ 2m, a phase shit

a (k,r) =- pmgW(r')J72, (kr')r'dr’ (2.312)

The crosssection.S , for the scattering of a particle Wis gven in terms ofd
by

S :f'(—'fa (2 +1)sin*d (2.313)

Consequently, phase shifts differing by integer multiple@ oproduce the same
effect, implying in view 0{2.312) that the weakest possible W prodgcaxactly

the same phase shift is all that is require. In a very deep potential well the several
oscillations of the actual wave functigh correspond to several phase changes of

2p before the electron reachestkdge of the well. The elimination of these
wiggles by the use of a smoofhis therefore equivalent to reducing these several
phase changes and amounts to choosing a weak scattering potential W or a
pseudepotential VpS from which all the nodes iy in the region of the cores

have been eliminated. This may be achi evec
a. in (2.31) and one obtains a pseugotential(sketched in Fig. 2)avhich, for
historical reasons, has been called the model potential (Heine and Ab4é¢nhkov

aAEA, r<r,

;é-
|
Vorv, =i
i , >Ry
|

(2.314)

ﬂ|N

Here, R, is a model radius, s the valence of the atom or ion under
consid(.‘:ation,@\I is the projection operator defined already(2r311b), and the

parameters A(E) are functions of the energy determined by the atomic
spectroscopic term valuds, for eachi=0,1,2, etc.
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A

Fia. 2.2: The HeindAbarenkov Model Potential

In the solid, these atomi§ are smoothly extrapolated in the spirit of the

guantum defectmethod (Ham[17]).Moreover,ni the actual application and
determination of the model potential, the approximation that

A=A, 1>2 (2.315)

is also made, and consequeri{fy3.14) becomes

g A (A- AR - (A- AR, <R,
Vi =i z (2.316)

i T TR

Apart from the complications in the idea of phase shifts introduced by the
Coulomb td in the regionr >R, t he whol e poi nfttheof the #fr
condition on&_ in (2.32) is to produce a model wave functidi, having no

nodes in the regio® <r <R, , that is, reproduces the phase shifts (mogu)o

We turn nextto the question of representing the bare potentdlof the

whole solid by the pseudoor model potentialV"® may be regaed as a
superposition ofthe atomic pseudoor model potentials centered about each
atomc site: that is,

. (O
VP=3Vv'(r- R) (2.317)

where

10
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Vi=V oV, (2.318)

is the pseudoor model potential associated with each ion at posiﬂ%jn

However, the use of the @sdewave function f rather than the actual wave
functiony , where

y,°f-alflyv.y.. (2.319)

results in the reduction of the charge density of the valence electrons near the core
2
where LVV

instead of 7 ,(r) defined at Eq.(1.1.5peing equal to a constant everywhere,
where z is the valence, andW, the atomic volume, it is nowl+a)z/W,
everywhere&a being a small correction, together with an extra positive charge of
za electronic charges more or less uniformly spread over a sphere of Fddius
equal to that othe ion core. This effect may be visualized by imagining a plane

wave turning into atomitike oscillations inside the core, the mean valué/qf2

f‘z and a heaping up in the region between the ion cires. Thus

being replaced by a factor two (mean valuecds X); moreover,jyv‘2 has to

drop at a radius a bit bigger than that of the core raBjudecause its outer node

has to come fairly far out in the main bump of the outer shell of the core states in
order to preserve orthogonality betwebkarh. Thus we expect,

afactorbetwee radiusabit ¢
= 8 R, (2.320)

q= B, &
E;@ 1 andl @ é%igger thaR_ =

R, being the radius of a sphere of volumég. The value

a=(R/R) (2.321)
was suggesd by Heine and Abarenkov|6ihe potential due to thisorrection
being called the Aorthogonalization correc

11
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}é- azég%- rzag r<R.
Voo =1 G2Re 2R (2.322)
There is another small correction called t

the charge density and gives rise to a correlation correction potential,

\-e._ /72(/'0), r<RC
[ 0 r>R.

where m(r,) is the local correlation potential depending on the electron
density 7, in the item (ii) of Sec 1lt is a contribution from the correlation part
(which we denoted by a sifc) of the selfenergy terma due to /. Similar
contribution /2 (r ) where r__ is the density of the tightly bod core

on on

electrons, has already been included exactly in theehmmotential of the bare ion.
In the appraimation of Kohn and Sham[18yhich is valid for norransition
metals,

Vee =

(2.323)

a.°m(r) (2.324)

I being the total electron density, which in terms of the correlation energy (per
electron),E_, is give by

d dE,
=—I(re. ) E. +r—= 2.325

The last term is about 0.01lyRwhich in taking the matrix element of .. is
reduced by the ratio obnic to atomic volume (nearlgt times, and so,

m° E; (2.326)

will serve forcalculations accuta to 0.01 Ry (see, Table 2.1)

12
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Table 2.1:Values of E. and /m for a uniform electron gas

rs EC m [ EC m
(atomic | (Ry) (Ry) (atomic | (Ry) (Ry)
units) units)

1.6 -0.101 |-0.108 |3.4 -0.077 | -0.090
1.8 -0.098 |-0.106 |3.6 -0.075 |-0.088
2.0 -0.095 |-0.104 |3.8 -0.073 | -0.085
2.2 -0.092 |-0.102 |4.0 -0.071 | -0.083
2.4 -0.090 |-0.100 [4.2 -0.069 |-0.081
2.6 -0.087 |-0.098 |4.4 -0.068 |-0.079
2.8 -0.084 |-0.096 |4.6 -0.066 |-0.076
3.0 -0.082 |-0.094 |4.8 -0.065 |-0.074
3.2 -0.079 |-0.092 |5.0 -0.064 |-0.072

In the rangeof metallic densitiesE_ and /72 vary slowly with density (see,

table2.1) and in the limit of high density inside the ions they also vary slagly
(Gell-Mann and Bruckner [19]

E. © 0.0622nr, (2.327)

where I in atomic units is the usual radius giving the volume per electron. The

correctionV . is seen to arise from the naulditivity of the correlation energy as
a function of density; a screened exchange pag addi ti ve
13

and S0
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contribute. On the other hand, the Amsmogeneity of the valence electyron
density described as the orthogonalization correction above also affects the charge
density in the correlation and exchange holedn it tends to cancel the
orthogonalization correction in the direct Hartree potential. As a compromise, in
place ofa in (2.322) we use

o 3
ar. Q
a =%£%8 (2.328)
Cha
In view of these corrections, we have in plac€203.18)
VP =V, + Ve + Ve (2.329)

The form (2.317) for the bare potential allows a very important
factorization of the matrix elements which is characteristic of diffraction theory
(Harrison [4], Sham and Ziman[2]Q] Fourier expansion 0f2.317) takes the
form:

V°(rj = const+ a'A giexp(i.ry (2.330)
q
where each Fourier componeﬁ(ﬁ) may be factored as

A = S(qﬂ& é“fvb E'> (2.331)

and & ' excludes the term g=0. (2.331)

1., cC
S(q)—ﬁa_ exptidR;) (2.332)
J

is the $ructure factor which depends the arrangement of the ions, but is quite
independent of the individual ionic potentials. The matrix element,

<I(<:+ c‘ﬂvb I%:Viv Fexd- i[lg+ g]ﬂ/b(sexdil((:.r r (2.333)

is the Fourier component of thmotential associated with a single ion and is
independent of the arrangement of the ions (except through th volume per ion).
Thus the factorizatiorf2.331) includes solid metals, liquid metals, and metals

14
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disturbed by a vacancy, dislocation or phonorthincase of an alloy with several
atomic speciesp, we generalize3(2.31) to

A = & Sb(q)<lz'+ éjv;; l\<‘> (2.334)

As a result of the factorization, the task of setting up the bare potential has
reduced to constructing a pseudo model pdential for a single ion of a nexial.

2.3 The Effective Potential

This section is a review of the ideas about the effegiioential which was
defined in Sec.llt has been shown from the recent developments in {nady

theory (see, for exampl®ned21], Nozieresand Pines[23]that the infinite self

energy of the electron gas is a consequence of therémyg character of
electronelectron interactions, and may be removed by a process analogous to the
elimination of photon selénergy part$n the analysis of the-Batrix in quatum
electrodynamics. Bohm and Pines[28jtroduced the concept of gdma
oscillations; Landau (see, e.yoziers[24]) described in his theory of Fermi
liquids many of the properties of interacting Fermions in tesfres set of weakly
interacting elementary excitations called gyassiticles finally, Gelkmann and
Bruckner[19] and Hubbar®5] formulatd perturbation theory which coulsk
applied to a manyody system with longange forces. It is argued that on
treating the Fermi gas of valence electrons in a metal as free, that is, suppose that
the background of ions just ensures electrical neutralioty of the gas at equilibrium,
then the effect of -efedraniinteadtioninghe systemis he el ec
to induce density fluctuationsd /) which could be described as a polarization
cloud, P, carried by any chosen test electron. The polarization cloud screens the
bare interaction of the test electron with all other electrons of the syiterbare

interaction v° being reduced by a factdt/(1+ P). v° is then said to be

Arenormali zedd or Ascreenedd oOor we may say
range effective potential,

Vi =V I(1+P). (2.31)

P has been calculated in various approximations. For example, in tr@mrand
phase approximation (RPA)\tas given for an electron gas bywdhard[26]:

15
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2

_ 4pe’
P(q) = N(E / 2k 2.32
(a) W (E-)a(a/2k.) (2.32)

where N(E, ) is the ensity of states at the Fermi surface and

o 2 ~
g(x):%+%g’el- X 8In|1+ X (2.33)
¢ X =+ \1— x\

For an electroiphonon field, if W, is the phonon frequencyg the electron

phonon matrix coupling matrix elemerit, the electron energy spectrum avd
the normalization volume, then it is easy to show 42.812) that
2a; 1, n(k)- n(k + G

P(g) =—2
@ w, WS E,-E

(2.34)

k+q
\ 4
where N(K) is the Fermi distribution functiohe function,

e(q) =1+ P(q) (2.3.5)

is the response or the dielectric function and has been related to the familiar
macrosciopic dielectric constant in an insataby Nozieres and Pines[24t has

also been formulatedy Ehreinreich and Cohg7] in terms of linearized self

consistent field approximation using densihatrix; Kadanoff and Baym[28]

defined it in terms of the variational derivativels o Sc hwi nger 6 s acti on
and there are several other equivalent formulations usingcéon@e the Fermi

liquid theory of Landau of basically the same physical consequences. In the metal,

the treatment of screening in thr Hartree approximatias first used by Bardeen

[29] but has been foulated in terms of Lindhard[26]ielectric funcion by

Cohen and Phillips[30]. Thietter authors argued that since the psepoi@ntial

is weak, it could be treated as a perturbation of the free electron gas in the Hartree
approximation. In the perturbation expansion, the electron states are {pseudo
waveswhi ch are approximately plane waves ap
correction to the screening electron densities menti@atier Thus, inzero

order the charge density ionstant and its contribution to the potential is

uninteresting. The first ordescreening potential contributes to the energy in the

second order, but the screening to higher order can be seen only to affect the

erergy in the third order. Theefore, to second order the screening is required only
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to first order and so each Fourier campnt of the bare potential (231L) may be
screened independently so that the effective potential

U(F) or Vo (8 =Const+ § '%exp@&% (2.36)

The major effect of the screening is to cancel any-lamge potentials arising
from the chargelistribution of the system. This cancellation may be related to the

behavior of the dielectric functiore(q) at long wavelength(gq- 0), as

discussed for example by Sham and Zif2@h and by Heine anédbarenkov[6]
There are other effects due to the nlmtality of the barepotential (2.1.31)
discussed by Animalu[31] asfinements for accuracy in quantitative calculations
of electronic structure.

3. MODEL POTENTIAL FOR TRANSITION AND RARE-
EARTH METALS IN THE RESONANCE MODEL

3.1. Introduction

It is welkknown (Loucks[9]) that thesual OPWpseudopotential methods should
fail for the incomplete eelectron core statef the transition metals and the f
electron corestatesof the rareearth metals. Consequenttiife d and f states are
usually described bthe APW-pseudopotential method by introducif?g- 2 and
?=3 phaseshifts of the resonance type. &hmain contributors to the
clarification of the resonance idea are J.M.ZifEd], G. J Morgan B2], V.
Heine B3] and J. Hubbard34]. Hei ne especially related
based on theKorringaKohn-Rostaker KKR) method to the paralleLinear
Combination of Atomic Orbital§LCAO)-OPW interpolation scheme developed
by C. Hodges, HEhrenreich and N. D. Lan@%] and F.M. Muellef36]. The
experimental evidence for the validiby the resonance model came subsequently
in the photoemission studies bl V. Smith andco-workers[37] ealiemanalyzed

by his grougn the framework of the LEO-OPW interpolation scheme

These works provided the motivation for the early efforts to extend the-OPW
pseudopotential method to the transition mewgl$iarrison[11] andMoriarty[38]

This was achieved by reformulating the pseudopotential method agansen

in an overcomplete set made up of plane waves, atomic core states and atomic d
states. The final theory was unduly complicated by the special status given to the
treatment of the -dtate and the resonance potential associated with it

17
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Consequently a model potential method of HewAdarenkovtype, called
Transition-Matel Model Potential (TMMP)was designedy Animalu[12] to
simulate the?=2 resonance in the transition metals and #e3 resonance in
the rareearth metals through the corresponding model potential-deglihs,
A(E) (E,- Ey*andA(E)" (E, - EJ* whereE, and E, are tre
resonance energies. This medhat the basic form of the Heuh#barentkov
model potential for the simple metals is retained for all metals throughout the
Periodic Table. The distinction between simple, transition , aneegath metals
lies in the singular (mathematical) behavior of the model potentialdeelihs in
the transitiongroup and reaearthgroup of metals, which can be handled by
analytical continuation into the complex energy pfafg or what is the same
thing, by the use of the-imatrix for the appropriate partialave states. This
approach is evidently merfundamental inasmuch asnifies the treatment of all
metals in a comprehensive model potential theory.

In order to appreciate the formal structure of the model potdatitthe transition

and rare earth netals, we proceed to revieMdar r i s on Gtentialpseudop
transformation theoryor the transition metals as the conceptual framework for

setting up an internallyomsistent computational TMMP method.

3.2 The Transition-Metal Pseudopotential Transformation

The objective of the pseudopotential or mopletential method in simple metal
theory is to replace the omdectron wave equation for a Bloch electron in a
crystal,

e > , B
¢ om? +v§ykc>_E§ng> (3.2.1)

by a pseudowave equation

>2

D’ +vopwgfkc> = Edre) (3.22)

vOﬂBQJO
N

where V,,,, Is understood to be weaker than the true potenfiabnd the
pseudowave functioric is generally a plane wave or a simple linear combination
of plane waves. The transformation that relates the true Bloch funcgidio the
pseudowave functioric is
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é. ~
lye)= % ” § (3.23)
for the class of pseudopotentials and model potentials of the form

Vorw =V + 3 (Ec- E,)c)(c| (3.24)

where the|c)6 s laeriogcore states. For, if we take the partial derivative of
Ve With respect toE, , and substitute fopV,,,, / HE, in EqQ. (3.2.3) we obtain

the standard result,

v e)=(- P)re) (3.25)
where
P=4 ¢ (3:26)

is the projection operatorP?® = P) that orthogonalized, to the ioncore states

|c>. The depletion hole or orthogonalization correction associated(8vai3) is,
accordingly, given by

a=-W2a nf<ff

HWVopw
HES

where the summation is over the occupied states in the Fermi distribution
characterized by the distribution functiog, and z is the chemicavalence.

~0

f|§> (3.27)

Now | et us consi der [1H aof the sOPWO s gener
pseudopotential transformatioB.23) to the transition metals:

LV5>:§L' alejel- a|d><d|+a(|d><_|D)§fc> 3 |5§fk0> (3.28)

E, - EC

In a typical transition metal, such as vanadiune, runs through
thels®2s?2p°3s®3p°while d runs through théd?®, 7 ¢ characterizes the ionized

4s® free-electron states; and?® oV - (d|aV|d) is the hybridization potential
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which generates thed-band resonance in the energy band structure. The
corresponding pseudowave equation turns out to be,

S (#/2mp? +w- g 29N dfe
g(/Z)E) W- & §>E\f> (3.29)

a (Eq- EQ)

whereW is essentially the usual ORWP$eudopotential operator

W=V g (Ec- E.)c)c| ! [(Ec- E,) d)(d|+|d)(d|D+Dd)d]|]. (3.210)

What we call the transitiemetal OPWpseudopotential (including the resonance
term) is:

Veow =W- 8 (—)D|d><d|D : (3.211)
d Ed - EkC

The generalization consists of the addition of the extra resonance term that is
proportianal to(Ed - EkC)'l. The presence of this term implies, however, that the

depletion hole associated with thestate is infinite, because the summation over
k in (3.27) is divergent whenever the domain includes the firtE,.

Moreover, the resonance term leads to an expression¥Qy,, / HE, , which is
not identical wih an expression fop in Eq. (3.28), i.e,

. dydbD -
N aloalaea dUEE e e

However, in ref.[39] itwas hown how to remove the diverg
transformation and relat@V,,,, /ME, to p. It is necessary to allow a small

imaginary part,.e. a resonance width, in Eq. (3.2), by making the replacement

V, - VOPW =W - a qd>< |D (3.2.13)
oPw 4 Ey- Ec+iD

and correspondingly
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_ e . . |d)(d|iD) s -
- =4l - - — =a2- P 3.214
vi- e=a- lofdl- dladl+d ¢ e o) =3 Pl 3219

Thereplacement guarantees that n&ar= E, , we have eal part ofP equals

~ .. .. d)d|D
(W /)™ G|+ & e |_ >E<C)|2+D2 (3.215)
d d d K

so that we generate iaite depletion hole. Moreover, if we define

5 |d)(d|(iD)

_ (3.216)
4 E,- Ec+iD

P.=a|c)c[+ald)d], R =-
c d

then, becausg¢d|Dd) =0 and (d|d ) =0, andif it is assumed thab is nearly
constant over the core states so {ftgb[c) = 0, we have

P2=pP, P’=0, PP =P, PP,=0. (3.217a)

r

Thus
(R+R) =PZ+RP +RP +R* =PI +RPR =(R +R) (3.217b)

This is the basic proper'(yls'2 = I5')of a valid pseudopotemti transformation. In

the modified pseudopotentiak}opw we in effect replaced the ordinary
pseudopotential by B-matrix pseudopotential

It was on the basis of this concept that Animalu[12] definadodel potential of
the HeineAbarenkov type for the ransition and rarearth metal§ called the
transition-metal model potential( TMMP) 1 by observinghats-d hybridization
could be incorporateth the framework othe model potential method through
? =2 well-depthof the form,

C
€y - e) ’

A(e)= ( (3.218)
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where C is a constant (independent @&f). Starting from amodified quantum
defect relation irEq. (3.2.19, one couldwrite the true potential seen by a valence
electron in the statfn, ?) in the presence of a positive transitioretal ion as

Vo(r):Un?(r)+1D , (3.2.19

ne

where the potentials are in atomic units, i.e., double rydberg, ypds in
rydberg. Thus thetrue radial wave equation for the electron is

(%]
g dr? r2 +2Un?(r)gcn?(r) (En?' Dn?)Cn?(r) : (3-2-203

It is as if the electron experiences a modified poteidigl that is Coulombic at
large r (greater than the ion core radius) corresponding to a modified)y
spectrum of the form given by the old quantum defect method,

ZZ

»=Ep-Dpt -7+
en. (n- dn?)z

(3.2.200)

We therefore replac&) , by a model potentialV,, , so as to reproduce the
modified term values,,.

With this interpretation of the energy to which the model potential-aegiths
A,(e) should refer in the transition nads, it was found that the TMMP had
precisely the same form as thienplemetal model potential (2.24) for ?=0, 1

and includes ar? = 2 resonance term tbugh a weldepth of the form (3.28).

The welldepths A, in the solid can therefore be determined from the observed
spectroscopic term values bytepolating to the appropriate enerdy, say, of

an electron at the Fermi level in the spirit of the quantum defect method. In
practice, because of the scarcity of spectroscopic data for the tramgsdign
metals, the parameters &; were obtained by correlating the transition metals

along row of the Period Table

3.3 The Screenedransition-Metal Model PotentialForm Factors.

So far we have emphasized the (mathematical) similarities between the-simple
metal moel potential and the transitienetal model potdtials. This means in
practicethat the calculation of the screened model potential form factor for the

22



Proceedings of the Secordternational Seminaron Theoretical Physics & National
Development, July 5 8, 2009, Abuja, Nigeria

transition should follow the procedure outlined for the sinmpétal model
potential in Sec. 2.3, withMMP expressed in the explicit form:

_F O (A-CRom (A CAL- (A~ ORI OR,
vV, z (3.3.1)
i T R

r

where C :RMi; A (I =01,2) are the model potential parameters; andl =

2) are the projection operators of title angular momentum of an incidentesn
electron waveunction. A, For various applications involving scattering of

electrons near the Fermi surface, the effective potential may be calculated in the
local screening approximation in the form,

ﬁv‘“o} B(g +Fkk+éﬁ 332

where
B(a) = - —[sin(aR, )- 4R, cofaR, )]- — =5 cogaR, )
N ° (3.3.3)
e4p|E,|  24ma,,
“Cwd W aR) S -gsin(gR)- aR codaR )]
For I§+q = If

Flinicr §= - 2288 (- i) - teostd 1,00}

0

PR (A - c){[h - 1091, (JR(cosa) (3:3.4a)
20 (s, il - 1o

where,
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R(cosg)=cosg , P,(cosq)= 1(3005?(7 1);

: i : i : 3j,x) .
()= S = S €05 9= 30

For ‘I?H% K,

Fliics §=- 8- Qg 01 ) 3 (1)1

W, (x? - y2
24pR(M(A )[X, () ()P (cosy)  (3:3.48

4QOR(M )C[Ja (%) Via()i>(x)]P?(cosy)
where

x=kR, , y:‘lyﬂ(j‘TRM , andcosg :[x2+y2- (qu,)zj/ny.

M€ 32 _ g Aq 0
=1+]1- f(q &E.o0 C 3.3.
la)=1+lt- flally TS0 Oy 8 (339
1,141-y0 |1+y| 1 q°
C | ==
)= 2+4(; y? 2 1-y| (@ 297 +kZ +KkZ

Apart from the inclusion of theesonance term, the expressions are the same as
those for the simple metals.

We list in Table 3.1all the parameters required to evaluate the form factor
o
:<I:MkF +éf> for al the 27 transition metals and in Table3.2 the form

factors.
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Table 3.1: Transition-Metal Model Potential (TMMP) Parameters for 27
Transition Metals

A A A, Ry W Z m* R ay [E]

r Ke W, element

0.250 0.400 0.215 2.200 79.400 1.000 1.000 1.814 0.157 0.086

8.930 0.921 7.655 Cu
0.223 0.400 0.218 2.600115.400 1.000 1.000 2.381 0.245 0.082

10.500 0.813 4.857 Ag

0.150 0.500 0.212 2.600114.600 1.000 1.000 2.589 0.317 0.082

19.280 0.815 3.609 Au
1.600 1.650 1.400 2.000168.700 3.000 1.000 1.531 0.045 0.090

2.990 0.716 18.678 Sc

0.750 1.300 1.100 2.00 223.100 3.000 1.000 1.739 0.049 0.087

4.480 0.653  11.539 Y

0.900 1.400 0.850 2.000252.200 3.000 1.000 2.154 0.083 0.096

6.170 0.626 8.698 La

2.300 2.500 2.100 2.000119.000 4.000 1.000 1.285 0.037 0.096

4.510 0.805 28.747 Ti

1.150 1.700 1.500 2.000157.000 4.000 1.000 1.493 0.044 0.095

6.510 0.734 18.136 zr

1.300 1.800 1.350 2.000150.200 4.000 1.000 1.474 0.045 0.095
13.200 0.745 13.313 Hf

3.250 3.550 2.900 1.600 93.900 5.000 1.000 1.115 0.031 0.101

6.090 0.871 39.189 Vv

1.700 2.300 2.250 2.000121.300 5.000 1.000 1.304 0.038 0.100
8.580 0.800 25.558 Nb

1.750 2.350 2.250 2.000121.300 5.000 1.000 1.285 0.038 0.100

16.660 0.800 18.342 Ta

1.600 1.470 1.400 2.500 80.600 3.000 1.000 1.191 0.044 0.102

7.190 0.916 25.211 Cr
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2.300 2.930 2.500 2.000105.500 6.000 1.000 1.323 0.046 0.100

10.220 0.838 32.310 Mo

2.300 2.850 2.500 2.000106.500 6.000 1.000 1.172 0.032 0.101

19.250 0.835 23.321 W

0.890 0.980 0.870 2.200 81.900 2.000 1.000 1.512 0.088 0.095

7.470 0.911 16.228 Mn

3.100 3.200 3.300 2.000 96.500 7.000 1.000 1.058 0.026 0.102

11.500 0.863 38.850 Tc

2.950 3.550 3.300 2.000 99.300 7.000 1.000 1.058 0.025 0.102

21.030 0.855 27.919 Re
1.600 1.470 1.400 2.000 79.800 3.000 1.000 1.400 0.072 0.090

7.870 0.919 24.339 Fe

1.150 1.700 1.500 2.000 91.900 4.000 1.000 1.266 0.046 0.098

12.360 0.877 22.486 Ru
1.300 1.800 1.350 2.000 94.800 4.000 1.000 1.304 0.049 0.098

22.580 0.868 16.127 Os

0.990 1.050 0.980 2.200 74.900 2.000 1.000 1.360 0.070 0.094

8.900 0.939 16.256 Co
0.750 1.300 1.100 2.000 92.600 3.000 1.000 1.285 0.048 0.096

12.360 0.875 16.737 Rh

1.300 1.800 1.350 2.000 95.500 4.000 1.000 1.285 0.047 0.098

22.550 0 .866 16.020 Ir

0.990 1.050 0.980 2.200 73.600 2.000 1.000 1.304 0.063 0.093

8.910 0.944 16.534 Ni

0.890 0.750 0.870 2.600 99.300 2.000 1.000 1.512 0.073 O .091
12.000 0.855 10.560 Pd

0.970 1.110 0.850 2.600101.600 2.000 1.000 1.512 0.071 0.091

21.470 0.848 7.716 Pt

Note: All quantities are in atomic units excépg| which is in rydberg:W,andR;
are taken from C. Kittel s bookray p.
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periodic chart of elements respectively, and the paranmftapplies toE = E. .
r is the density,k. is the Fermi wave number, and, is the computed ion

plasma frequency (of interest for computation of phonon frequencies, see
Sec.34).

O |\ 2
Table 3.2: Form FactorsV(q) * <kF MkF +éz>of the Transition-Metal Model
Potential (TMMP)

Here, as in Table-8 o f Harri sonds book] 8] t he fi

g/ 2kc ; the second column is the form factor in rgdips. Forq ¢ 2k. these
correspond to initial and final states on the Fermi surface;qfer2k. these

correspond to initial state on the Fermi surface and initial and final states
antiparallel. These are reproduced fromtfem77 programme output adapted by
Essien from Ani maluds mainframe Fortran

\ \ v
expression foiV(q) * <kF MkF +c(1> in Egs.(3.3.2), and sketched for Copper in

Fig. 3.1.

V(q)
0'5 ; 175 2 2'5 q / 2kF

Fig.3.1 The Screened TMMP Form Factor for Cop{feu)
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Cu Ag Au
a/2k.  V(q) a/2k.  V(q) q/2k. V(9
0.00 - 0.34539 0.00 -0.26919 0.00 -0.27044
0.10 -0.33473 0.10 -0.26176 0.10 -0.26302
0.20 -0.30223 0.20 -0.23880 0.20 -0.239 87
0.30 -0.25076 0.30 -0.20157 0.30 -0.20162
0.40 -0.18574 0.40 -0.15275 0.40 -0.15010
0.50 -0.11574 0.50 -0.09761 0.50 -0.08971
0.60 - 0.04946 0.60 -0.04233 0.60 -0.02612
0.70 0.00695 0.70 0.00798 0.70 0.03572
0.80 0.05071 0.80 0.05041 0.80 0.09285
0.90 0.08178 0.90 0.08434 0.90 0.14471
1.00 0.24600 1.00 0.08594 1.00 0.15780
1.10 0.10490 1.10 0.11689 1.10 0.20509
1.20 0.09682 1.20 0.11032 1.20 0.19780
1.30 0.08305 1.30 0.09722 1.30 0.18011
1.40 0.06644 1.40 0.08062 1.40 0.15615
1.50 0.04907 1.50 0.06270 1.50 0.12895
1. 60 0.03239 1.60 0.04505 1.60 0.10086
1.70 0.01741 1.70 0.02881 1.70 0.07366
1.80 0.00479 1.80 0.01473 1.80 0.04871
1.90 -0.00512 1.90 0.00327 1.90 0.02696
2.00 -0.01223 2.00 - 0.00537 2.00 0.00901
2.10 -0.01661 2.10 -0.01123 2.10 - 0.00486
2.20 -0.01854 2.20 -0.01450 2.20 -0.01465
2.30 -0.01837 2.30 -0.0 1551 2.30 - 0.02058
2.40 -0.01654 2.40 -0.01469 2.40 -0.02309
2.50 -0.01354 2.50 -0.01250 2.50 -0.02273
2.60 - 0.00983 2.60 -0.00944 2.60 -0.02018
2.70 - 0.00585 2.70 - 0.00596 2.70 -0.01610
2.80 -0.00199 2.80 - 0.00246 2.80 -0.01117
2.90 0.00144 2.90 0.00071 2.90 - 0.00600
3.00 0.00420 3.00 0.00331 3.00 -0.00113
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Sc Y La

0.00 -0.43470 0.00 - 0.36080 0.00 - 0.33249
0.10 - 0.42407 0.10 - 0.34916 0.10 - 0.32339
0.20 - 0.39240 0.20 - 0.31450 0.20 - 0.29594
0.30 -0.34235 0.30 - 0.26006 0.30 - 0.25208
0.40 - 0.27997 0.40 - 0.19239 0.40 - 0.19625
0.50 -0.21388 0.50 -0.12074 0.50 -0.13544
0.60 - 0.15190 0.60 - 0.05379 0.60 - 0.07684
0.70 - 0.09877 0.70 0.00285 0.70 - 0.02554
0.80 - 0.05599 0.80 0.04702 0.80 0. 01610
0.90 - 0.02288 0.90 0.07907 0.90 0.04796
1.00 0.00509 1.00 0.10140 1.00 0.05113
1.10 0.01793 1.10 0.10641 1.10 0.08112
1.20 0.02691 1.20 0.10148 1.20 0.08161
1.30 0.03091 1.30 0.09073 1.30 0.07648
1.40 0.03136 1.40 0.07667 1.40 0.06780
150 0 .02938 1.50 0.06112 1.50 0.05712
1.60 0.02586 1.60 0.04543 1.60 0.04562
1.70 0.02146 1.70 0.03057 1.70 0.03415
1.80 0.01671 1.80 0.01724 1.80 0.02336
1.90 0.01198 1.90 0.00591 1.90 0.01370
2.00 0.00756 2.00 - 0.00318 2.00 0.00546
2.10 0.00367 2.10 - 0.00993 2.10 - 0.00119
2.20 0.00042 2.20 - 0.01441 2.20 -0.0062 1
2.30 -0.00211 2.30 - 0.01679 2.30 - 0.00964
2.40 - 0.00391 2.40 -0.01732 2.40 - 0.01159
2.50 - 0.00500 2.50 -0.01634 2.50 - 0.01226
2.60 - 0.00546 2.60 -0.01419 2.60 -0.01183
2.70 - 0.00536 2.70 - 0.01125 2.70 - 0.01057
2.80 - 0.00483 2.80 - 0.00787 2.80 -0.00871
2.90 -0.003 97 2.90 - 0.00439 2.90 - 0.00648
3.00 - 0.00292 3.00 - 0.00108 3.00 - 0.00412
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Ti Zr Hf
0.00 - 0.66456 0.00 - 0.55245 0.00 - 0.56900
0.10 - 0.64347 0.10 - 0.52769 0.10 - 0.54446
0.20 - 0.58312 0.20 - 0.45524 0.20 -0.47198
0.30 - 0.49145 0.30 -0.34779 0.30 -0.36478
0.40 - 0.38359 0.40 - 0.22429 0.40 - 0.24160
0.50 -0.27577 0.50 - 0.10567 0.50 - 0.12327
0.60 -0.17915 0.60 - 0.00700 0.60 - 0.02457
0.70 - 0.09768 0.70 0.06531 0.70 0.04835
0.80 - 0.03000 0.80 0.11 149 0.80 0.09593
0.90 0.02786 0.90 0.13520 0.90 0.12198
1.00 0.05010 1.00 0.14189 1.00 0.13199
1.10 0.10120 1.10 0.12563 110 0.11871
1.20 0.10804 1.20 0.09995 1.20 0.09608
1.30 0.10505 1.30 0.07140 1.30 0.07030
1.40 0.09490 1.40 0.04376 1.40 0.04498
1.50 0.07996 1.50 0.01945 1.50 0.02247
1.60 0.06231 1.60 - 0.00014 1.60 0.00413
1.70 0.04382 1.70 - 0.01435 1.70 - 0.00939
1.80 0.02607 1.80 - 0.02319 1.80 - 0.01804
1.90 0.01034 1.90 - 0.02709 1.90 -0.02218
2.00 - 0.00245 2.00 - 0.02683 2.00 - 0.02253
2.10 - 0.01177 2.10 -0.02341 2.10 - 0.01996
2.20 -0.01743 2.20 -0.01790 2.20 -0.01544
2.30 - 0.01962 2.30 -0.01134 2.30 - 0.00992
2.40 -0.01882 2.40 - 0.00469 2.40 - 0.00426
2.50 - 0.01571 2.50 0.00129 2.50 0.00084
2.60 -0.01110 2.60 0.00603 2.60 0.00489
2.70 - 0.00583 2.70 0.00921 2.70 0.00760
2.80 - 0.00067 2.80 0.01073 2.80 0.00888
2.90 0.00374 2.90 0.01068 2.90 0.00882
3.00 0.00695 3.00 0.00933 3.00 0.00764
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\Y Nb Ta

0.00 - 0.90308 0.00 -0.76137 0.00 -0.76137
0.10 - 0.86885 0.10 -0.71983 0.10 -0.7206 0
0.20 -0.77106 0.20 -0.60176 0.20 - 0.60459
0.30 -0.62873 0.30 -0.43427 0.30 - 0.43976
0.40 - 0.46956 0.40 - 0.25366 0.40 - 0.26155
0.50 - 0.31965 0.50 -0.093 29 0.50 - 0.10265
0.60 - 0.19407 0.60 0.02823 0.60 0.01869
0.70 - 0.09646 0.70 0.10728 0.70 0.09886
0.80 - 0.02360 0.80 0.14917 0.80 0.14308
0.90 0.03034 0.90 0.16243 0.90 0.15972
1.00 0.07180 1.00 0.15617 1.00 0.15783
1.10 0.08656 1.10 0.12266 1.10 0.12675
1.20 0.08946 1.20 0.08368 1.20 0.08946
1.30 0.08448 1.30 0.04691 1.30 0.05356
1.40 0.07445 1.40 0.01631 1.40 0.02305
150 0.06155 1.50 - 0.00623 1.50 - 0.00006
1.60 0.04745 1.60 - 0.02033 1.60 - 0.01524
1.70 0.03343 1.70 - 0.02669 1.70 - 0.02297
1.80 0.02046 1.80 -0.02672 1.80 - 0.02447
1.90 0.00922 1.90 - 0.02222 1.90 -0.02136
2.00 0.00016 2.00 - 0.01509 2.00 - 0.01539
2.10 - 0.00653 2.10 -0.00712 2.10 - 0.00826
2.20 - 0.01084 2.20 0.00025 2.20 -0.00138
2.30 -0.01293 2.30 0.00599 2.30 0.00422
2.40 -0.01310 2.40 0.00952 2.40 0.00791
2.50 -0.01174 2,50 0.01073 2.50 0.00951
2.60 - 0.00932 2.60 0.00988 2.60 0.00916
2.70 - 0.00627 2.70 0.00749 2.70 0.00731
2.80 - 0.00305 2.80 0.00423 2.80 0.00452
2.90 - 0.00002 2.90 0.00080 2.90 0.00143
3.00 0.00251 3.00 - 0.00222 3.00 - 0.00140
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Cr Mo W
0.00 -0.71129 0.00 - 0.94360 0.00 -0.93768
0.10 - 0.68039 0.10 - 0.88754 0.10 - 0.88073
0.20 -0.60111 0.20 -0. 72701 0.20 -0.71821
0.30 - 0.48580 0.30 - 0.50794 0.30 - 0.49739
0.40 - 0.36147 0.40 -0.28216 0.40 -0.27135
0.50 - 0.24972 0.50 - 0.09251 0.50 - 0.08338
0.60 -0.16038 0.60 0.04200 0.60 0.04765
0.70 -0.09172 0.70 0.12248 0.70 0.12310
0.80 - 0.03562 0.80 0.16001 0.80 0.15423
0.90 0.01773 0.90 0.16793 0.90 0.15441
1.00 0.07760 1.00 0.15866 1.00 0.13591
1.10 0.09416 1.10 0.11746 1.10 0.09441
1.20 0.09485 1.20 0.07430 1.20 0.05301
1.30 0.08365 1.30 0.03681 1.30 0.01872
1.40 0.06465 1.40 0.00836 1.40 - 0.00567
1.50 0.04200 1.50 - 0.01014 1.50 -0.01979
1.60 0.01957 1.60 -0.0194 1 1.60 - 0.02485
1.70 0.00053 1.70 - 0.02119 1.70 - 0.02301
1.80 - 0.01302 1.80 -0.01775 1.80 -0.01682
1.90 - 0.02016 1.90 -0.01145 1.90 - 0.00876
2. 00 - 0.02119 2.00 - 0.00440 2.00 - 0.00093
2.10 -0.01736 2.10 0.00181 2.10 0.00519
2.20 - 0.01055 2.20 0.00614 2.20 0.00880
2.30 - 0.00283 2.30 0.00818 2.30 0.00977
2.40 0.00395 2.40 0.00806 2.40 0.00847
2.50 0.00849 2.50 0.00628 2.50 0.00563
2.60 0.01016 2.60 0.00353 2.60 0.00214
2.70 0.00909 2.70 0.00058 2.70 -0.00119
2.80 0.00596 2.80 -0.00194 2.80 - 0.00370
2.90 0.00183 2.90 - 0.00359 2.90 - 0.00501
3.00 - 0.00218 3.00 - 0.00418 3.00 - 0.00506
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Mn Tc Re

0.00 - 0.53706 0.00 -1.10978 0.00 -1.08882
0.10 - 0.51850 0.10 -1.03215 0.10 -1.01717
0.20 - 0.46434 0.20 - 0.81988 0.20 - 0.81991
0.30 - 0.38205 0.30 -0.54146 0.30 -0.55761
0.40 - 0.28480 0.40 -0.27322 0.40 - 0.29866
0.50 -0.18810 0.50 - 0.06870 0.50 - 0.09209
0.60 - 0.10381 0.60 0.05518 0.60 0.04582
0.70 -0.03732 0.70 0.10713 0.70 0.12240
0.80 0.01144 0.80 0.10586 0.80 0.15461
0.90 0.04559 0.90 0.07021 0.90 O. 15993
1.00 0.10052 1.00 0.01505 1.00 0.15317
1.10 0.07356 1.10 -0.02116 1.10 0.11107
1.20 0.06841 1.20 - 0.04538 1.20 0.06918
1.30 0.05830 1.30 - 0.05539 1.30 0.03432
1.40 0.04587 1.40 - 0.05279 1.40 0.00901
1.50 0.03297 1.50 -0.04123 1.50 - 0.00656
1.60 0.02088 1.60 -0.02513 1.60 - 0.01367
1.70 0.01041 1.70 - 0.00866 1.70 -0.01442
1.80 0.00205 1.80 0.00492 1.80 -0.01116
1.90 - 0.00403 1.90 0.01367 1.90 - 0.00610
2.00 - 0.00787 2.00 0.01702 2.00 -0.00101
2.10 - 0.00969 2.10 0.01557 2.10 0.00291
2.20 - 0.00984 2.20 0.01078 2.20 0.00507
2.30 -0.00871 2.30 0.00444 2.30 0.0054 5
2.40 - 0.00674 2.40 - 0.00168 2.40 0.00438
2.50 - 0.00435 2.50 - 0.00623 2.50 0.00246
2.60 -0.00191 2.60 - 0.00846 2.60 0.00031
2.70 0.00028 2.70 -0.008 28 2.70 -0.00151
2.80 0.00202 2.80 - 0.00615 2.80 - 0.00264
2.90 0.00318 2.90 - 0.00290 2.90 - 0.00294
3.00 0.00373 3.00 0.00054 3.00 - 0.00249
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Fe Ru Os

0.00 -0.71604 0.00 - 0.78950 0.00 -0.77332
0.10 - 0.68697 0.10 -0.74293 0.10 -0.73125
0.20 - 0.60360 0.20 - 0.60802 0.20 -0.60732
0.30 - 0.48243 0.30 -0.41958 0.30 -0.43343
0.40 -0.34784 0.40 - 0.21928 0.40 - 0.24646
0.50 -0.22426 0.50 - 0.04526 0.50 -0.08130
0.60 -0.12694 0.60 0.08193 0.60 0.042 66
0.70 - 0.06027 0.70 0.15890 0.70 0.12174
0.80 -0.02136 0.80 0.19216 0.80 0.16155
0.90 - 0.00432 0.90 0.19155 0.90 0.17103
1.00 - 0.00289 1.00 O. 16725 1.00 0.14624
1.10 - 0.00163 1.10 0.11930 1.10 0.12185
1.20 - 0.00426 1.20 0.06914 1.20 0.07944
1.30 - 0.00798 1.30 0.02534 1.30 0.04047
1.40 -0.01108 1.40 - 0.00810 1.40 0.00894
1.50 -0.01274 1.50 -0.02979 1.50 -0.01341
1.60 -0.01277 1.60 - 0.04020 1.60 - 0.02645
1.70 -0.01135 1.70 - 0.04106 1.70 -0.03116
1.80 - 0.00891 1.80 - 0.03485 1.80 - 0.02929
1.90 - 0.00595 1.90 -0.02436 1.90 - 0.02295
2.00 - 0.00296 2.00 - 0.01226 2.00 -0.01429
2.10 - 0.00034 2.10 - 0.00085 2.10 - 0.00523
2.20 0.00166 2.20 0.00822 2.20 0.00268
2.30 0.00289 2.30 0.01397 2.30 0.00844
2.40 0.00335 240 0.0161 5 2.40 0.01157
2.50 0.00317 2.50 0.01509 2,50 0.01210
2.60 0.00250 2.60 0.01158 2.60 0.01043
2.70 0.00156 2.70 0.00663 2.70 0.00725
2.80 0.00057 2.80 0.00134 2.80 0.00336
2.90 - 0.00031 2.90 - 0.00334 2.90 -0.00048
3.00 - 0.00095 3.00 - 0.00672 3.00 - 0.00361
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Co Rh Ir
0.00 - 0.57002 0. 00 - 0.64843 0.00 - 0.76953
0.10 - 0.55102 0.10 -0.61477 0.10 -0.72776
0.20 - 0.49688 0.20 - 0.51660 0.20 - 0.60472
0.30 - 0. 41429 0.30 -0.37439 0.30 -0.43199
0.40 - 0.31688 0.40 - 0.21570 0.40 - 0.24615
0.50 -0.21990 0.50 -0.06871 0.50 - 0.08184
0.60 -0.13454 0.60 0.04849 0.60 0.04167
0.70 - 0.06538 0.70 0.12994 0.70 0.12064
0.80 -0.01169 0.80 0.17797 0.80 0.16061
0.90 0.03008 0.90 0.19859 0.90 0.17042
1.00 0.06483 1.00 0.19948 1.00 0.15124
1.10 0.07579 1.10 0.16695 1.10 0.12208
1.20 0.07655 1.20 0.12512 1.20 0.07999
1.30 0.07056 1.30 0.08268 1.30 0.04118
1.40 0.06033 1.40 0.04437 1.40 0.00967
1.50 0.04781 1.50 0.01296 1.50 -0.01277
1.60 0.03456 1.60 -0.01026 1.60 - 0.02598
1.70 0.0217 9 1.70 - 0.02508 1.70 - 0.03091
1.80 0.01041 1.80 - 0.03217 1.80 - 0.02927
1.90 0.00107 1.90 -0.03278 1.90 -0.02311
2.00 - 0.00589 2.00 - 0.02853 2.00 - 0.01458
2.10 -0.01035 2.10 -0.02117 2.10 - 0.00559
2.20 - 0.01244 2.20 - 0.01240 2.20 0.00234
2.30 -0.01246 2.30 -0.00371 2.30 0.00817
2.40 - 0.01087 2.40 0.00376 2.40 0.01140
2.50 - 0.00817 2.50 0.00922 2.50 0.01204
2.60 - 0.00492 2.60 0.01232 2.60 0.01048
2.70 - 0.00163 2.70 0.01306 2.70 0.00739
2.80 0.00129 2.80 O. 01175 2.80 0.00355
2.90 0.00352 2.90 0.00893 2.90 - 0.00028
3.00 0.00489 3.00 0.00523 3.00 - 0.00345
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Ni Pd Pt
0.00 -0.57671 0.00 -0.47233 0.00 - 0.46517
0.10 -0.55718 0.10 -0.45415 0.10 - 0.45458
0.20 - 0.50162 0.20 - 0.40386 0.20 -0.42421
0.30 -0.41714 0.30 - 0.32860 0.30 - 0.37460
0.40 -0.31792 0.40 - 0.24306 0.40 - 0.31066
0.50 - 0.21959 0.50 - 0.16299 0.50 - 0.23902
0.60 -0.13343 0.60 - 0.09977 0.60 - 0.16532
0.70 - 0.06390 0.70 - 0.05790 0.70 - 0.09212
0.80 - 0.01009 0.80 - 0.03636 0.80 - 0.01880
0.90 0.03175 0.90 -0.03121 0.90 0.05734
1.00 0.13078 1.00 0.03413 1.00 0.14114
1.10 0.07728 1.10 - 0.03468 1.10 0.16813
1.20 0.07766 1.20 -0.03179 1.20 0.17500
1.30 0.07130 1.30 - 0.02845 1.30 0.16605
140 O. 06073 1.40 -0.02418 1.40 0.14518
150 0.04791 1.50 - 0.01906 150 0.11645
1.60 0.03443 1.60 -0.01349 1.60 0.08384
1.70 0.02149 1.70 - 0.00803 1.70 0.05105
1.80 0.01003 1.80 - 0.00320 1.80 0.02126
1.90 0.00068 1.90 0.00059 1.90 -0.00315
2.00 - 0.00622 2.00 0.00311 2.00 - 0.02070
2.10 - 0.01057 2.10 0.00433 2.10 - 0.03086
2.20 - 0.01253 2.20 0.00439 2.20 - 0.03399
2.30 -0.01241 2.30 0.00355 2.30 -0.03120
2.40 - 0.01069 2.40 0.00217 2.40 -0.02413
2.50 - 0.00790 2.50 0.00060 2.50 - 0.01464
2.60 - 0.00460 2.60 - 0.00085 2.60 - 0.00461
2.70 -0.00131 2.70 - 0.00193 2.70 0.00435
2.80 0.0015 5 2.80 - 0.00252 2.80 0.01104
2.90 0.00368 2.90 - 0.00257 290 0.01479
3.00 0.00492 3.00 - 0.00216 3.00 0.01549
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3.4 Application of TMMP to Computation of Phonon
Spectrum of Cobalt.

As an example of the application of the table of form factors, it is useful to
rehearseéhe computation of the phonon frequencies in a metal basddooy a 6 s
self consstent field method[41]. One sets Upetdynamical matrix,

D, (Gj =D¢,+D; - D¢, (3.4.1)
from whichthe corresponding gimon frequencies may be writtas:

WP = W2 + WP - W (3.4.2)

where w” t M'D' (i=c, r, €), andc labels the Coulombicapt, r the repulsive

part; and e the electronic part. In thenall ion core approximatiorthere is no
exchangeoverlap interaction, and Eqg. (3.4 .£2duces to:

W w-w (3.4.3)

Cc e

Since the ©Gulombic contributiony/ is well known (see, for example ref.[13])

for cubic crystals, the phonon frequencigd defined by Eq. (3.4.3fan be
evaluated by computing/ from the expression(Cochran[42]

H

[w:«%],m=w;a(q ‘)+ (W oG- Maﬁ'j_mqﬁ) (3.4.4
q

\ 3
whereH is a reciprocal lattice vector, and the functi®(dj) is given by

(G = a@ﬂéa+am)0

| (@-1 3.45
& W' ‘(A (@[L- f(a)] (3.4.5

where v°(q) * <q + kF ‘(vM +V,. + V) I:JF> is theform factor of the full bare ion

modetpotentia) der is the orthogonalization charge linked with,;, and/ (q) is
the usual Hubbar@ham modification for exchange and correlation via the
functionf(q) given by Eq(3.3.5).

In the past three decades, the above TMMP formalism has been used for
computing the phonofrequencies for a number of transition metals[43] based on
mainframe Fortran 44 programme. Recently, however, this programme has been
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modified by Essien[13] to Fortran77 version for laptops. For this reason, suffice
it to display in Fig. 3.2 the phonorefjuencies of faceentered cubicobalt along

the [001], [011] andJ11] high symmetry directions computed from Eqs.(3.4.3)
and (3.4.4) by Essien[13] using the same laptop programme that we have used in
this paper to generate and crot®eck our Table 3.8f TMMP form factors with

the mainframe unpublished results obtained in 1973 by Animalu[12,13].

D- « S L -
G [00] X [01] G 11 L

PHONON FREQUENCIES (TH2)

1

.;%

@iz <@ % @)

FIGURE :Phonon dispersion curves of FCC-cobalt along the [001),[011] and[111)

directions (note that EX1, EX2 and EX3 represent experimental values while TH1, TH2
and TH3 represent theoretical values)

The good agreement between theory and experiment confirms the continued
effectiveness of the TMMP method for exploring the various aspects of the
electonic structure and properties of the transition andearéh metals.
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4. EXPERIMENTAL VERIFICATION AND CRITIQUE OF THE
PSEUDOPOTENTIAL THEORY

4.1 Experimental Verification

In the Preface to his 196&ublished book entitle®Peudopotentials in the
Theay of Metals Harrison|[ 8] described pseudopot el
point of view from which virtually all the properties of simple (rtoansition)
met als may be studiedo. This statement was
further applicationsof the model potential by Heine and-wworkers[44] and
empiricalpseudgotentials by M.L. Cohen and -aeorkers[45], to mention a few.
Our limited review in Sec. 3.4 of successful applications of the subsequent
generalization of the theory to the transitamd rareearth metals as transition
metal model potential (TMMP) was intended to show it same verdict
appliesnot only to the simple metals biat all metals.

Nevertheless, there are shortcomings of the pseudopotential theory
especiallythe approximate of uniform electron gas density incorporatedhi
Acorrel ati on cwhich leacet diciad the neetl .td3 ext2r@l )the
principles HartreeFock method deveped by Kohn and Sham[18] known as the
density functional theory (DFT) in a number iofiportant areas, such as the
estimation of the band gaps sgmiconductors and insulators[48 more serious
shortcomi ng i s associated with the fAorthogone:
deserves further clarification to which we now turn.

4.2 Critique of Pseudopotential Theories and New Vistas

In spite of the experimental verificatiaof the pseudopotential theory in
metal physics, the neanitary character gbseudopotential transformatiomakes
the theoryunsatisfactoryas aquantum theory inasmudds norunitary theories
violate conservation of probability and hence conservation of electric charge,
which is the source of thBorthogonalization correctian, iaabsd violates to
some extent Pauli d0s excl usi egnnipfroomci pl e.
early 1990s, considerable effort [14] has gone into bringing the pseudopotential
theory in line with generalizations of nemitary theories into isanitary ones in
the framework of the discipline of #Ahadron

To highlight themain novel feature of the new vista that has emerged, consider a
pseudopotential of AustikleineSham fornf5] arising from orthogonalization of

a pseudowave to an arbitrary functional of a singlet core functione "'~ and
a pseudowave fution, £~ (1- e "'®) so that in Eq.(2.3.11a) we have:
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e-rlR

_ Yo
Vs =V - <Fc|f>7 - -vom 1V, (r) (4.2.1)
whereV,, is a Huthentype modepotential. By using the formal expansjon

1 ¥ -kr/R
1
- —13e (4.2.2)
1-e IR k=0

one readily inds theFourig transform[4T:

Vi (0)
; Fa?e.qr(e.krm)dr :Lg‘;.‘: e.(q+k,R),drf3:£g"F.a‘: o (kIR Qg
0 k=0 Mg &) k=0 0 Hdgk=o- (@+k/R)|0y
_pés 1 o_e: 1 o & R @_ 2 R
"W @R & kR BRI oy P
R? R
"R (4.2.3)

Note, n oontrast, that the Fourier transfon of Coulomb {/r)-potential is
proportional tol/ g°.

-r/R

If we expande """ to first orderin the denominator, we get

e—r/R e-r/R
V, =-V oV, 43.4
; °1- e"'R °(r/R) (4.3.4)
i.e., an approximate Yukawa potentiahd it happens thatne can solvexactly
the Schodinger equation fora two-particle bound state problem in the exact

Hulthenpotential(V,, ) and find just ainglelow-lying bound levetha permitted
Santilli[48] in 1978 to identifya compressegbositronium (e* - € ) atom with
the neutral pion £°) and the compressechydrogen atom( p* - € ) with the
(Rutherbrd-Santilli) neutron at intepaticle separation of orderr, © 10 **cm. A

consistent way of reformulatinghe underlying nownitary pseudopotential
theory into an axiomatically consistent @ignitary) theory gave birth to the
di sci pl adreonoifc 4. cThe dividend dor condensed matter
physics was realized whéxnimalu[14] developea similar solution of a Hulthen
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potential model of a Cooper pdi#], CP=(e ®-Cu* - € =)y, » in thehigh-

Tc superconducting cuprate materialdjich correctly predictedhe dependence

of Tc on the effective vaihteenframewdrkzofj of t he
Ahadronic mechanicso. An el ebaoration of
Animalu, Akpojotor and Ironkwe[14] will be presented mst SeminarBut the

intriguing new vista is the extension of model (Hulthen) potential theorth&o

wide rangeof interparticle separatior,0®(cm) 2 r 2 10 **(cm), of interest for

exploring the state of condensed matter from absolute zero to midgrees (K).

One of the outstanding problems (of high temperature superconductivity) in this

regime isto explainthe coexistence of electron and proton superconductivity

a neutron star (represented as condersgdystem based dhe selfexplanatory

analogy sketched in Fig.3.3, in which the electron Cooper pair mediates proton

Cooper pairing.

CP~(e e ®)HM

p*(-K'®) p* (k- p'® b=
JQVAVAVAS
q
p*(-K'® .
p (k —|) p+ ® p+ 4

(@) (b)

Fig. 3.3a): Attractive proton-proton interaction mediated by
virtual éxphangennotime oconventional BCS model; (b)
Attractive proton -proton pairing due to overlapping of proton
wave functions around electron pair CP~(e —,e ®,,

fitri gngledrsot ate envisaged in fihe
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5. SUMMARY AND CONCLUSION

We have reviewed theheoretical and practical aspects of pseudopiaient
and model potential thelesof simple and transition metals in the pa#ty/fyears,
in order to provideadequate details required feffective useof the method and
the tables of model potential form factors contemporarycomputationalsolid
state physics The review has als@rovided an opportunity to introducan
unequivocalextension of pseudopotentighonunitary) transformationtheory
from its foundation in atomic/molecular structure calculations 8f@Golid state
physics to nuclear/subnuclear structure problems 15f Qentury theoretical
physics now in progresOur conclusionisatra f f i r mat i on of Harri sol
cited earlier that pseudopotential theory remains the single point of view from
which virtually all the properties of condensed matter characterized b

interparticle separation in the rang@®(cm) 2 r 2 10 *3(cm) may be studied.
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Abstract

After years of successful ajpgation of the pseudo and model potential
representation of electrgghononinteraction to conventional Barde€ooper
Schrieffer (BCS) theory of superconductivity, herein calledstamdard model,
we have developed a generalization (herein called isdstd or ise
superconductivity model)that not only explains the differences between
conventional and higiic superconductivity in the cuprates kaiso permits, in
this paper, successfapplications to the new higfic iron pnictides and toMgB

PACS nunbers: 74.76b, 74.20.Mn,74.62c

1. INTRODUCTION

The discoveries by Berdnoz and Mullein 1986 at IBM Zurich of
superconducting phase transition in a family of ceramic oxide materials and by
Wu et af in 1987 in the 12-3 compound, (cupratewith structual formula,
(...Cu. 0O, ,) at rather high critical temperatures (Tc) of 35K and 95K

respectively, opened up the field of expmental and theoretical highc
superconductivity research which has remained very active to date. In addition to
the 201 discoveryof high-Tc of order 35K inMgB, the more recent discovery

of superconductivity in the irehased compounds iron oxypnictides/single
layered LnOMPnN (Ln = La, Ce, Pr, Nd, Sm, Gd, Th, Dy, Ho and Y: M = Mn, Fe,

yAfrican Journal of Physics Vol. 2, pp.462, (2009)
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Co and Ni: Pn = P and A%)oxyfreepnictides/single layered AMPn (A = LnO =

Li and Na: M = Mn, Fe, Co and Ni: Pn = P and®Asxyfreepnictides/double
layered ALMPn, (AL = Ba, Sr, Ca: M=Mn, Fe, Co and Ni: Pn = P and®and
chalcogen/nonlayered MCn (M = Mn, Fe, Co and Ni: Cn = Sar8eTe}*° has
heightened interest in developing a suitable generalization of the Bardeen
CooperSchrieffer (BCS) model of superconductivity in simple metallic systems
for understanding the coexistehtef superconductivity and magnetic order in
these stid compounds. The prospect of finding such a generalization is now
brighter than ever for the following reason: just as Highsuperconductivity in

the cuprates is known to be a tlvand phenomenon involving the copper 3d and
oxygen 2p bands of the Cu@lanes, but was reduced to an effective single band
pairing problem by Anderséh in 1987 via his doped resonant valence
bond(RVB) model and its generalization by Zhang and'Rioe1988 to the T J
model, so also is highirc superconductivity in the irebased compounds known

to involve multiorbital effects of the F8d with filling of approximately six
electrons per Feite in the pnictides, but has been shown in the 2009
selfconsistent fluctuation exchange (FLEX) model by Zhang ¥t tal be
reducibleto an orbital s, 7) coupling affair also known as tre state”.

Our proposed generalization in this paper is based onoliservation by
Animalu®® in 1991 and its elaboratibh in 1994 under the name iso
superonductivity that th€ooperpair of the standard BCS model may have a
nonlocal nonhamiltonianstructure CP = (), & 2),,, equivalentto the strong

i nteraction ( 6 hadr etmudtuceoof thee mebtralnpion,sas ( HM) )
compressed positroniuratom, p° = (e+y, & 2),,,, proposed by Santifff in
1978,i.e. an extended structure arising from the mutual overalpping/penetration
of the wavefunctions of the constituentstbé pair. The result is an effective
generalizéion of the pseudor model potential representation of electphonon
interactionin the standard BCS model in such a way that whereaBejx@man
graph for electroelectron scattering leading to regtraction, i.e., Cooper pairing

in the BCS model isnediatedby virtual phonon exchange (as shown in Fig. 1a),
the situationin the isesuperconductivity model for a highC cupratematerials,
(...)Cu.0,. ., is that aCu* ion of effective valencez [ 2(nT x)/m (or Fe*" for

appropriate value of a2 n t he i ron pnictides) provi de
overlapping( i . e . , ocovalento mixing) siglet el ectron
pair, (e Z, & §)um (see, Fig.1b). The main featurefsthe transition from the BCS

model to the isosuperconductivitmodel and its prediction for cTwill be

presented in Sec.2.
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FIG. 1: (a) Attractive electron-electron interaction mediated by virtual
phonon exchange in the conventional BCS model; (b) attractive electreor
electron pairing due to overlapping of electron wave functions around
Cu” or FE" i on 0Ot r i g gta rs(§ 2)istate envisaged in iso
superconductivity model.

In models that propose to unite superconducting and antiferromagnetic phases in a
larger symmetry group, SO(2N), anutstanding problem has been their
inconclusive nature due tohe inability to exactly diagonalize the model
Hamiltonians However, in 1992 C.N. Animalti proposed an alternative exact
method for diagonalizing any secegdantized Hamiltoniamodel for arkirary
N-electron system based ofix2"- matrix representation of the electron creation
and annihilatioroperators suggested in 1961 by ThoutfeSuch a representation
(which we shall skip for simplicity) is of consideraligerest because it provides
a 2"-dimensional spinor representatiofi the group, SO(2N), corresponding to
the groupsSO(8) for N = 4 and SO(10) for N = 5, the latter being realfpec
lattice of 32x 32 sites that has been employedZhang et df in their 2009
solution of the FLK equation onimaginary frequency axis. These SO(2N)
groups are amoniie groups that matter in string/superstring thedtiés Sec. 3,
we shall recapitulate the experimental verificatidrthe predictions of d by the
isosuperconductivity theory ithe cuprates and present, for the first time, the
correspondingyerification for the pnictides, as well as for MgBeadingas a
consequence, to a useful seempirical formula for designinguperconductors
with Periodic Tabldbased maps anthaterial datab&s in the current search for
room temperatursuperconductors. Conclusions will be drawn in Sec. 4.
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2. THE ISOSUPERCONDUCTIVITY MODEL

As a prelude to the definition and characterization of iosuperconductivity
model, we begin in this section with kaief review of the conventional/nen
conventional models @uperconductivity.

Review of Conventional and Non-conventional Models

Because the conventional/nroonventional quantum mechaniosodels of
superconductivity are based on secguo@ntization formagm in both Bloch (k
space) and Wannidr-space) representations, it should be recalled that one can
formally transform the BCS model for superconductivityl@at/ temperatures
given in the Bloch reprsentation by

BCS a. ekas Ces - a ka Ck—.C C k®Ck ' (2.1a)

into the Wamler representatlon

H\é\é:s_ <a> tu (C|sC +st |$)+Ua.n n (2.1b)
ij)s

This is achieved by making the following substitutions:

-1, kR -1, LikR.
C. =N2g €“"c,; ¢, =N7ge" ¢,
] ]
. I ik.(R;- R;)
a &N = a tu is Js’ tij _Na €€ (2.2)
ks ijs k

wheren; =cj;c,, and by using the following approximations

is“ijs

B =~y - G =t -V /N- Uy, =U, 23
where -t :<fj ‘(— ;—;Dz)‘fi> is the hopping matrix wiwmwnt while the

electronelectron interaction energy is derived from the general expression

a U ijki C Ck CI
Ijk|
where
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|jk| njl’ dr f (rl)f (rl) ‘rl - rz‘)f; (rz)fl (rz)

is the matrix element of the effecti@ulomb interaction betweenWanngtates
on different sitesf, (r) * 7(r - R,). Finally, from the Hubbardype Hamiltonian

form in Eq.(2.1b)thet T J model for highTc close to halffilling is abstractedn
the form
Ht-J = _ta I.(l_ nis is jS (1 n )+h'C'J+‘Ja (Si 'Sj - %ninj) (2.4)
(ii).s (ii)

2.2. Definition of the Isosuperconductivity Model

In its simplest nownelativistic form, the isostandard modelof
superconductivii’!’ is a generalizéan of the LurieCremef? quasiparticle wave
equation

M _ 1 >
l—Y (r,t)=HY(r,t), H?!—p,+Df
Lt ( ) ( ) 2mp 3 1 (2.5)

viathenoruni t ary (0i sotopicthefundgpD)ytngnémet:

(9),
al o o v

gtit;= é% - —% -T (2.6)

which is characterized by a nonlocal mtegral ({mlz:qaotentlal) opertar defined by
Ty = lae - r-y ey e ) e

where y (r) and Y o(r) are the two spinor components the quasparticle

wavefunction Y (r,0) in the Nambu representatiom?®/2m being the kinetic

energy operator (measureadm the Fermi level) and D is the pair potential energy. It

is apparent from Eq. (2.7) that when the overlap integras@rr t hogonal i zat i o
ter mo

Z = {ry L) oy ) (2.8
Is zero, T reduces to unity and we recover the standard (BCS) model exactly.
Since we may rewrit& in the form
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T=1- LV®><)/_|‘ (2.9a)

so thatT? =T if <y®\yﬁ> . 0, the physical effect ofT is that the chargenothe

e - reprsentated by the expectation value of T, i.e.,

(yolTly o) =1- Z (2.9b)
is Nndepletedo by an amunt Z (called the
charge one” ® appears to vanish, i.e.,

v y.)=0 (2.9c)

In other words,e” -~ behaves like a neutral spihquasiparticle(spinion) while

e ®behaves like a fractionalghargedquasi parti cl e (d6anyono) .

Consequently, irthe solid state where the wavefunctipn(r,t) to which
the nonlocal transformation in Eq.(2.6)tesbe applied is related to thér) and
C,. (t) of the secondquantizédrmulation by

ys(r)=acs OF () (2.10)

the corresponding transformation of the corresponding creatidnannihilation
operators,c,, and ¢, , into iso-creationand is@nnihilation operators, is defined

by
Gre = TisCis * (@- Nye )y My =Cies Cis (2.11)

and similarly for & . wheres = - for 5 = (and vice versaThis has the effect
of transforming the hopping (kinetic energgjm exactlyinto

nn — — m +
-ta @ﬁs =-ta (1' s )Clscjs (l_ nj§)' (2.12)

(ii).s (ii).s
as in Eq.(2.4) charactemg thet i J model. It followsthat the difference
between thet T J model and the isosuperconductivitpodel lies in the
replacement of the dtermin Eq.(2.1b) by theixerm in the @ J model (with the
antiferromagneticexchange constant =t*>/U via seconebrder perturbation
theory). Typically i(j) = d, p label electrongbands) of Cu 3d and/or O 2p
characters whose wavefunctiomay overlap and/or bands hybridize; and (i(j) =
1, 2, ...,N)in the nearesheighbour electron transfer (hopping) int&g
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By virtue of the transformation defined by EQ.(2.11), only single
occupancy per spin site is permitted but double occupaihag orbital site is not
forbidden. Another feature of the secomglantized theory form of théso-
creation and is@nnihilaton operators is that the waveoverlappiagssociated

with the coexistence of a neeroantiferromagnetic spin wave sta(e,*@)ciﬂ> 0

and Coopepair state(c c,), Ounder Gor 6kov osprddatsofori zati or
three fermim creation and annihilation operatansolved in the transformation

TiCe = (2- Ci-:ci—-)ci®
(2.13)

! Ciﬂcitci® ) <Ciﬂci: >Ci® ) <Ciﬂci®>cit@ +<Cit|ci®>ci®
In this (mean field) sense, one can derive from the isosuperconductudg!
one of the primary objectives of thei J model which is to describ the
coexistence of superconductiviynd antiferromagnetismin hight materials as a
functionof band filling. The most important difference between thé& model and
the isosuperconductivity model lies in the ability of the lattbepredict T from
anexact solution of the model, to whigre now turn.

2.3. Prediction of T¢

In conventional BCS model, the determination of the critteahperature for
superconductivity involves solving an integejuation for the energy gap. But
the beauty of the isosamponductivity model is that instead of an integral
equation, the desired result comes from the smifisistent solution othe

conventional Schrodinger equation for one spin statg)(say,

Hy,t (p?/2m+V. )y, =Ey ., (2.15a)
in the Coulomb field \¢ of the Cu®”" i on o0t r i ggeand aniise Fi g. 1b
Schrodinger equation

HTy 1 (p*/2m+V, ) _ =Ey_, (2.15b)

for the opposite spin stae(), where T is the nofocal (psuedopotential)

integral operator efined by EQq.(2.7). This hathe effect of replacing the
Coulomb potential, ¥, by an effectiveHulthen potential, M in Eq.(2.15b) for
(er Z g V) pairing in a singlet state:
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) 0 ekr _ 1
where V, is proportional to<y®\yﬂ>. From the exact solutionf Eq.(2.15b),

Animalu'®'” derived the following formula fothe critical temperaterhaving the
general form:

Ve - V- E®<yf/b/">y® SRV T Vv, (2.15¢)

T, = Q, (2.16a)

e 1 a
Ke) ) - N
g D) 1H
whereNV reprsents the dimensionless coupling constant while

>Ww

Q =Pt 2.16b
LGS (2.168)

is the 0j el | d=ulmd) 3beirgnmp effeciivielimensignality of the
system. ande(q,) the Hatree dielectricfunction evaluated at the Debye

wavenumberq, . We observehat in the weak coupling limiNV < 1, we may
express theesult in the BCS form:

T. =Q,exp(- 1/ NV) (2.17a)
But in thestrong coupling limit, i.e. iINV > 1, we mayexpand the exponential in
the denominator of Eq.(2.16a)ficst order in1/NVto get
T. =Q,NV (2.17b)
Our interest is to show how accurately these results agree with
experimental data tehich we now turn.

3. EXPERIMENTAL VERIFICATION

3.1. The Cuprates
An explicit form of Eq.(2.17a) used in Ref. 16 for the verification
with experimental data in the cuprates with structural
formula (...)Cu,QO,_, is:

136, a3673z0 & 1360 ,,
T. =Q, exp( = expee ——0 (°K 31
c =Q, exp( . ) é@ 56 © e ("K) (3.
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2(n- x)

where the effective valence z of tla1** ion is given byz =
m

Table 1 Dependence of Tc on the effective valence Znf" in the cuprates
and Fe”" in the iron pnictides.

7z T.(Cu*t) T.(Fe*t)

1.0 0.0005  0.0006
.5 0.0636  0.0809
2.0 0.8182 1.0403
2.5 39847  5.0663
3.0 11.8397  15.0535
3.2 167656  21.3165
3.4 228729 29.0816
3.5 263964 335614
3.6 30.2451  38.4549
3.8 38.9482 49.5203
4.0 49.0320 62.2413
4.1 546032 69.4247
42 60.5318  76.9625
43 66.8201 84.9577
4.4 7T73.4698 93.4125
4.5 80.4820 102.328
5.0 1209790 153.817
5.5 1704087 216.664
6.0 2284396  290.447
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FIG. 2: Predicted dependencies of the Jellium temperafureand the
superconducting transition temperature ®n the effective valencs
z=2(n- x)/m of Cu* ions in the famy of compounds(...)Cu,0O, , are
compared with experi memthe fef.[1§ dhea3
experimental Debye temperatures of puwepper Q,(Cu) and pure

vanadiumQ, (V) are indicated.
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As a further confirmation of the formula in Eq.(2.1Aak present in Tables-2
and Fig. 3 another set ekperimental data on the higit doped compouné®”,
YBa,Cu, Mn,0O,and GdBa(Cuy, ,M,);0, ,,(M =Ni and Zn), in which the
effects of the substitution of Coy transition and nortransitiormetal ions are

representetby the modification ofte effective valance (z) o8u** indicatedin
tables 34. Again reasonable agreement betwetreory and experiment is
obtained for z lying in the rang4,610z O4.21.

Table 2 YBa,Cu, ,Mn,O, (After Ref. 23)

Xy z T.Theory) T.(expt.)
0.00 6.92 4.613 88.9 01

0.03 6.88 4.541 83.5 86.6
0.09 6.87 4.447 76.7 79.0
0.15 6.91 4.387 72.6 75.0
0.21 6.92 4.312 67.6 72.0
0.30 6.95 4.212 61.3 67.0

Note: Te(theory) is given by Eq.(3.1) where the effectreplacing
Cu, by Cu, ,Mn, is obtained by replacing 3 8T X) + 2x = 3 + X
2y

which lowers the effective valence @) Cu® ionstoz = 3+%)
X
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FIG. 3: Predicted gendence of the superconducting transition temperatur

Tc on the effective valence (z) of Cuz+ ions (continuauye) given by Tc =
367. 32ek)pinitie3 doped 1:2:3 cuprateare compared with
experimental data as discussed in Tables 1,2, 3henixt
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Table 3: GdBa,(Cu,_,Ni,),0, , (after ref. 24)
x y=T7—40 z T.(Theory) IT.(expt.)

0.000 696  4.640 91.0 91

0.025 696  4.527 82.5 79

0.050 696 4419 74.8 71.0

0.075 696 4316 67.9 635.0
2y

Note Tc (theoryis given by Eq.(3) andz =

as discussed in Table 2.
+ x)

Table 4 : GdBa (Cu,_,Mn,),0, , (after ref.25)

x y=7—-40 1z T.(Theory) T.(expt.)

0.000 696  4.640 91.0 91

0.025 696  4.309 67.4 54

0.050 696  4.009 49.0 37

0.075 696 4737 36.1 35
2y

includes an extra

Note: Tc(theory is given by Eq.(3.1) and=
( yisg y Eq.(3.1) AL+ 3(x+ 0]

x* term for the nostransition metal Zn iosubstitution in order to give a
reasonable phenomenologidiato the data.

3.2 The Iron pnictides

In order to compare with experimental data in the iron pnictidespow
turn to a realization of the founa in Eq.(2.17b)n a similar form:

T, = 4670zexp% —280K):;
c Z +

where 467.0 =Q, is the experimental Debye temperatureroh (see Table 1)t
is also plotted alongside the result for the cuprates in &£igl'here is good
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agreement wh the experimental data in thgnictide, Ba,(K,,Fe,As, from
neutron scatteridgsee, Fig5).

350

300

Lad A

30 4

FIG. 4: (colour online) Predicted dependence of the transitiof
temperaturdc on the effective valence z for the cuprates in
Eq.(3.1) andhe pnictides irEq.(3.2)
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iy

IR
%

Temperature (K)

Scattering intensity (mbarn sr1 mol1)

Fig. 5: (colour line) Predted Tc forBa, (K, ,Fe,As,

3.3 MgB:

For MgB;, the corresponding prediction is

T. = 4060zexpae @8(0 K) (3.3
g zZ =

where 406.0 =Q,, is the experimental Debye temperaturd/gf. The results are

tabulated in Table 6 which shows that thiserved € of (39°K ) corresponds to
a value of z close 18.75.
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Table 6: Dependence offc on the effective valence oMg*" in MgB,

T.
.00 0.0005
.50 0.0703
2.00 0.9044
2.50 4.4046
00 13.0872
25 20.0934
50 29.1776
75 40.5057
00 54.1982
50 88.9619
0 133.7258
5.50 188.3636

4. DISCUSSION AND CONCLUSION

By the time the issuperconductivity (isstandaryl model was proposed by
Animalu'®'’, the BCS model had lospredictive power for the available
experimental data in thmuprates. Subsequently, when the highest TC of 165K so
far in the cuprates was reported in 1894he result waslso in agreement it

the isestandard model predictiéh The successful application of the ismndard
model in thispaper to the prediction of the recent data on the iron pnidedes
further credence to the isstandard model evethough the effective valence (z)
on Fez+ has been treated a phenomenological parameter. We are therefore led
to the conclusion that more serious studies of the foundation
ofiscsuperconductivity i n tnodel ohtheaneurag y bet wee
pion as a compressed postronium atmi the isostandard model of the Cooper
pair should beundertaken: this is the subjauiatter of the isotopic brancbf
ohadr oni c 0 meredchng implisations faquentfmaphysics in the
21st C.
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Abstract

The basic idea of the Lanczos methsdo constructa special basis where the
Hamiltonian has a tridiagonal representation. Once in this form, the matrix can be
diagonalized easily using standditstary subroutines. This approach is known as
the standard Lanczos technigU&LT) which still has the problem of
diagonalizing large matrix sizes emanating from increase of the size of the Hilbert
space with the size of the system. In this current ptasen, we develop a
simplified formulation of the SLT and then use it to studyréq@d convergence

to the ground state energy and wavefunction of some finite systems.

1. INTRODUCTION

The discovery of hightemperature superconductors has indummtsiderable
theoretical work on strongly correlated systems. Various analytical methods [2, 3]
as well as numerical technigues-1@] have been employed to study these
systemsHigh accuracy studies can be achieved by using direct diagonalization
method [L1] (the Lanczos algorithm in particular). In this method, special bases
are constructed which transform the Hamiltonian into a tridiagonal matrix. Once
in this form, the matrix can be diagonalized easily using standard library
subroutines. This approach known as the standard Lanczos technique (SLT).
This method is still beset with the problem of diagonalizing large matrix, since the
size of the matrix grows like the size of the Hilbert space.

In this paper we study the rapid convergence to the ngrostate by
formulating a simplified version of (SLT). The contribution of this current

§ African Journal of Physics \l.2, pp. 6375, (2009)
ISSN:PRINT: 19480229 CD ROM:1948245 ONLINE: 19480237
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presentation is the simplification of the algorithm use by Dagotto and other

researchers in this field. [5, 9] The approach use in this paper makes iterations
easier & carry out. It was also demonstrated that the rate of convergence is
dependent on the choice of the initial trial vector. Further details on this method

can be found in the cited references.

This method is demonstrated by the single band Hubbard ltdaran. [13]
This Hamiltonian reads

H=-tq(C.C,+HC)+Ugn.n,
{i,i)s i
Where(i,j) denotes neardsteighbour sitesC’, (C ;) Creates (annihilates) an

electron at siteinthe spinstatd = ¢ or Z, t is the hopping
interaction term andn, ; is the number operator.

The Layout of this paper is as follows. In section Il we describe our algorithm.
Application of the algorithm to a case of two ¢teas on two, four and six sites
(in the subspace & total =0) are presented in sec. lll. In section V, a

comparison of the results obtained with this method and that of variation results
by Enaibe and Idiodi [14] is given in sec IWle summarize and conclude in sec
\Y

2: DESCRIPTION OF THE METHOD

In this section, we describe our method. As in the standard Lanczos technique
[10], and the modified Lanczos method18], the method requires the selection

of an initial trial vector|7,) (normalized to one). IH acts on|f,) the result can
be written as

_ {Fo|H|7) =
H|f0>_m|fo>+‘fo>[5] 2)

Where|fo> is a rew state orthogonal f,). Since|f,) is normalized, eqgn. (2)
becomes

‘70>:(H|f0>- <f0|H|f0>|f0>)k (3)

The constank ensures thaftf,)) is normalized.
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From eqn.3, we have thall, |7, ) =|(f, [H2|7,) - ((7,|H|7,)f k* =1

This gives

<=l (ris)fL @
Now, the action of H oﬁ},} gives

H| 7o) =[H77,) - (7, H|7)H] Fo) Kk 5)
So that

(Fo[H|7) =l 12| 7o) - ((Fo 170 e

=lta7ir) - (ol o) F ] =2 ©
From eqn.5, it can easily be shown that
:<%‘H"%>:<&‘H2|fo>'<fo|H|fo><Fo‘H|fo> (7

If (f,|H|f,) is denoted by, b by% then in the basitf,) anq f~0> a 2x2 matrix

representation of H is given by

eaoboz

7

800 Cou ®)

This 2x2 matrix can easily be diagonalized. Its lowest eigengakigiven by

a +Cp - \/(a0+co)2' 4(aoco' boz)

a, = > 9)
Its corresponding eigenvectpf, ) is given by
|f1>:ao|fo>+bo"?o> (10)
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b2 _ 2
R Lt
0 0

a, and |f1> are better approximations g (true ground state energw(,) (true

ground state wavefunction) thag and |f0> respectively.

The method can be iterated by considerlﬁg as a new tal vector and
repeating the steps from eqgn. 2 to 10. In each iteration, the orthogonal pairs
(|f0>,‘fo>), (|f2) ‘171>) etc are normalized.

3: APPLICATION OF THE METHOD TO FINITE SYSTEMS

TWO ELECTRONS ON TWO SITES

First, in this section, the modified Lanczos algorithm is applied to the case of
two electrons on two sites with periodic boundary condition. Also, in order to
demonstrate how the choice of initial trial wave vectadfect the rate of

convergence tq)F o) and E,, two different choices of wave vector are used.
The relevant electronic states of this system are:

1) =[1-1®),|2) =[2-,2®),]3) =[1-,2®),|4) =[1®2 )

The ground state wavefunction of this systehkniswn to be a singlet state.

With this prior nowledge, the normalized trial vecifg) below can be
constructed

7)== +2)]

Following the steps outlined in section Il (E¢i@), we have that

a,=U, b=2t,c,=0
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_S’A ol

The improved ground state energyeas
ag%[u - yJU? +16t2],
and the corresponding improved wavefunction is
a b
)= +|2)|+—==|4)- |3
)=y +j2)+ 2[4 3]
1 &J1e?+U -U 2 po. 4 eV1a? +U +U 2

——e u = u
J2g \1e?+u? pand V2 J1a2+u?

a, =

It is obvicus that our choice of trial wave vector immediately reproduEgsand
|F ,)in just one iteration

If a prior knowledge of the ground state is not known, a single vector from the
Hilbert space can be chosen. Thidlwiucidate how the choice of trial wave
vector can affect the rate of convergence to the actual ground state energy and
wavefunction.

From the Hilbert space of the system above, let us con|sﬁ@|)eF ‘1—|,1®>

15T ITERATION

The results obtaineak the end of the first iteration are given below
[ - VU +8t2] Y=ay|fo) +b‘f>

a, and b, were defined in section Il
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‘Fo>:- tU3>' |A;>\]/;u|1>' u|1>=_ %U‘Q' |3>]

Obviously,| F 0>and E,are not true representations of the ground state properties

of the System. Therefore, it is necessary to carry out more iterations in order to
get close to the |F ;) and E, .

2N ITERATION

For the second itetian we have

=2& oVl o)l dac- B8 |n)=aln)+b)f)

Where‘f;> =-12)

The results obtained for this system for iterations up to four arenauzed in
table 1.0 in section V

4. TWO ELECTRONS ON FOUR SITES

In this section, we apply the modified Lanczos method to a system of two
electrons on four sites. The relevant electroniestaf this systerare

1) =]1-16),|2) =|2-,2@),|3) =|3-,36),|4) =|4-,4@),|5) = [1-,2®),
16) =[1®2-),|7) =|2-,3@),|8) =|2®3~),|9) =[3-,4@),|10) = [3@4 ),
1) =[1-,4®),[12) =[1@4-),[13 =[1-,36@),|14) = [1®3~),|15) =|2-,4®),
16) =|2®4-)
The Hilbert space above can be reduced to 4 by the following four vectors
IR =[0)+[2)+[3)+|4)[S) =[5)- [6)[7)- 8 +[9)- [10) +[11- |12}
T)=[13- 14 +19 - [16] |
It can be shown that
H|R) =-2|S) +U|R),H|S) =- 4| R) - 4|T),H|T) =-21|S)
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Let our initial normalized trial vector be given by
1

#)=2|R).

The results obtained for this system for iterations up to four are summarized in
table 2.0 in section V

TWO ELECTRONS ON SIX SITES

In this section, the algorithm is applied to a system of two electrons on six
sites. The possible electronic states of this system are dbelou:

=[1-16) 13 =(3-,4®) |25)=[2-,6@®)
2)=|2-26) 14)=[3®4~) |26)=[2®6)
13)=[3-.36@) |15)=|4-5@) 27)=(3-,56)
4)=|4-,4®) |16)=|4®5-) |28 = \3®5ﬂ>
|5)=|5-.5®) 17)=|5-,6®) 29)=|4-,6®)
|6)=[6-.6-) |18) =|5@6-) 30 = 4®6—->
7)=[1-,2€) 19) =|1-.3@) 31) =[1-,4@)
8)=[1®2~) 20)=|1®3~) 32 =/1®4~)
9)=[1-.6®) |21)=[1-,5@) 33 =|2-56)
|10) =|1@6-) 22)=|1®5+) 34)=|2@5-)
11 =|2-,36) 23=|2-,4@) 35)=(3-,6®)
12)=|2®3~) |24)=|2®4~) |36)=|3®6-)

As before, it can be shown that
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H|Q)=-2(R)+U|Q).H|R) =-4{Q)- 24|S),H[S) =

h
- 4T)- 2| R),H|T)=-2tS) where

Q) =[0)+|2)+[3)+[4)+[5) +[6)

[R)=[7)-18)+[9) - |10) +[13) - [12)+[13) - [14) +[15) - [16) +|17) - [18)
[9)=19) - |20)+| 23 - [22) +]23) - |24) +|29) - [26) +[27) - [28) +|29) - |30)
[T)=[33) - |32 +[33 - [34)+[35) - |36)

For this system, if the wavefunction obtained at the end of -Antlnteration
is given by

701) = AlQ+ A[R)+ A[S)+ A[T),

whereA , A,, A;andA,are the electronic weights of the states Q, R, S and T
respectively,

the matrix elements emanating from the nth iteration can be shown to be
b, , =

[6A(BU - 4tB,)+12A,(- 2Bt - 2tB,)+12A,(- 2tB, - 21B,)- 24A,B, - aZ,]”
where

B, =AU - 4A, , B, =-2At- 2A, |B, =-2A, - 2tA, and B, =- 4tA,.
and

C., :é[e;c:l(clu - 4C,)+12C,(- 2Ct- 2tC,)+12C,(- 2Ct - 2tC,)- 24C,C.]

whereC, =B, - a,_,A

Let the initial trial wavefunction be given by

1
=119

The results obtained for this system f@rations up to eight are summarized in
table 2.0 in section VI
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5. SUMMARY OF RESULTS

TWO ELECTRONS ON TWO SITES

U a a, a, a, variational
20.00 -0.09951 |-0.19804 |-0.19804 |-0.19804 |-0.19804
10.00 -0.19615 |-0.38510 |-0.38517 |-0.38517 |-0.38517
5.00 -0.37228 |-0.70040 |-0.70156 |-0.70156 |-0.70156
1.00 -1.00000 |-152753 |-1.55986 |-1.56147 |-1.56155
0.50 -1.18614 | -1.71597 |-1.76218 |-1.76534 |-1.76556
0.00 -1.41421 |-1.93185 |-1.99386 |-1.99946 |-2.00000
-0.05 -1.43943 | -1.95507 |-2.01868 |-2.02457 |-2.02516
-1.00 -2.00000 |-2.45743 |-2.54770 |-2.55964 |-2.56155
-5.00 -5.37228 |-5.59143 | -5.67505 |-5.69540 |-5.70156
-10.00 -10.31570 | -10.36670 | -10.36670 | -10.38040 | -10.38520

Table 1.0.Groundtate energy of the Hubbard model with two electrons on two
sites as a function U (at t=1).Results are presented for four iterations, and a

comgarison is made with variational results (Enaibe and Idiodi, 2003)
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TWO ELECTRONS ON FOUR SITES

U a a, a, a, variational

20.00 -0.39231 | -3.00462 |-3.00762 |-3.000762 | -3.00762

10.00 -0.74456 | -3.13274 |-3.14888 |-3.14895 | 3.14895

5.00 -1.27492 | -3.29366 |-3.34702 |-3.34788 |-3.34789
1.00 -2.37228 | -3.65661 |-3.77674 |-3.78471 |-3.78526
0.50 -2.58945 | -3.75003 |-3.87384 |-3.88349 |-3.88428
0.00 -2.82843 | -3.86370 |-3.98772 |-3.99892 | -4.00000
-0.05 -2.85354 | -3.87632 | -4.00015 |-4.01148 |-4.01260
-1.00 -3.37228 | -4.16541 | -4.27836 |-4.29131 |-4.29295
-5.00 -6.274920 | -6.48329 | -6.50989 | -6.51315 |-6.51360

-10.00 -10.74460 | -10.79260 | -10.79550 | -10.79560 | -10.79570

Table 2.0.Groundtate energy of the Hibbard model with two electrons on four
sites as a function U (at t=1).Results are presented for four iterations, and a
comparison is made with variational results. (Enaibe and Idiodi, 2003)

72



Proceedings of the Secordternational Seminaron Theoretical Physics & National
Development, July 5 8, 2009, Abuja, Nigeria

TWO ELECTRONS ON SIX SITES

U a, a, a, a, s 8

20.00 | -0.39231| -2.18688| -3.24601 | -3.38813 | -3.45268 | -3.48506
10.00 | -0.74456| -2.34189| -3.27026 | -3.46750| -3.53138 | -3.55738
5.00 |1.27492 | -2.56901| -3.33006 | -3.55584 | -3.62208 | -3.64D4
1.00 |-2.37228|-3.12394| -3.57481| -3.76387| -3.83233 | -3.85570
0.50 |-2.58945|-3.25748| -3.65302 | -3.82512 | -3.8903% | -3.91356
0.00 |-2.82843|-3.41420| -375329 | -3.90501 | 3.96491 | -3.98724
-0.05 | -2.85354 | -3.43126| -3.76471| -3.91423 | -3.97348 | -3.99568
-1.00 | -3.3728 | -3.80626 | -4.03771| -4.14272 | -4.18637 | -4.15811
-5.00 | -6.27492 | -6.38078 | -6.40803 | -6.41504 | -6.41684 | -6.41730
-10.00| -10.7446 | -10.7686 | -10.7710| -10.7713 | -10.77130| -10.7713
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U a, a, Variational
20.00 |-3.50243 |-3.51215 -3.52520
10.00 |-3.56829 |-3.57288 -3.57619
5.00 -3.65101 | -3.65329 -3.65437
1.00 -3.86350 | -3.86608 -3.86736
0.50 -3.92166 | -3.92447 -3.92594
0.00 -3.99539 -3.99834 -4.00000
-0.05 |-4.00381 -4.00676 -4.00844
-1.00 |-4.21056 -4.21321 -4.21489
-5.00 |-6.41742 -6.41745 -6.41746
-10.00 | -10.77130 |-10.77130 -10.77130

Table 3.0.Groundgtate energy of the Hubbard model with two electrons on six
sites as a function of U (at t=1).Results are presented for eight iterations, and a
comparison is made with variational results. (Enaibe and Idiodi, 2003)

V1: CONCLUSIONS

In this paper we have studied the rapid convergence to the ground state
properties of strongly correlated finite system in a single band Hubbard model.
The analysis was done using a new version of (SLT) on small lattices. We
presented results fdwo electrons on two, four, and six sites. The results for
these systems obtained were compared with those obtained using variational
method by Enaibe and Idiodi, 2003 and were found to be in excellent agreement.

The algorithm in our new versiorf (6LT) is similar in fashion to that use by
Dagotto and other researchers in this field, but | consider our approach to be more
appealing and easier to apply because of its simplicity. It was also demonstrated
that the rate of convergence is dependertiherchoice of the initial trial vector
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Abstract
A theoretical study of the structural and electronic properties of a new
antiperovskitetype nitrogerbased superconductor ZyiNs, y = 1.012 + 0.208
has been performed othe stiochiometric compound, ZnNi\iusing the
augmented plane waves plus local orbital (APW + lo) method within the
framework of density functional theory. Thisasmpared with the isostructural
nonsuperconducting Zndi;. The optimized structuralparameters were
determined using different exchangerrelation potentials. The calculated lattice
constants are within the usual accuracy range of such calculations altheugh
deviations of results obtained using the geliwed gradient approximation
proposedhy Wu-Cohen(WC-GGA) are the least. The electronic band structures,
total, site andorbital decomposed densities of sta{f©S) were obtained and
analysed. Our electronistructure results show that in ZnNNbstatesnear the
Fermi energy are dominated B d and N p states. This is also the case for
ZnCNis. The peak in the DOS due to 8§, d,; in ZnNNis is closest to the Fermi
energy, and is about 0.21eV away from the Feynargy compared to an energy
distance 00.09eV away of similar peak in ZnCi\iresulting in decreased value
of Fermi level density of states in ZnNNiOur results show thathe
stoichiometric ZnNNj and ZnCNj are very much alike in both structural and
elasticproperties but differ in electranproperties. The agreement with available
theoretical an@éxperimental data is reasonable.
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1. INTRODUCTION

For some time now, since the discovefysuperconductivity near 8K in

MgCNIi3[1], attention has been directed on the isostructural cubic antiperovskites,
with the generalormula ACNg, where A is a group Il or Ill element, as possible
compounds with not onlfigh superconducting transition temperature, but other
technologically important propeéres. This is probably because the ternary
carbides with the cubic antiperovskite structare known to exhibit a variety of
interesting thermodymaic, chemical and physical pregies[2]. Furthermore,
MgCNiz contains large amount of femagnetic nickel, and it isnown that alloy
BCStype superconductors do not involve nickel. It tiserefore important to
investigate the properties of these antiperovskites which might help elucidate the
nature of superconductivity in them. Interesttims type of compounds has
resulted in thesynthesis of many more cubic antiperovskites, some of which
include ZnCNj[3], AICNij[4], GaCNg[5], CdCNg[6] and INnCNj[7]. It is
noteworthy that antiperovskites with trivalemetals M' CNiz (namely AICNis3

ard GaCNg) are nonsuperconducting while InCNi3 magnetic and also
nonsuperconducting. Over the years tinderstanding of several pespes of
superconducting materials including antiperovskites were provided by the result
of first-principles calculatins[8-23].

Very recently, a new superconducting antiperovskite &y = 1.012 +
0.208)with T, ~ 3K, which belongs to this class of materials, but with carbon
replaced by nitrogewas successfully synthesized[24] and some of its properties
have been imestigated. Thestoichiometric compound ZnNpi has the same
structure with ZnCNj where no superconductivity was found down to about
2K[3]. ZnNyNi3z occurs in simple cubic lattice witlattice constant a = 3.756°A
and nitrogen content 1.012d:208 respectmy[24]. Expemments to properly
determine the nitrogen content via Rietveld analysis using RIEZA00
program and sample weight change before and after sintering, yield nitogen
contentvalues of y= 1.012 and 0.98 respectively. These two values indizdte t

y ~ 1. The spacgroup is Pm3m (space group No. 221). Zn occupies the corner
position (1a), and nitrogeaccupies the center of the cube(1b) while the three
nickel atoms reside on the facenteredsites labelled 3c. In this study we
assume that ZnNliz is likely to be stoichometric, that, y ~ 1. To our
knowledge, no theoretical investigation of ZnNNas been done.

In this paper, we present the results of a systematic study of the structural
and electronic properties of the sfoiometric form (ZnNNj) of the new
antiperovkite supercatuctor ZnNyNg alongside that of the isostructural ZnGNi
by using density functionatheory approach as embodied in the WIEN2k
package[25]Our study will enable us invigate the structural andeetronic
properties of ZnNNj for the first time and compar¢hem with that of

77



Proceedings of the Secordternational Seminaron Theoretical Physics & National
Development, July 5 8, 2009, Abuja, Nigeria

isostructural ZnCNi with a view to revealing any key differences in there
electronic properties that may be used to account for the absence of
superconductivity irZnCNiz; downto 2K.

The outline of the paper is as follows, In section Il, we give a brief
description of thecomputational procedures used. In section lll, the calculated
results of the structural ancklectronic properties are presented and
discussed.Conclusions atewn in section V.

2. THEORETICAL PROCEDURE

The crystal structure of the antiperovskites considered possess the cubic

space groupPnmBm ( No. 221). In this structure, the Zn ions are at the corners,
nitrogen(carbon) ahe body centeignd nickel at the face centers of the cube. The
atomic positions are Zrta (0,0,0); N(C): 1b¥,5,2 ); Ni: 3¢ (5,5, 0). In this
structure, there are six Ni atomsthe facecentered positionsf each unit cell
forming a threedimensional network of Nioctahedron similar to oxygen
octahedron in CaTi® Each N or C atom is located in thedy-centered cubic
position surrounded by Ni6ctahedron cage. In order to study gteictural and
electronc properties of ZnNNi and ZnCNs, first-principles calculationsvere
performed by employing a fupotential(linear) augmented plane wave plus local
orbital (FR(L)APW +l0)[27-29] method, based on density functional
theory[30,31] andimplemented in theWAN2k package[25]. The generalized
gradient approximations(GGA9 exhangecorrelation potential of Perdew, Burke
and Ernzerhof{GGA-PBE)[32] and Wuand CohenNGGA-WC)[33] as well as

local density approximation(LDA)[34] were used.this method of calcuteon,

no shape approximations to the electronic charge densipptential is made.
Also, the unit cell is divided into neoverlapping muffintin spheresentered at
atomic sites separated by an interstitial region. In the atomic sphere, a linear
combindion of radial functions times spherical harmonics is used and in the
interstitial region, the basis set consists of plane waves. The basis set inside each
muffin-tin spheras split into core and valence subsets. The core states are treated
within the splerical part of the potential only, and are assumed to have a
spherically symmetric charge densttynfined within the muffirtin spheres. The
valence part is treated with the potengatended into spherical harmonics up to
?=4. Also the valence wave functions inside tmeuffin-tin spheres are
expanded up t®=10 partial waves. In this study we treat tt@e electrons fully
relativistically, and the valence electrons seetativistically.
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In the calculations, and ¢hmuffintin radii are chosen to be 2.3, 1.6, 1.6,
1.8 a.u forZn, N, C, and Ni respectively. The basis functions are expanded up to
RutKmax €qualto 8.0 (where Kyax is the plane wave cutff and Ryr is the
smallest of all the muffitin sphere radii). Thentegrations over the Brillouin
zone are perfomed via the tetrahednogthod with 56 points in the irreducible
part of the Brillouin zone. The satbnsistentalculations were consideréa be
convergedwhen the difference in the total energytbé cystal did not exceed
0.1mRy as calculated at consecutive steps. The densigfatds(DOS) was
obtained using a modified tetrahedron method[35].

3. RESULTS AND DISCUSSION

A. Structural properties

In order to calculate the ground state properties of thesgounds, the total
energies are calculated for different volumes around the experimental cell
volume. Thecalculated total energies are fitted to the Bikttirnaghan equation
of state[35] to determine the ground state properties such as the equilditioen
constant a0, the bulkodulus B and the pressure derivative of the bulk modulus
BNjIt has been reported[36fhat the new exchangmrrelation functional
proposed by Wu and Cohen(G&KC)[33] is more accurate in predicting the
equilibrium lattice onstant and bulk moduli fosolids significantly over both
locatdensity approximation(LDA)[33] and PerdeéBurke-Ernzerhof(GGA
PBE)[31] generalized gradient approximat For this reason, the sttucal
properties have been calculated using the LDA, @& and GGAWC in
order totest the suitability of these exchangetential approximations in studying
the structuraproperties of these antiperovskites. The results of the calculations of
the structural parameters are displayed in Table 1 together vpiénierental data
and results of previoubeoretical studies.

It is seen that the equilibrium lattice constant determined by employing
different exchangecorrelation functionals exhibit, to some extethe expected
pattern(GGA geerally overestimates thattice parameter).
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Table 1: Calculated lattice constanggin A ) bulk modulus BO(in GPa) and its
pressurederivative B, for ZnNNiz and ZnCNj at the theoretical equilibrium

volumn comparedwith available experimental data and other theoretical
calculations.

T

Parameter ag By B,

ZnNNiy

GGA-WC 3.719 225.61 4.75

GGA-PBE 3.763 203.19 4.88

LDA 3.677 246.98 4.59

Experiment 3.7563

/nCNig

GGA-WC 3.728 220.84 4.51

GGA-PBE 3.770,3.772% 200.13 4.72
3.793%:3.786

LDA 3.687 240.83,2517 4.41

Experiment 3.66°

SReference 24?Reference 22°Reference 13Reference 14Reference 6Reference 3

However, it is noteworthy that for ZnNjionly GGAPBE gives a value of
equilibrium lattice constant that greater than the experimental value. For
ZnCNiz, the equilibrium lattice constant obtained using all #sechange
correlation schemes, are larger than the experimental value. However, in both
compounds, the level of overestimation obtained, when th&-8B& scheme
was usedjs less that that resulting from the use of GBBE scheme. The
observed overestimtian in ZnCNg, even when LDA scheme was used, has been
reported by some previowstudies[10,14,22] and it was thought to be probably
due to underestiration of the expémental lattice data arising possibly from
carbon defeciency. Although the experimeritdtice constant &p,(ZnNNiz) >
aexp{ZNCNi), the theoretically calculated equilibriufattice constants do not
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show the same pattern sincgZaNNi3) < a(ZnCNiz). It may well be that the
deviation of the investigated sample (ZnMNrom stoichiometry, maglso have
some effect. On the whole, although the results of the lattice constantghsitow
the GGAWC is better suited for proper descriptioh tbese compounds, one
shouldnot expect a perfect agreement between the experimental lattice constant
and the GGAWC values. This is because experimental lattice constants are
usually measured at rootemperature and the effect of thermal expansion and
zeo-point quantum fluctuationswhich will enlarge the calculated lattice
constant, are not included in density functicseiemes[37].

Furthermore, it was observed that the bulk moduli of these materials
increase in thesequence B(ZNCHh) < B(ZnNNis), tha is, in reverse sequence to
a0, in agreementith the well known relationship[37] between B and the lattice

constant(cell volume \4, as B ~V,*). This trend, where a larger lattice constant

leads to a smaller bulk modulushas been repat for various
antiperovskites[22,23].

B. Electronic Properties

The electronic band structure and density of states of states(DOS)
calculated usingthe WuCohen generalized gradient approximation at the
equilibrium lattice constant ashown in Fig. 1 ath Figs. (24) respectively. The
self-consistent calculations show ththe materials, ZnNNiand ZnCN4, in the
normal state are typical metallic compounds.The valence and conduction bands
overlap appreciably betweeniRGa nd Z Sisymikhetny lines in ZnNNias
wel | as BandBieXinZ ikWin ZnCNiz. At the moment, there exists
a number of reports on théeetronic band structure calculatidor ZnCNi3[22]
but non for ZnNN4.
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ZaNNi13  (a) ZnCN13 (b)

Energy (eV)

Figure 1: Calculated electronic band structures oZ{&Nisz (b)ZnCNk. The
valenceband maximum is at zero

The overall band profiles are found to be in fairly gagrbement with previous
theoreical results[22]. The general features of the bands are nearly the same
except for a fewdifferences. For instance, in energy range shown, the band
structure for ZnNNj, is clearlydivided into two broad groups. The lowest grou
extends from abou®.0eV to about5eV with a small gap separating it from the
other group of bands with higher energy that crthes Fermi level. The bands
crossing the Fermi level are predominantly of Zn d andstafes. No such gap is
present in Zn®liz (Fig. 1b) betwee -8eV and the Fermi level. Haver,there are
also two groups of bands in the bandstructure of ZgCNie lowest groupf
bands lies betweerl4eV and-11eV and are predominantly of C s character.
Similar band probably due to N s anet present in ZnNNi3 in the energy range
shown(Fig. ladput lies further down. This lowest lying C s band in ZngCiNi
separated from the rest tife valence bands by a gap of about ¥bstween-
11.0eV and-8eV). In both compoundshe upper valence bancdonsists of
predominantly hybridized Ni d and N(C) p states wktie conduction bands are
dominated by mixture of p states from all the constituent atoms.

The total densities of states as well as the site decomposed contributions
for the twocompounds ig displayed in the two upper panels of Figs. 2. Generally
as earlier noted ithe case of their band structures, the general features of the
DOS for the two compoundse quite similar. It is interesting to note that there is
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a sharp peak in the DOS ofettwo compounds clse to the Fermi level. This
peak is associated with the quasiflat bactise to the Fermi level that are
predominantly due to Nig dyz states. This has beebserved as a common
feature of all the Nbased antiperovskites[14,22,2B8Jowever, inZnNNis, this
DOS peak is a little farther away(Q.21eV), while that of ZnCNiis only about
0.09eV below the Fermi level. The effect of this is seen in the reduced value of
DOSat the Fermi level for ZnNNi This shift of the DOS peak towarttee Fermi
level, &, from the low energy side on replacing nitrogen with carbon, is similar
to what is observedith increasing the lattice parameter a, regardless of the kind
of element A in ACNj (A=Mg, Zn, Al, Ga[21]).

The peak in the DOS arounrdeV is due mainly to Zn d states mixed with
some N(C) as well as Ni p states. It arises from the nearly flat bands in the band
structures oboth compounds aroundeV. The intensity of this peak is more in
ZnCNiz than ZnNNg Around this intense peak, thesiee two small structures due
to N p states in ZnNNj these are less prominent in the DOS of ZnCIMiis
notewothy to report that theis far more carbon s contribution than nitrogen s
contribution at the Fermi level. Alsthe structure due to the N gontribution
which crosses the Fermi level is fairly broadzinNNiz. This is in contrast to the
presence of a peak due to C p states which lies oRedimi level and arises due
to the flat bands that lie almost on the Fermi level betweed-S high
symmetry points in Fig. 1a.

The lowest panel in Fig. 2 shows a comparison of the total density of
states of ZnNNj and ZnCNj within a smaller energy panel around the Fermi
level in order to bring outhe differences especially in thegren close to the
Fermi level. It clearly shows the shift Ni dxz, dyz dominated peak farther away
from the Fermi level in ZnNNithan in ZnCN4.

In Fig. 3, we have ploted the main contributions to the upper valence band
DOS of thetwo compounds. It @es mainly from hybridization of nitrogen or
carbon p and nicketl states. A comparison with the band structure of the
compounds show that whergag C p band is very close to the Fermi level at the
M point and causing a peak in tlEOS, the N p bandk flat around a wider
regionfrom Z-M-S) causing a structure thatnsore like a hump. The d states of
the two compounds around the Fermi level look almabke except for the larger
distance away from the Fermi level in the case dfiMn. Thedifferences arise
from the N p and C p contributions which are about 12% and 7 2aNiNi; and
ZnCNiz respectively. The calculated total density of states at the Fermi level,
N(Er ), for ZnNNi; is about 55% that of ZnCRpiThe implication of thesmaller
density of states at the gEfor conductivity is probably that the electrical
conductivity in ZnNNj is lower than in ZnCNi
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Finally in Fig. 4, we have tried to mimic the effect okgsure on the
electronic struttre of ZnNNj by plotting in the op panel, the DOS of ZnNpat
the experimental latticeonstant (3.756°A) as well as at a smaller latice constant,
for example, the experimentalttice constant of ZnCHi(3.66°A). It is observed
that the density of states obtained usihg two latticeconstants are nearly the
same close to the Fermi level. More noticeattiféerences are observed lower
down in energy where the effect of pressure clearly shiftpélags in the DOS
further down in energy. In the lower panel of this figure(Fig.4), the DS
ZnCNi; is plotted at both the experimental and theoadtiattice constants. This
simulates the effect of expansion of the lattice by about 2%. The plots indicate
that the peakfar below the Fermi level are shifted to higher energies, This trend
is in agreement with theesult of lattice contraction( in the case of Zni)Nvhich
shifted the peaks downwardihis shift to higher energies decreases towards the
Fermi level and results to an increaseha magnitude of the density of states at
the Fermi aeergy(N(E)). Our results indicatéhat application of pressure(lattice
contraction) decreases the density of electrons arthen&ermi level which may
reduce the electrical conductivity of the material.

35

(a)ZnNNL,
f

NI

n NN w
o wn o
T T T

A | |

—_
o
|

States/eV

101 | |

10 -5 0 5
Energy(eV)

84



Proceedings of the Secordternational Seminaron Theoretical Physics & National
Development, July 5 8, 2009, Abuja, Nigeria

50 . T T (b)ZﬂCrgl:i !
45| i ]
40 -
35 |
> 30 - |
2
@ 25+
&
» 20|
15} ’ , |
10 - |
51 ‘
5 | |
30 -5 0 S
Energy(eV)
18 - {c)ZnNNi
sl i ZnCNij
12 v
> 10 I~ ;[’ I
o SRy
2 sl e Mo
Z s i j
' ‘:_‘,"‘I - 1
4l | |
2 k|
0 2 " =
-6 -4 -2 0 2 4

Energyv(eV)

Figure 2: Total and site decomposeédnsity of states of (a) ZnNNiand (b)
ZnNNis at their equilibrium lattice constants. (c) Comparison of the total density
of states of ZnNNiand ZnCNjs, within smaller energy panel, at their equilibrium
lattice constants.
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4. CONCLUSIONS

We have studiethe recently synthesized superconducting-patovskite nitride
ZnNyNiz in the stoichiometric form, ZnNNias well as isostructural ZnCNi
using firstprinciples APW+lo method in order to compare their structural and
electronic properties.
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Figure 3: Density of states calculated at the equilibrium lattice constéajt
ZnNNiz and (b)ZnCNg showing the nitogen p and nickel d contributions around
the Fermi level.
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Figure 4: Total density of states for (a) ZnNNit the experimental lattice
constanidf ZnNNis (3.756°A) and ZnCNi(3.66°A) (b) Total density of states of
ZnCNi3 at theexperimental(3.66°A) and theoretical(3.728°A) lattice constants

Our calculations show that their structural properties are very similar. The
band structurg@lots also shova metallic character in ZnNjas in ZnCNi. The
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width of the valencdand in ZnNNi extends from about 4.0eV below the Fermi
level and this is smaller thanbandwidth of about 8eV observed in ZngNihe
presence of C s states in the region between did014.0 eV below the Fermi
level in ZNCNg as well as the greateelative concentration of N p states in
comparison to C p states in ZnNNind ZnCNj respectively at the Fermi level,
are some of the major differences in the electrstmadure of these compounds.
The DOS at Ein the new superconducting antiperovskiteuppressed since it is
about half the value in ZnCpiThis is probably due to the shifrther away from
below the Fermi level by the peak in the DOS of Zn]\NNiis suggestethatthis
decrease in DOS at the Fermi level might also contribute to the relativelyrhigh
that is observed in the newly synthesized first antiperovskite nitride
superconductorZnNNig, in contrast to the analoguos compound, ZnCiNhich
has not been found besuperconducting down to 2K.
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Abstract

Nanocrystalline ternary thin films composed of BES and Pb¥dS were
deposited by aimple and inexpensive chemical bath deposition technique within
the pores of polyvinyl alcohol. The films were studied for possible application in
photovoltaic architecture. By characterizing the films usifr@ydiffractometer,
scanning electron microspe and UWIS spectrophotometer the optical band
gap energy, calculated from the absorption spectra, was found to be in the desired
interval to be used as solar absorber material for photovoltaic fabrication.

Keywords: Band gap energy, CBD, photovoltégenary thin film

1. INTRODUCTION

Solar energy is one of the most convenient-comventional energy
resources to be considered for the power requirements of theepfury. The
studies of semiconductor nanoparticles have shown that they exhibitapioell
properties. These unique properties led to the appearance of many new application
areas, such as their use in solar cell, photodetectors;eligitting diodes and
switches [1,4].

Energy conversion in solar cell consists of generation of elebttan
pairs in semiconductors by the absorption of light and separation of electrons and
holes by an internal electric field. Charge carriers collected by two electrodes give
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rise to a photocurrent when the two terminals are connected externally. The
spectum of solar light energy spreads from the ultraviolet region (300nm) to the
infrared region (3000nm). When the photon energy is less than band gap of the
semiconductor, the light is transmitted through the material, that is, the
semiconductor is transpateto the light. When the photon energy is larger than
band gap, the electrons in the valence band are excited to the conduction band. It
means that a photon is absorbed to create an elduterpair. This process is
called intrinsic transition or bard-band transition.

A heterojunction is formed by joining two layers of semiconductors with
differing bandgap energies. When the layers have the same conductivity type an
isotype heterojunction is formed, whereas in an anisotype heterojunction, the
layer canductivity type differs. The requirement to get appropriate ‘g
energies for device application has led to the development of binary, ternary and
guaternary thin films [&0].

Cadmium sulphide (CdS) is one of the most promisinky Icompound
materiak because of its wide range of application in various optoelectronic; piezo
electronic and semiconducting devices [11, 12]. High efficiency thin film solar
cells have been achieved using two types of structures;:E@0AS/CdTe and
ZnO/CdS/CulnSg[13]. In these devices, the systems SIOCAS and ZnO/CdS
act as optical windows and the CdTe and Cupla& as absorbent layers. The
highest efficiency in CdTe and Cu(InGa)®msed solar cells has been archived
using CdS films deposited by chemical bath depmsjprocess[14, 15]

In this paper, we report the chemical bath deposition of ternary thin films
and the analysis of the bagdp energies and the optical transmission for possible
use in solar cells and other applications.

2. EXPERIMENTAL DETAILS

2.1 Preparation of TIS-CdS thin film

Thin film of TIS was deposited on clean microscope glass slide by using
5ml of 0.2M TING;, 4ml of 1M GH4(OH)(COONa)}2H,0, 4ml of 1M (NH).CS
and 34ml of PVA solution put in that order in 50ml beaker. The PVA solution
used in his work was prepared by adding 900ml of distilled water to 1.8g of solid
PVA (-C,H40), (where n=1700), and stirred by a magnetic stirrer 4C90r
1hour. The homogenous solution was aged until the temperature dropCto 25
The deposition was allowea tproceed at room temperature for 90mins after
which the coated substrate was removed, washed well with distilled water and
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allowed to dry. The glasBIS system was used as the substrate for the deposition
of CdS film. The bath for the chemical deposit@mhCdS was composed of 3ml

of 1M CdCh, 5ml of NH; solution, 10ml of 1M (NH),CS and 35ml of PVA
solution. The deposition time was 360mins. The film was again rinsed thoroughly
with distilled water and allowed to dry. The deposited-TIES thin film was
annealed in an oven at 1¥Dfor 60mins.

2.2 Preparation of PbS-CdS thin film

The chemical bath deposition of PbS thin film on clean microscope glass
slide was achieved by using 10ml of 0.1M Pbg¥O5ml of 1M NaOH, 10ml of
1M (NH2).CS and 25ml of PVA sation. The deposition proceeded at room
temperature and lasted for 60mins. The deposited glass substrate was then
removed, rinsed with distilled water and allowed to dry. The formation of PbS
CdS thin film was achieved by using the procedure describedtios 2.1
above. The deposited P{RIS thin film was again annealed in an oven af@00
for 60mins.

2.3 Thin film characterization

The samples were characterized with SEM, XRD and -WU¥
Spectrophotometer. Optical properties of chemical bath deposite@dSSand
PbSCdS thin films were measured at room temperature by using a double beam
PerkinElmer UVW-VIS Lambda 35 spectrometer. Optical bayaps were
calculated from the absorption spectraray diffraction (XRD) is an efficient
tool for the structurahnalysis of crystalline materials. The XRD patterns for the
samples were recorded using D/r2000 Rigaku powder Xay diffractometer in
the 2d°%+8@osmeCug0adi ati on of wavelength
size of the deposited films was viewed by using scanning electron microscopy
(SEM) technique.

3. RESULT AND DISCUSSION

Figure 1a b show the XRD patternsf TIS-CdS and Pb¥dS thin films
deposited in this work. The patterns were recorded after annealing the samples at
15C for 1hr. This was done to improve upon the intensities of the
peaks/crystallinity of the films. The parameters of interest from XRDbfih
samples are displayed in tables 1 and 2.
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Table 1: Obtained result from XRD for PbS-CdS thin film

29 d-value | FWHM | I/l

26.18 3.4011 0.071 75

26.28 3.3884 0.212 100

30.30 2.9474 | 0.259 88

43.36 2.0851 0.118 43

43.42 2.0824 0.118 46

Table 2 Obtained result from XRD for TIS -CdS thin film
2q d-value FWHM I,

21.50 4.1297 0.071 18

25.46 3.4956 0.071 20

25.58 3.4795 0.094 18

29.56 3.0194 0.259 100

39.20 2.2963 0.141 17

39.42 2.2839 0.165 20

44.74 2.0239 0.141 16
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The peaks at@valuesof 26.28 and 44.74 are attributed to cubic CdS (JCPD
card No 800019) [1], having lattice parameters a=b=c= 5B1These were
assigned to the diffraction lines produced by (111) and (220) planes. However,
the additional peaks at an angle of 26.48d30.30 are identified to be of PbS
(JCPD card No 73901), and assigned to the diffraction line produced by (111)
and (200) planes of the PbS cubic phase (galena) [2,3]. Similarly, the XRD
pattern at g values of 25.58and 29.56 are identified to be TISPDF No 43

1067) [4]. These were assigned to the diffraction line produced by (022) and (202)
planes. These results suggest that each of the thin films deposited in this work is a
mixture of binary chalcogenides (i.e. P68S and TISCdS)

The averagerystallite size of the flms was calculated from the recorded
XRD patterns using Scherrer formula:

D = 0.89 a&/b cos d
Where D is the average crystall waye si ze, =)
b is the full wi d trdy difrad i hoanl fa nmla xd musn tol e XB
angle.
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Fig.1a: X-ray diffractogram of TIS-CdS thin fi
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Fig 1b. X-ray diffractogram of PhS-CdS thin film

The average crystallite size for the thin film of 78S and Pb&dS were found
to be 11.3nm and 11.4nm respectively.

The scanning electron micrographs of -B8S and Pb®dS thin films
reported here are shown indig 2ab. From the micrographs, it is observed that
the films are uniform throughout all the regions: the films are without pinhole or
cracks. We clearly observe the small nanosized grains engaged in alik@wver
structure, which indicates the nanocrylstal nature of the films.

Fig.2 SEM of (a) TISCAS thin film (left); (b) PbSCdS thin film (right)

The optical absorption spectra of the films deposited onto glass substrate
were studied in the range of wavelengths 200100nm. The variation of
absorbance (A) and transmittance (%T) with wavelength for the two eampl
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under study are shown in fig 3 and 4 respectively. Thin films of@#S show

good absorption in the visible spectrum and a lower absorbance values in IR
region of the solar spectrum. The plot in figure 3 also reveals thaCd&thin

film has high abgrbance values in the IR region and virtually +adosorbing in

the UV-VIS.

1.6 -
1.4 -
1.2 -
1 - TIS-CdS

0.8

Absorbanc

0.6 7 bS-CdS
0.4 -

0.2 -

0 T T T T

200 400 600 800 1000
Wavelength (nm
Fig.3. Absorbance vs. wavelength for TIS-(C

& PbS-CdS thin films
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Fig. 4. Transmittance VS. wavelength for 3T8S and Pb&dS

The transmittance plot in figure 4 shows that the films transmit well in the
wavelength range opposite to that of the absorbance. In order words, films that
absorb well in he IR region transmit poorly in the same region. The spectral
absorbance and transmittance displayed in figs. 3 and 4 show that some of the
films deposited in this work could be used as spectrally selective window coatings
in cold climate to facilitate tresmission of VIS and NIR while suppressing the

UV portion of solar radiation. The films can be used for coating eyeglasses for
protection from sunburn caused by UV radiations.

_ The details of the mathematical determination ofaheorption coefficient
(V) can be found in I|iterature [17, 18]
against photon energy is shown in fig. 5
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Fig. 5. Absorption coefficient vs. photc
energy for TIS-CdS & PbS-CdS thin filr

These absorption spectra, which are the most direct and perhaps the
simplest method for probing the bartdusture of semiconductors, are employed
in the determination of the energy gap, Ehe E was calculated using the
following relation [171 9 ] : UE)Y his(,hs

Where A is a constant, hsa is the photon en
whil e n depends on the nature of the transi
while for indirect ones n = 2 or 3, depending on whether they are allowed or

forbidden, respectively. The usual difficulty in applying this concept to
polycrystalline thin fims with nanometescale crystalline grains is the size

distribution of grains and consequent variation in the band gap due to quantum
confinement effects. Thus the straidjne portion may not extend beyond a few

tenths of an electronvolt, and hence eabf the band gap could turn out to be

very subjective [20]. The best fit of the experimental curve to a band gap
semiconductor absorption function was obtained for n = %2. The calculated values

of the direct energy band gap, from fig.6 are 1.4eV and 1f@eVIS-CdS and

PbSCdS respectively.
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A material with a direct band gap of about 1.5eV and a high absorption
coefficient

TIS-CdS
(1.4eV)
25 PbS-CdS
(1.2eV)
20
SN
£ 15
)
10
5 4
0 T T T 1
0 1 /1 2 3 4
hn (eV)

Fig.6. @hn)? VS. m

of more than 1ftm’ has been regarded as a promising absorber for thin film

photovoltaic applications [16The low band gap values exhibited by these films

together with high absorbance in the VIS make the films suitable for use as

absorber material in solar cell application. For laser diode application, the band

gap energies should essentially lie in thegeof 0.9 to 1.5eV. While baftd-

band radiative recombination is favored in direct band gap materials, the band gap
energy controls the egni]sHericeotimsedilmyoedlde ngt h: o
also be used for fabrication of laser diodes.

4.0 CONCLUSION

Chemical bath deposition technique has been successfully used to deposit
ternary thin films of TISCdS and Pb&dS. Their optical band gaps, which lie
within 1.2 and 1.4eV, are in the desired interval to be used as absorber materials
for solar cellfabrication.
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Abstract

In this work, Sol gel method of thin film growth/deposition is used in growing
crystals of potassium per chlorate (KGJOImpurities of locally produced
materials were added to see how they permeate into the fabrics of the
aforementioned gstals and affect the optical properties. The spectral analysis of
the said growth was carried out to enable us determine their properties.

Key Words: Solgel, optical characterization, silica model, KCIO4 crystals and
band gap.

1. INTRODUCTION.

Mobilizing Physial Science based enterpriseaiscollective responsibility
between the government and the governed. Object oriented projects should be
adequately funded. In order to carry object oriented project we must imitate the
nature. Under the sun, everythihgs a small beginning. The building of nature
from small beginning is conspicuously found in crystal growths/ depositions, with
little manipulation on the constitution and arrangements of the molecules of these
materials new dimensions emerge. In the metienes, Sclgel growth/deposition
of thin films has been found a veritable asset to materials scientists and solid
state industries.In this work crystals of potassium perchlorates were grown with
the addition of impurities of a local material (Bambd®he reason for adopting

y yAfrican Journal of Physics Vol. 2, pp.16Q14, (2009)
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solgel technique is the easy control over film deposition and easy fabrication of a
large area thin film with low cost [1]

Potassium Perchlorate Crystal

The crystals of potassium perchlorate (Kg)l@re colourless rhombuses
which are slightly soluble in water [2]. The solubility &£Gs 0.75gm per 100gm
of water and is less soluble in aqueous ethyl alcohol. It is used in the separation of
the former and acts as a reagent, oxidising agent, pyrotechnic ( i.e. the
manufacture ofife works) antipyretic ( i.e. a drug reliving fever), sedative (B.P)
and source oxygen

Bamboo

Bamboois one of the most marvellous plants in nature. Some giant species
of bamboo grow up to 1.22 meters in 24hrs. Bamboo is stronger than wood or
timber in £nsion and compression. The tensile strength of the fibres of vascular
bundles could be up to 12,000Kg/cmalmost that of steel[3]. Chemical analysis
reveals that bamboo has about 1.3% ash, 4.6% eth@hoéne, 26.1% lignin,
49.7% cellulose, 27.7% ptrsan [4]. In spite of the strength and hardness of the
giant bamboo culm wall, the culm can easily be cut in few minutes, even with a
stone axe if we know the exact place of the internode. In Hiroshima, Japan, the
only plant which survived the radiatiar the atomic bomb in 1945 was a bamboo
plant [5]

Theroretical Considerations

Crystalline and amorphous senunductors, near the fundamental absorption age
there is the dependence of the absorption coefficient on the photon energy. In high
absorption egions the form of the absorption coefficient with photon energy was
given in more general term by [6,7] as

ahn = Aahn - E,)" (1.0)

Wheren is the frequency of the incident photéri, s t he Pl anckds const ¢
consant, E; is the opticalenergy gap and variable n has the Value 2 for direct

allowed transition, ¥ for indirect allowed.
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When the linear portion ofahn)"as a functionohfi s extr apol ated to

intercept gies the transition band gaps. For seomductors and insulators
(where K? <<n?) there exist a relationship betweRmandn given by [5,6]

R=(n- D)?/(n+1)? (1.1)
There is also a relationship betwdea n d U given by [6, 8]
k=a ll4 (1.2)

where U = absor pt imp/ih=waeekrglt oftectemagnetcf t he f i
wave andk is the absorption coefficient. The relationship betwBeand K is
given by [6]

E=E, +E =(n+ik)? (1.3)
where E, and E, are real and imaginary partsBfespectively.

Optical conductivityp is given by [6,8]
S, =ancl4 (1.4)

wherec is the speedf light.

2. EXPERIMENTAL DETAILS

2.1. Growth of Potassium Perchlorate Single Crystal in Silica Gel

The experiments were conducted in 100ml beakers. Twenty five millilitre
(25ml) of sodium silicate solution of pH greater than eleven and with specific
gravity 1.04 was placed in a testibe some quantities of INf @erchloric acid
were added to the sodium silicate solution to form a gel. The pH of the mixture
was set at 5.0. The gel was allowed to set at room temperature for a period of 5,
15 and 25 days, after which a feed solution of potassium chloride (KCL) was
placed above the gels for crystallization, potassium chloride (KCL) of different
normalities (0.5N, 0.8N and 1.8N) was used.

The chemical reaction which took place in the gel medium is represented as
KCL + HCLO; 6 KCLO4+ HCL ------ 2.0
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Immediately afte the addition of the feed solution, some quantities of bamboo
were added as impurities and their effects investigated. The effect of
concentration of the feed solution was also investigated.

2.2. Drying

The samples were first treated with all glass distilwater to avoid
impurities and make it slurry before it was introduced into a buckner funnel
covered with filter paper then attached to a suction flask connected to the vacuum
pump through its nozzle. Once the pump is on it will create a vacuum thasall
for the absorption of W) from the sample. The filter in the buckner funnel
prevents the solid from being sucked. The sample is then taken to the oven at an
appropriate temperature of for 30mins. After which it is placed inside the
desiccator tanaintain dryness. CaGlvas used as a desiccant.

3.0. RESULTS AND DISCUSSIONS.

The result of the spectral analysis of KGIgrown by solgel method after 5, 15
and 25 days of ageing are shown in figures 1 to 6 below.

3.1. Analysis of the Effect of Imputy on KCLQ..

The plot of fig.1 shows that all the samples absorb poorly in both VIS and NIR of
the solar spectrum. It also shows that absorbance decreases with increase in the

concentration of bamboo.
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Fig. 1 Absorbance vs. wavelength of KG@ith different quantity of Bambc

Fig.1. Absorbance vs. wavelength in KGIO
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The misbehaviour of C perhaps may be a famctiof growth/deposition
conditions.

In figure 2, all the films are transmitting well in both VIS and NIR. This
is an ideal property for solar control applications and could also be used in arctic
region to allow IR warm the rooms and reduce the costasming rooms by
conventional means.
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The variation of Reflectance with wavelength for the sample under investigation
is shown in fig.3. All the three samples show very low reflectance in both VIS
and IR of solar spectrum. This makas trystal ideal material to be used as-anti
reflection coating in solar cell architecture.

The plot of absorption coefficient vs. photon energy in fig 4 shows that the
absorption coefficient increases from 0.1 to 0.35 for samples A and B in the VIS
anddecrease towards the NIS. Sample C has negative absorption coeflibient.
variation in the band gap plot against photon energy as in fig. 5 reveals that the
band gaps lie between 2.00 and 2.09eV. No band gap existedTihe(plot of
refractive index (n)against photon energy as seen in fig.6 reveals that the
refractive index increases from VIS to NIR regions.

0.25

0.2

a*106m-1

0.15 ——3a*106 A
g #3106 B
2106 C

01

0.05

T
0.5 1 15 2 25 3 35 4 45 5

-0.05
Photon energy (eV

Fig.4. Absorption coefficient vs.photon energy for KCI

Fig.4. Absorption coeitient vs. photon energy in KCIO
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4.2 Analysis of the Effect of the Concentration of the Feed
Solution (KCL) on KCLOq,,

In fig. 1a, all the samples absorb poorly both VIS and NIR of the solar
spectrum. A comparison with the plot for bamboo doped KGl@ws that the
samples without bamboo impurity have higher absorbance.
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Fig.1 Plot of Absorbance vs wavelength (nm) in K¢

Fig.1lathe plot of absorbance vs. wavelength in KCIQ

The plot of transmittance against photon is shown in fag all the
samples are highly transmitting in the VIS and NIR regions. However, the
transmittance increases with the wavelength. In the NIR, the least transmitting
sample has a transmittance of 70% and ab®tis indicates that the films can be
used for solar controlling coating. They would also allow good passage of infra
red and as such could be used in cold regions. Their use can also be employed in
coating brooder roofs to allow infra red warm the chick
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Fig.2. Plot of transmittance vs.wavelength in KC
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Fig.2a. The plot of transmittance vs. wavelength in KCIQ

The variation of reflectance with wavelength is shown in AigThe reflectance
decreases with wavelength. It also decreases as the concen@ti@olution
increases. This shows that the materials have poor anti reflection capability.
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Fig.3. Plot of Reflectance vs.wavelength in KC
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Fig.3a. The plot of reflectance vs. wavelength in KCIQ

The variation of band gap against photon energy is plotted indighd band gap
energy of the sames$ lie between 2.0 and 2.7. The band gap energy increases
with increase increasing concentration of KCl solution.

109



Proceedings of the Secordternational Seminaron Theoretical Physics & National
Development, July 5 8, 2009, Abuja, Nigeria

25
2 -
N
215
Ch
—=-D(0.5M)
1 +—E(0.8M)
—=-F(1.8M)
0.5
0 T T

0 05 1 15 /2 . 3 35 4
(ev)

Fig.4. Band gap vs. photon energy on the effect of the conc.of k
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Fig.4a. Band gap vs. photon energy on the effect of the concentration of KCI
on KCLO 4

The plot of absorption coefficieat (U)
The absorption coefficient is high in the VIS region and decreased towards NIR.
It decreases with increase in the concentration of the KCI solution.
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Fig.5a. The plot of absorption coefficient vs. photon energy.

The variation of Refractive index vs. photon energy is shown in digTée
refractive index is high in the VIS region and decreased towards the NIR region.
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Fig.6a. the refractive index vs. photon energy in KCIQ
TABLE OF VALUES.
Table 1.
Specimen | Amount of | Amount _ of | pH Concentration
sodium _silicate| KCIO 3 of KCI(N)
Na,Si0s(9)
D 25.0 Some 0.04 0.5
quantity
E 20.0 606 0.8 0.6
E 20.0 60 4.35 18
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Table 2.

Bamboo Doped KCIO4

Specimen | Amount of PH | Amount pH Concentration
sodium silicate| KClos of Kcl(N)
NaS,05(q)
A 25 Some 5.03 0.10
guantity
B 25 00 5.06 0.15
C 20 606 5.08 1.18

4.0. CONCLUSION

Solgel deposition technigue has beercessfully used to grow ternary films of
impurity doped potassium perchlorate crystals. Their optical band gaps lie
between 1.5 and 2.7. This shows that the films have wild band gaps and can be
used in high power, high temperature, and high frequencyglaod wavelength

devices [10] in addition to their pyrotechnic and antipyretic functions [2].
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Abstract

The analysis of some biological samples was performed by the udeutrfon
Activation Analysis NAA). This research was carried out ushligeriaResearch
Reactor one NIRR-1) facility in the Cente for Energy Research andraining,
Ahmadu Bello University, Zaria GERT).The aims of the research are to
determine radionuclides, the concentrations, and to find the differentiating factors
for those analyzed samples. It was deduced from the result exdbtthat the
radionuclides of some elements with their concentrations were present in each of
the biological samples and from same result, we also concluded that the use of the
sampleZRS2A2 which is African processedocust beansglso known asrd)
shouldbe adopted as food seasonings (i.e. spice) instead of the sanAd32

(i.e. seasoningsowing to what they contained. And again sanfiRS8A3 which

is known asPumpkin leafshould be using as vegetable in food in place of the
sampleZRS6B3, that is,African spinachbecause of its significance.

Keywords: spices, vegetables, pumpkin leaf, processed locust bssasnings
spinach, biological samples, Indian hemp, tobacco, and NAA.

1. INTRODUCTION

Neutron activation analysis (NAA) is a sensitive analytteghnique useful for
performing both qualitative and quantitative maliement analysis of major,
minor, and trace elements in samples from almost every conceivable field of
scientific or technological interest and it was discovered in 193ddwesyand

88 African Journal of Physics Vol. 2, pp 115131, (2009)
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Levi, (Vértes et al. 1998, Soete et al. 1972, Das et al. 1989, Jonah 2001). For
many elements and applications, NAA offers sensitivities that are superior to
those attainable by other methods, on the order of parts per billion or better. In
addition, becase of its accuracy and reliability, NAA is generally recognized as
the "referee method" of choice when new procedures are being developed or
when other methods vyield results that do not agree. Worldwide application of
NAA is so widespread and it is estiradtthat approximately 100,000 samples
undergo analysis each year (Alfassi Z. B., 1998).

The basic essentials required to carry out an analysis of samples by NAA are a
source of neutrons, instrumentation suitable for detecting gamma rays, and a
detailed knavledge of the reactions that occur when neutrons interact with target
nuclei.

2. THE NAA METHOD

The most common type of nuclear reaction used for NAA is the neutron capture
or (n, 2) reacti on, is illustrated in Fig
target nucleus via a nealastic collision, a compound nucleus forms in an excited
state. The excitation energy of the compound nucleus is due to the binding energy
of the neutron with the nucleus. The compound nucleus will almost
instantaneously dexcite inb a more stable configuration through emission of
one or mor e c h anys.dnneanyicases) this npw configutatioro
yields a radioactive nucleus which alsealeites (or decays) by emission of one

or mor e c har agaysbui s much slover rage woeeatding to the
unique hallife of the radioactive nucleus (Pollard A. M., Heron C., 1996).
Depending upon the particular radioactive species-live$ can range from
fractions of a second to several years.
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Figure 1: Diagram illustrating the process of neutron capture by a ta

nucl eus foll owedrayhy t he emissio

3. INSTRUMENTATION AND METHODOLOGY

Nuclear reactors are the most important neutron sources because of the high stable
neutron fluxes and sample irradiation volumes available. More than 300 research
reactors with NAA capability are operational woevldde such as NIRR
1(Nigeria) i.e. Nigeria Research Nuclear Reactor one (shown below) in which the
analysis was done provide suitable neutron fluded@° i 1x10"n.cm?®.s?) for

most biological applications of NAA.
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Figure 2: Research Reactor in NIRRlaboratory

Typical NAA methodolgy is to irradiate samples (which can be solid or liquid)

and elemental standards (or a monitor in the Ko method) for a time determined by

the half life of the radionuclide or radiological considerations and the composition

of the sample. Unwanted shdied nuclides are allowed to decay for a

predet er mi ne d-rapspactraam reecorded ort ehGe detector (shown

in the diagram below) coupled teaaya comput e
spectra of irradiated biological samples are typicatlynplex (up to several

h u n d fray deaks); hence highly stable electronics and corrections for losses at

high count ratesWestphal, 199@are required to achieve the required high energy

resolution (typically 1.82.0KeV at 1333KeV).
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-| Figure 3: Detector coupled with muithannel analyzer

Sample Preparation
Samples preparation took place in the NiRRreparation of sample laboratory.
Apparatus:

The most important apparatus used Aieplower; Disposable gloves; Polythene
bags; Vial (small contaimg Distilled water; Analytical balance;

Procedures:
The preparation of sample started with crushing of sample from granulated form
to powdery form.

The following are the steps followed
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x Disposable glove was used first to avoid contamination of samplegthro

sweating;

x Agate mortal was washed with water and then clean up with cotton wool

wet with acetone to remove any form of impurity;

x  Brush is then used to remove any particle in the sieve and clean with just

ordinary cotton wool;

x After the precaution hdseen taking, each sample was crushed and little

guantity of the sample was used;

x  Each sample was then taking for weighing using analytical balance called
Mettlar EA 240 and simultaneously the weight of the samples were
recorded for further calculation;

After that, each sample was wrap up with polythene bags with the use of a
air blower for sealing (Filby R. H., 1995);

The samples were then pack into a vial and sealed which then ready for
irradiation.

X

X

Irradiation:
This is the bombardment of target saenpvith flux of neutrons leading to
emi ssiigays of 0

Type of Irradiations
Typically two irradiations are performed using NIRRacilities:

M One to determine shelived radionuclides, and
1 One for longlived radionuclides

For activation analysis tarpduce short lived radionuclides, irradiation time is
set to 5mins. The radionuclides produced are shown in the result. Counting
period of 10mins (or 600s) is used to determine the elements present in the
sample.

G e r ma n-¢ountimg i3 done in two sefde ways for short lived
irradiation:

9 First short counting, and

1 Second short counting.

9 .First short lived counting is the one which take place instantly after
sample irradiation and it is last for exactly 10mins in which some elements
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will be detected Wwile

1 Second short counting is the one that occur after 3 or 4 hours of sample
irradiation. This is done just because of interference in the peaks and by
the time the second count is taking, the elements that did not show in the
first counting will appear(.e. the elements having half lives of more than
10mins).

For activation analysis to produce long lived radionuclides, irradiation
time is set to at least 6hrs.

d-counting procedures for lodiyed radionuclides are also divided into
two:

1 First longlived counting which occur after 3 or 4 days of sample
irradiation. The counting time is exactly 1800s (i.e. 30mins) and these are
the radionuclides that hdlife in days while

1 Second longdived counting is done after a week of first counting (or after
10/11 days of irradiation) and the counting time exactly 3600s (or 1hr).
These are the radionuclides having theirigdfin days, weeks, month
and years (Landsberger S., 1994).

The samples analyzed for the determination of radionuclides and
concentrationare presented below:
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S/| Sample Sample Irradiation
N ID Sample type code Type
African processeq
1| 052B31 locust beans ZRS2A2 Short
African processeq
052B32 locust beans ZRS2A2 Long
Pumpkin
2 | 052B33 leaf ZRS8A3 Short
Pumpkin
052B34 leaf ZRS8A3 Long
3 | 052B35 Seasonings RYCAB2 Short
052B36 Seasoning RYCAB2 Long
4 | 052B37 | African Spinach| ZRS6B3 Short
052B38 | African Spinach| ZRS6B3 Long
5 | 052B39 Tobacco BNHLA1 Short
052B40 Tobacco BNHLA1 Long
6 | 052B41 Indian hemp JCDEB1 Short
052B42 Indian hemp JCDEB1 Long
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These samples were obtained in the Northern part of Nigeria i.e.Zaria (precisely
samaru market)

4. RESULT

The results of the analysis of six (6) biological samples analyzed for both short
and longlived irradiation are presented below.

The result of the irradiation of shdited for the samples in the first and second
o-counting are shown in the table 1 and 2 respectively.

Table 1 Result of the concentration of elements for first stieed irradiation.

B31,B32 | B33,B34 | B35,B36 | B37,B38 B39, B40 B41, B42
ELEMENT | ZRS2A2 | ZRSBA3 | RYCAB2 | ZRS6B3 BNHLA1 JCDEB1
0.42 +
Mg (%) | 0.30+£0.02| 0.04 NA 0.68+0.05| 0.37+0.03 | 0.30 + 0.02
0.060 + 0.30 + 0.060 +
Al (%) 0.004 0.02 NA 0.16 £ 0.01 | 0.050 £ 0.004|  0.004
1.14 +
Ca (%) | 27+03 0.16 NA 415+054| 1.78+ 024 | 2.8+0.4
Ti (ppm) BDL 362+ 72 NA BDL BDL BDL
vV (ppm) BDL BDL NA BDL BDL BDL
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Table 2 Result of the concentration of elements for second difvert irradiation.

B31,B32 |B33,B34 |B35,B36 |B37,B38 |B39,B40 |B41,B42
ELEMENT | ZRS2A2 | ZRS8A3 RYCAB2 | ZRS6B3 | BNHLA1 | JCDEB1
Mn (ppm) | 157 £ 6 78 +3 BDL 37+2 1375 137 +5
Eu (ppm) | BDL BDL BDL BDL BDL BDL
Dy (ppm) | BDL BDL BDL BDL BDL BDL

0.055 + 0.23  +|0.060 *|0.020 +
Na (%) | 0.004 0.14+0.08 | 25.8+1.3 | 0.01 0.005 0.003
The result of the irradiation of loAed for thesamples n t he f i r-st

counting are shown in the table 3 and 4 respectively.

Table 3Result of the concentration of elements for first kimgd radionuclides.

B31,B32 | B33,B34 | B35,B36 B37,B38 | B39, B40 | B41,B42
ELEMENT | ZRS2A2 | ZRS8A3 | RYCAB2 ZRS6B3 | BNHLAL | JCDEB1
K (ppm) BDL BDL BDL BDL BDL BDL
As (ppm) | BDL BDL BDL BDL BDL BDL
Br (ppm) | 1.0+0.2 | 53+05 | 358+35 10+1 51+3 13+1
La (ppm) BDL 5.6+0.4 BDL 23+0.3 | 23+0.3 | 2.9+0.3
Sm(ppm) | BDL BDL BDL BDL BDL BDL
0.47 +
Yb (ppm) BDL 0.14 BDL BDL BDL BDL
U (ppm) BDL BDL BDL BDL BDL BDL
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Table 4 Result of the concentration of elements for second -lweg
radionuclides.

B31,B32 | B33,B34 | B35, B36| B37,B38 | B39,B40 | B41, B42
ELEMENT | ZRS2A2 | ZRS8A3 | RYCAB2 | ZRS6B3 | BNHLAl | JCDEB1
Sc (ppm) BDL BDL BDL BDL BDL BDL
Cr (ppm) BDL 35+5 BDL 17+3 BDL 14.3+2.6
0.035 +
Fe (%) 0.001 BDL BDL 0.38+0.04| 0.10+0.02| BDL
Co (ppm) BDL BDL BDL BDL BDL BDL
Zn (ppm) | 102 26 +6 BDL BDL BDL 20.5+4.7
Rb (ppm) BDL BDL BDL BDL BDL BDL
Cs (ppm) BDL BDL BDL BDL BDL BDL
Ba (ppm) BDL BDL BDL 452 + 65 BDL BDL
Eu (ppm) BDL BDL BDL BDL BDL BDL
Tb (ppm) NA NA NA NA NA NA
Lu (ppm) BDL BDL BDL BDL BDL BDL
Hf (ppm) BDL BDL BDL BDL BDL BDL
Ta (ppm) BDL BDL BDL BDL BDL BDL
Sb (ppm) BDL BDL BDL BDL BDL BDL
Th (ppm) BDL BDL BDL BDL BDL BDL
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A SUMMARY OF ANALYTICAL RESULTS

B35,
B31, B33, B36 B37,
B32 B34 RYCA B38 B39, B40 | B41, B42
ELEMENTS ZRS2A2 | ZRS8A3 B2 ZRS6B3| BNHLA1 | JCDEB1
0.30 + 0.42 + 0.68 + 0.37 = 0.30 +
Mg (%) 0.02 0.04 NA 0.05 0.03 0.02
0.060+ | 0.30% 0.16 £ 0.050 + 0.060 =
Al (%) 0.004 0.02 NA 0.01 0.004 0.004
1.14 + 4.15 + 1.78 +
Ca ()| 2.7+£0.3 0.16 NA 0.54 0.24 28+04
Ti
(ppm) BDL 362+72| NA BDL BDL BDL
V
(ppm) BDL BDL NA BDL BDL BDL
Mn
(ppm) 157 +6 78+ 3 BDL 372 137 5 137 5
Eu
(ppm) BDL BDL BDL BDL BDL BDL
Dy
(ppm) BDL BDL BDL BDL BDL BDL
0055+ | 0.14+ | 258+ | 0.23+ 0.060 + 0.020 +
Na (%) 0.004 0.08 1.3 0.01 0.005 0.003
K
(ppm) BDL BDL BDL BDL BDL BDL
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As

(ppm) BDL BDL BDL BDL BDL BDL
Br 35.8 +

(ppm) | 1.0£0.2| 5.3+£0.5 35 10+1 51+3 13+1
La

(ppm) BDL 56+0.4| BDL 23+03| 23+£03 | 29+0.3
Sm

(ppm) BDL BDL BDL BDL BDL BDL
Yb 0.47 +

(ppm) BDL 0.14 BDL BDL BDL BDL
U

(ppm) BDL BDL BDL BDL BDL BDL
Sc

(ppm) BDL BDL BDL BDL BDL BDL
Cr

(ppm) BDL 35+5 BDL 17+ 3 BDL 14.3+2.6

0.035 + 0.38 + 0.10 £
Fe (%)| 0.001 BDL BDL 0.04 0.02 BDL

Co

(ppm) BDL BDL BDL BDL BDL BDL
Zn

(ppm) 10+ 2 26 £ 6 BDL BDL BDL 205+4.7
Rb

(ppm) BDL BDL BDL BDL BDL BDL
Cs

(ppm) BDL BDL BDL BDL BDL BDL
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Ba

(ppm) BDL BDL BDL 452 + 65 BDL BDL
Eu

(ppm) BDL BDL BDL BDL BDL BDL
Lu

(ppm) BDL BDL BDL BDL BDL BDL
Hf

(ppm) BDL BDL BDL BDL BDL BDL
Ta

(ppm) BDL BDL BDL BDL BDL BDL
Sb

(ppm) BDL BDL BDL BDL BDL BDL
Th

(ppm) BDL BDL BDL BDL BDL BDL

Note: BDL: - Below Detection Limit; NA: - Not Analyzed

5. DISCUSSION

5.1. Sample ZRS2A2 and ZRS2A2

As it has been in the tables above, the sample ZRS2A2 which is known as African
processed locust beans (also known as irQ) is very riokagnesium, aluminum,
calcium, manganese, iron, and zinc than those in sample RYCAB2 i.e.
seasoningsEven those elements in the spice (i.e. Mg, Al, and Ca) cannot be
analyzed simply because of its high dead time due to high dose of radiation during
the first o-counting of shortived irradiation. Then talking about Na and Br, there

is a very high concentrations of Na (i.e. 25.8% which equivalent to 258g) and Br
which is 35.8ppm (i.e. equivalent of 35.8mg) in the sample RYCAB2,
fiseasonings ¢ o mp a r ead prdcessedAldbcust beans that has 0.055% and
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1.0ppm of Na and Br respectively. The concentration of Na iseéasoningbas
exceeded 2.4g which is the toxic level and likewise the concentration of Br that is
found to be outside the estimated medianydeatake recommended by World
Health Organization (W.H.O.)Taubes G., 1998, Nelson, 200Thus processed
locust beans is nutritious and even more advantageousséasoningdecause

the elements obtain in processed locust beans are in appropriatetiprofiaat

our body systeseasonmgsd i whidlamgeheud to our
sense that it contains high concentration of Na and Br of values 25.8% and
35.8ppm respectively which can later cause high blood pressure, congestive heart
failure, cadiovascular disease, cirrhosis, or kidney disease (Denton D, 1995,
Curhan G. C. 1997, Chrysant G. S, 2000) due to the high intake of NaBr.

5.2. Sample ZRS8A3 and ZRS6B3

The analytical result of sample ZRS8A3 which denotes Pumpkin leaf (also known
as ugw) and the sample ZRS6B3 which represents African spinach (amarathus
spp) can be used to show the concentrations present in each sample i.e. pumpkin
leaf & African spinach. The amounts (in concentrations) of elements; Al (0.30%
which equivalents 3,000mg§r (35ppm, equivalent to 35mg), and La (5.6ppm
which equivalent to 5.6mg) present in the pumpkin leaf are larger than the
amounts found in the African spinach. Elements like Ca (4.15% which equivalent
to 41.5g), Na (0.23%, equivalent to 2.3g), Br (10ppnictviequivalent to 10mg),

Mg (0.68%, that is, 6.8g), and Fe (0.38% which equivalent to 3.8g) found in the
African spinach of higher concentrations happen to be minerals that are required
in small quantity in the body systems. The maximum daily intake also
recommended for the elements Ca, Na, Br, Mg, and Fe are 1.3g, 2.4g, 3mg,
420mg, and 18mg respectively (OSU Retrieved, 2008). Therefore high intake of
these elements may cause problem to our health (i.e. when tolerance level is
exceeded.).

Note: 10000ppm =1 percent 1ppm = 1mg.

6. CONCLUSIONS AND RECOMMENDATIONS

From the analytical results of neutron activation analysis of some of biological
samples using CERT (Center for Energy Research and Training, Ahmadu Bello
University, Zaria) facility, we have thelfowing conclusions:

1. Using African processed locust beans (also knowriass food seasonings is
more nutritious than usingeasoningslue to the high concentration of sodium
bromide (NaBr) obtained in theeasoningsvhich may affect our body systems
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and we will like to recommend African processed locust beans for everybody
owing to its nutritious advantages and more so, its consumptions does not affect
our health.

2. Using pumpkin leaf (also known agwy instead of African spinach as
vegetable is mre important simply because it contains higher concentration of
some essential nutrients that play important roles in the body systems. Thus we
will like to also recommend this pumpkin leaf for every one.
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Abstract

In this paperyve studed the concentration of oxygen in the haemoglobifrihe sickle

cell patientusing the Oxygen heamoglobinpair (OHP) model which is an

impulsive Hill-FokkerPlanck equationUsing theB-transbrm of Oyelami and Ale

we determine the best concentration for oxygehaemoglobin to support the patient

using lifesupporting drug like nitric oxide providing drugs. Since the sickle nature of

the erythrocyte of the patient has the contributory factsickling problem and there

is the need to correct this defect and to enhanchadmoglobin affinity for oxygen
absorption, thereby, reduci bgng taprangigmat i ent 6 s
optimization method coupled with the application of denpalculus and B

transform we found that0.5000<c, <(1- 1/k)** m® gives range of the

concentration of oxygen that is required to be absorbed by Haemoglobin of the
sickle cell anemia patient for effectively performance of the bodyndJentropy
objective function, the Lagrange function is unbounded above and could not offer
much information on the optimal concentration of haemoglobin to support the
patient.
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1. INTRODUCTION

Sickle cell anemia is caused by a "defective" allele (mutant form) of the
gene coding for a subnit of the haemoglobin protein. Haeglobin binds
oxygen within red blood cells, which then transport the oxygebody tissues
where it is releaseddm the haemoglobin molecule. The sicklerhaglobin (in a
person with a mutant allele) tends to precipitate, or "clump together”, within the
red blood cell after releasing its oxygen. If the clumping is extensieereith
blood cell assumes an abnotrfsickle" shape. These sickted blood cells plug
the blood vessels, thus preventing normal red blood cell passage and,
consequently, depriving the tissue of needed oxygeteading to a shottived
red cell survival([5],[17]&[21]).This situation often leado stroke as result of
sequestration of blood into the lungjver or spleen and cerebral
vesselq13],[17]&[21]).

Sickle cell aneamia is a genetic disorder commonly found among the
black race especially American eljroes, Africans and the people of the
Mediterranean countries. It is a genetic mutation problem wherein the normal
haemoglobin N in the blood is replaced with a defectiemoglobin S (defective
allele) Haemoglobin S is found to be extremely ineffician carrying oxygen
([4], [5] & [17]) as a result of heterozygote advantage against malaria, the
inherited heamoglobin disorders are the commonest monogenic disease
([13]).Acute pain crises may beausedy infection, dehydration, environmental
temperatue change, ochange PH level of the blood especially if it is too acidic
Supportive therapy includetuid hydration, analgesjcand antibiotic theraps
when infection is suspectedL{]).

Sickle cell aneamia is one of frequent child mortality in the-Sabaran
Africa where children wh this disease hardly survivieyond 5 years and very
few survive beyond 18 yearSickle cell anemia is associated with a multitude of
medical complications rangirfigpom acute painful crises caused by the damage to
the speen, kidneys, lungs, heart, muscles and brain. Repeated hospitalization for
intravenous pain medication, antibiotic therapy and blood transfusions is
undertaken tareat medical problems as they arise. These patients often die early
of overwhelmingnfection or as a consequence of acute or chronic damage to the
body organg[13], [17] & [21]).

Recent researches from experimental point of view have it that sickle cell
disease is the polymeation of deoxygenated sickledmoglobin Sreducing red
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blood cel sickling is to increase red blood cahlh the Hbs affinity for
oxyger([2]). Moreover, research finding also indicated that low concentration of
nitric oxide with increase oxygen affinity and could serve as alternative
therapeutic model for studying kle cell aneamia[2],[6],[13]&[21]).

There are several mathematical models on sickle cell aneamia. There are
models built upon the HareWveinberg laws ([8]&[13]) with fundamental
assumption that gene frequency does not change with time that is, fixed fro
generation to generation. There are those models that are of stochastic origin like
the HW family but fundamental developed using the idea of the birth and death
processes. More recently, mathematical mededing impulsive differential
equations are beg applied to biphysicswith special applications to sickle cell
aneamia modeling §[&[13]).

Impulsive differential equations are systems that are characterized by
short time perturbations in form of jumphocksrapid structural changes that act
momaentarily. This branch of knowledgwas developed not quite lonfywe
comparedt to other branchsof dynamical system3.he (IDEs) has found many
applicatiors in medicine,biotechnology,and phamakenetics and so @¢],[3]).

We hope it will find useful pplications in genetic engineering and computer
based simulation of biomedical syste(f&13],[18]&[19]).

In ([8]&[ 13]) using geometric and impulsive theoretic \&ee able to
compute the blood pressure generated in the body of the sieklaneamia
patient andeven established to some extent t@ahephysidogical problems of
the patientsre directly or indirectly connected to the blood pressure infringed on
the blood vesssbf the patierd.

Furthermore,the sickle nature of the erythrocyte of theigat has a
contributory factor to the sicklés problem and there is the need to correct this
defect and enhance theaanogloln affinity to absorb oxygerio reduce the
patient's physiological problesn([5], [8], [13], [15] & [22]). However, bone
marrow tansplantation, an expensive, higék medicalprocedure, remains the
only known cure for this disease{]).

In the modern times, several optical methods are developed to measure
haemoglobin concentration of oxygen saturation and principal dyshaenresglobi
in vitro and in vivo. Amongst these methods are pulse oximeters, fiber optic
oximeter ,multiwavelengths haemoglobin photometersfdmeters) and infrared
spectroscopy kind of equipment([2]&[23]) .

The oxygen dissociation curv®DC) of haenoglobin (Hb)and theBohr
effectassociated with the of ODC becausdhe shift of the curve to the right as
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PH decreasesas profound clinicaimportanceas it isbeing appkedin numerous
health anddiseasesituations .Areas of applications ODC are in the  nebna
period,haemoglobinopathies such siskle celldiseaseand so on ([18.7]). The
ODC issigmoidin shapewith unique properties, that oxygen saturation (§aO
approaches a horizontal asympt@te the oxygen tension exceeds 70 mmHg,
while it declinesprecipitously down the steep slope toward a point of inflexion
when the oxygen tension f al bebow &0 f
mmHg(see[7])

In this paper,we intend to study the blood pressure of the sickler using
oxygerthaemoglobin pair; determire the absorption potential (range of
absorption) obxygenby the haemoglobin or the best concentration of oxygen in
the heemoglobinif the patient isto be on life supporting drugs like nitric oxide
providing drugg[22]).

2. STATEMENT OF THE PROBLEM AND METHODS

2.1 The Model

We propose that the partial presswererted by the oxygeron the
haemoglobin of the patient is of the form

P(H,C)=KH'C? 1)

whereH is the concentration of theeemoglobinin the blood plasmaC is the
concentrabn of oxygen in the blood plasm& is nondimensional constant
which can be obtained experimentally;and/ are some dimensional constants

and by simple dimensional analysis we can show thafl/ 3andm=1.

We mnsider the oxygenatn of ahaemoglobin(Hb) molecule as four
sequential steps, given that each of the four heme groups within the globin
and two b -globin chains binds to a molecule of oxy{@s) (see[7]) for detall

formulation The reaction process is formulated in the figure 1 below:

Hb+0O, akl H boz
k2

HbG,+0, g H bo4
k3

HbG,+0, g H b06

K
HbQ+O, 5 ' HbO8

Figurel oxygeneration of Hb by @ Source [5]

t
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wherek, i =1, 2é4 in Figure 1 are association cc
(see [5]&[13])

_[Hbo,] _ Kupg [0,]"
e [HB 14Ky, [0,]"

Si,, the saturatiorHbo,; k,, the net association constant dfibo,
n, is the Hill coefficient and

Totaloxy haemogbbin(Hba,)

- ., [.] is the concentration of (.).
Totalhaemoglobn(Hb)

+ SHboz (%) =

The actual data on human Hb &, =2.0°1.1310°and2.9° 1.4310°m'* for
a - chain,) andb - chain(k,) of haemoglobn respectivig ([7]).

2.2 B-Transform

The Btransform of the function X(t) with impulses at fixed
momentgt, }, k =1,2,.. during the evolutionary process[is 8, 10 &11]

BuX(D) = x:(a) + x(Q) 2)

wherex,(q) andx(q) are the L, andL, components of th&-transform and are
defined as

o

%(@ = LoX® = f' x®dtt, t.k = 0,1,2,.. (3)
0
a@=Lx®= & e I(X(t=t, )) (4)
to<ty<t
where
néo, 1, 2.n; ixnthe or@r of the transform. For sake of simplicity, we will

choosen’ = 1. The advantage of takimgd 1 lies in the derivation of the inverse
transform.

The inverse transform for componentsxgg) andx(q) can be obtained
(se€[8,10 & 11) as follows:
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1 .
() = — & . (q)ed 5
X (1) 2Ia.n,..HX(GI)e q (5)

x(® = a ytanlx(t)

to<tk<t

Figure2: Normal Cell and Sickle red blood cell

In ([8]&[13]),using B-transform method we obtained the pressure the sickle red
blood cell exerted on the blood vessels of the sickle cell patient as

P(r,X) = € Po(r)-dp>x’e**P(ro,Po,/ sum)
+4p%2e™ g(A x, N+ a e¥f (a.x) ©

Xo< Xk <X

where

X
P(P01Xlr!un): 2CfoU2m (7)

C; = Coefficient of friction D = Diameter of the vessel

u2= Mean square velocity of the blood plasma
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A = A@- €™) is the area cubff as a result of sickle shape of the blood cell.

g(Ay, X r)= X:—':b = x’e ™ Ay(r)is the Arial potential of the sickle red blood cell.

ris the radis of the sickle red bloodcejl;, i s the density of the DI
x is the movement of the blood along thexis

It will be recalled (se¢8]), that we stated thag - X1 = fo( (), k=0, 1,
2,...andxcdepends on the sug¢g fUs)ciea pieewisei ty U an
continuous funtion. It was also noted that is, in fact, impulsive because of
vibration and variation effect of the texture of the composition of the surface of
the sickle blood cell.

]
————— - [1-eop{ 0 DO0D0Y",
|-Om

1o 0 0000,

Figure 3: Typical sickle cell aneamia bloo
cells as simulated by some functions

In figure 3 we try to replicate a typical sickle cell erythrocytealiypeans
of simulation. The simulation is carried out by finding the equation that describes
the area cudff from the normal red blood cedls a result of sickle shape of the
blood cell We observed that as the thickness of the each parabola in figure 1
increases we have something that is similar to typical sickle red blood cells.
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1.2 Oxygen-haemoglobin model (OHM)

Consider the Oxygerhaemoglobin modelwhich is an impulsive HitFokker
Planck equation

2
LNV LT s Lok
ut MX MX
K e K
1+k,C"
DC(t=t.,x)=gC(t, )+
( k ) gk (k) gk (8)

Subject tanitial conditions
H (0,t) = H,(t) andM =H,(t)
X

0<ty <t, <t, <..<t,limt =+ o

where

D is thediffusion coefficient; v, is thevelocityof convictiorn xis thedistanceof thesickle
erythrocygin thebloodvesselk andk,arerateconstantduetomassaction;k , is thenet
associatio of Hbo, andnis Hill' sconstanC = C(t,x) andH = H(t,x)arethe
concentrabn of O, andHbat timet atdistancexalongblood vessel..

g, andg, account thimpulsiveeffectof movemenof sicklebloodcell asaresult

absorptiorof o,by Hb.

Remark 1

k,k, =0 The equation is the Fokk&lanck equation and HC accounts for the
massaction for the oxygen and haemoglobin respectively. The equilibrium state
for the model can be found by setttcﬁi;g<L = O,% =0andDC(t,,,, X) = constan

for fixed x in the equation (8).

Therefore
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k,C"*(x,1)
T (1+k,C" (%))
And 9)

~~

geu_a k,C"*(x,t) 60 k,C"(x,t) +D a Zé k,C™(x,t) 00
%1+kC (%, t))88 A+k,C"(x,t)) %xz $1+kC (x,1)) 88

Setn=4 ,vo=-0.25, k»=0.5,k 1=0.08,D= 0.008 and

_(z-1p°" . .
F(z) .=— in the above equation we have
ad a(z- )°°® ad? a(z- 1)°"° a0

- 1.562 +0.00 =0 10

z z 68 [%22 % z 68 (10)
Therefore
- 156288 |:(z)9+0004%aOIZ F(98=0 (11)
' cdz o 8

and thesolution is
312%

F(2)=C,+Ce ®
whereC1 and C2 are arbitrary constants.

But

dF(9 _ 075 (z-1°" (12)
dz (z- D**z z°

ThereforeF (1) =0, lim ? =0 which implies that €=0 andC; =0.And
z- o Z

therefore F(z)=0 which implies that z=1 or infinity. It follows that the equilibrium
point issuch thaH =0,C =0andDC(t,,,, X) = constant and br Cto be at

infinity is not realistic.
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2.3Formulation of Optimization problem for the Oxygen
Haemoglobin model

We intendto find the optimal concentration for the oxygen to be absorbed by the
haemoglobin for the sickle cell patient for effectplysiological processes. In
other to achieve this we use the Lagrange multiplier method as follows:

minC(t,%) = kp(t, )H 731, %), subject tC(t, X) ¢ % (13)
We define the Lagrange equation as
kC'(t, X)
L(C,/)=C(t,x)- /(C(t,X) - ———— 14
(C,7)=C(t,x)- /(C(t,x) 1+kC”(t,x)) (14)

We will find xand/ such thaj c = 0,% = 0 thatminimisesL(C, /).
M

2.4 Maximum Entropy Weights
We define L as a negative entropy function

Lo(W,W,,...,w ) = 8§ W logw .LetW, be convex hull of point$,, h,,....,h, which
1

n

. awh . .
containg, -+ and this occurs almost surely for largéNVe are now in the
n

position to find the weight to minimize Le as follows:
. .
min L, (W, W,,...,w,), subject tq(q wh =m,g w =1
i=1 1
Let h,i =1,..nare the concentration of haemoglobin at monneamd

Define the Langrage function for the above probésm
L=a win(h)-vq w-/q wh =0.
1 i

We need to determineand / for which
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& “L Oand&:o.

Hh uv

3. RESULTS AND DISCUSSIONS

Using Maple 11 for Lagrange equation we obtained sufficient condition for
extremum as

n-1 2~2n-1 n
&:1-/(1_ kC + kC nz):O, &:C_L:O (15)
pC @+kC") @+kch W A+kC")
It implies that
KC'- kC™-1=0, / = 1 (16)

] kCn-l N k2nc2n-l
1+kC"  (1+kC")?

The first equation in equation (16) hasaots by fundamental theorem of algebra
and some of the roots are real and others occur in complex conjugate .To find the
solution in general, it is intractable but using Galois theory the solution can be
found using radical expression or we find the numerical approximation to the

roots. We simulated the model for 4andk =2.4310°m* found that

/, =0.9807000/, =1.02007/, = 0.9996+0.01967 and/, = 0.996- 0.01967.Wherei® = - 1.

Therefore  minL(C,/) =0.5000m°® this is the minimum concentration of
oxygen required to be absorbed by Hb for effectively performance of the body.

We found that

& & 1 aw,
n= |Zgaln(h)+lo+aawm3 =2
i Ci= + Gim 3y n(n+1) Ah

i=1

and therefore,
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L =88 w In(h)6- 1238 In(h )0+ &8 w, &8 w, &
Ci=1 + | Gi= + o Gimt Gy n(n+1)
+58 W, &8 wh 0° onl -
Cizt  =Ci=1 + g-ahig
Ci=t —~
ie.,
;o _ BHINM) 16 § wh
\ L=3§ w In(h)8- &+ S I
C1 + n(n+1) Ah

1
n

sinceg w, =1
1
Proposition 1
Give that h,i =1..n are nonmnegative concentrations of haemoglobin at the
period i such that the weightw; are such that |w |¢1.Then

|L[¢ 28 |In(h)|+n(n+1) and it is unbounded above Bs & .
1

Proof
Straight forward by estimating (majorizing) L and taking note

that3 | w |¢g(1+ n).
1

Remark 1

The clinical implication of proposition 1 is thate cannot say much about the
concentration®f haemoglobin as the coupling sizebecomes larg whether the
maximum or minimum concentration exisising entropy objective function
.Therefore, it is advisable to rely on the concentration of oxygen in the blood
plasma as obtained from the analysis of the equations (15&16).
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3.2 Application of B-Transform

We assume that the solution of the equation (6) exists and continuously depend on
the initial data (see [12],[289]) then theB-transformcan be applied to Oxygen

haemoglobin pair model as follows:

Equation (8) becomes

2 n
k1ﬂ+k£:-vok1“H +kpHH _ KKC
it kX u*  1+kC

Applying B-Transform we have

Lcakl_l I g: ,.,U-H -X/qdqz'H_O'F%ﬁ

CHX =+ o 'IX

é 2H6 lL,H.ZH - x/ 1— .15
L, = “dg=- =H,+H,+=H
ééllyg M a’ g
a

o}
LBl x=x)= B e “(@.C40) + 9.8

Xo <X <X
[ol-]

. ac"ao
Now letz(x) =1+ kC" for fixed t then L
) "é-rﬁﬁ (% z(s)83

s/q

Therefore application of Bransform to the equation (17) gives

K, “; +k‘:It = (Qu,k, - KD)H +qkDH, + (kD- vok,)H

1 °
' F\Z% 29 g+ & e, +0))
A

Xp <X <X

But

A o o e o o
ff—ds=H(t.q)- H(0.0), ff ~ds=C(t.q)- C(0,q)
o b o HS

(17)

(19

Therefore, taking the inverse Bansform of equation (18) and after simplifying

the equation we get
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H(t,x) = H (0O, x) - K “dqg

1

t
- kDtH, (0, X) + thﬁqH_o(O, x)edq+ (kD- vokl)ﬁ-l(s, x)ds (19)
— rﬁ<( )e fadgdst & 7 (% )(9.C(X) *ay),

where
/. (Xk):i_ﬁeq&-xk/qdq
20 ¢ |
We can use equation (1) to find the relati@tweenH (t, X) and p(t, X) as

H(t,X) = Hq(0,%) - kﬁ(p(t,x)H'%(t,x)- po(OH % (0,%))

Vo kt ktDH, (0, x)

“dg- ktDH, (0, x) + u(t)

(20)

+(kD- vokl)!)’i—l(s, x)ds+z mql- E)e‘s’q”qdqu

+ a/ % )@Cx) + g0

Xo <Xy <X

e 1if x>0

whereu(x €
(0= m = ,0 otherwise

In order to determindH (t, X) completely we need to solve the integral equation in
the equation (20) completely.

The following theorem shows how the concetitraof Oxygen changes with that
of heamoglobin:

Theorem 1

The haemoglobin of sickle cell aneamia patient will have maximum potential
absorption if there exists@ >0 such that
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1 n-1
L e €80 samngqges L angc <@ Hy% (21)
20 ; A+ ke (5,0) i “

Proof

By differentiatingthe equation (20) twice with respect to C we get

1 n-1
E:_L_Fﬂ““" C (S,Q) e—s/q+tqdqu

KC k20, ,1+kC"(s,0)

2 1 n-1
9 H :ﬂ ~~(n+nkd(S,Q)' kn)c (S,CI) e—s/q+tqdqdS

ez 2p M ek s.0))?

By simple rule in calculus the proof follows immediately but we must note that if
c. =(1- %)% we have point of inflexion for which we cannot infer whether the
absorption isnaximum or minimum.
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Abstract

Magneteoptic effects in transparent dielectric materials embedded with
ferromagnetic nanoparticles have been investigated through simulation of a
nonlinear wave equation. The possibility of generation of harmonics due to
magnetic saturation in ferromagnetic nanoparticles was studied. A simplified
nonlinear springnass systenmodel that accounts for magnetic saturation and
harmonic generation is presented. The simplified model is analyzed using the
finite element and finite difference methoasd results are compared with data
from simulation studies.

1. INTRODUCTION

Nonlinear optical effects occur due to the nonlinearity of constitutive
relationshipg1] i n Max we | | B 's e(B H andBt=intdd s Nonlinear

effects due to nonlinearity of the constitutive relation for the electric fielé@ hav
been demonstrated through harmonic generation experiments. In particular
Franken et al [2] demonstrated the generation of ultraviolet light by passing a
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ruby laser beam through a quartz crystal. However due to difficulties in
manufacturing high frequendgrromagnetic materials nonlinear optical effects
occurring due to the nonlinearity of the magnetic figlonstitutive relationship
have not been extensively studied. Recently the nonlinearity of ferromagnetic
resonances was used to generate secondighdrtharmonics in the microwave
region of the electromagnetic spectrum [3].

With the maturation of nanotechnology it has now become feasible to
manufacture high frequency ferromagnetic materials. This paper considers the
generation of second and highearimonics due to nonlinear magnetic effects
resulting from embedding ferromagnetic nanoparticles in a transparent dielectric
matrix.

2. RESULTS

The Maxwel | 6 dor etegiromagnetic wave pmopagation in linear

media. Howevethe linear wave equatianareonly valid at low field values. At

high field values the relative permeability is not constant but decreases
monotonically until the free space value is reached. The decrease in relative
permeability with increasing magnetic field value is due to ahgnment of
magnetic domains. When all magnetic domains have been aligned the
permeability cannot increase any further resulting in a constant permeability for
very large field values. This effect is modeled by the nonlinear wave equation (2).

The nonlirear wave equation can be numerically solved using a finite
difference approximation scheme. First the partial derivatives are approximated
by finite difference approximations. These approximations are then substituted in
the nonlinear wave equation resadfiin a difference equation that expresses the
field at any time t and location (x,y) in terms of the field values at previous times

(4).

.
08 =mé>
Ht

m= mrm

m=a “sech (B)

28 _ 2 ng \
DB Ha #sech (cB)p (2

w
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(c,? < 4 for convergence

The results of the finite difference approximation simulation are shown below
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Figure 1. shows a normal mode fibre linear wave equation.The
solution was obtained by finite element method with triangu
elements over a rectanaular domain.
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Figure 2: shows contour plot of lineamode shown in figure 1
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Figure3: Shows variation of the magnetic field with position af
100 iterationdor the thenonlinear wave equatioifhe ®lution
was obtained using a finite difference approximation scheme.

In order to obtain an analytic solution for model validatiee model the
nonlinear saturation behavior in terms of a nonlinear rapsag system model

for theelectron response.

mXx= gXx kx gtEcos( 1) (5)
Equation(5) can be soled using a singular perturbation method approximation.
To this endwe assume the electron displacement x(t) due to the electromagnetic

wave to be of the form:

X(1) =% (D) ex() +oy() ‘hg()... (6)
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