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ABSTHJ\.CT 

The matrix elements of tho Hauiltonian between nine 

localized 110.VC functions in tiGht-bindinf; fOrlJaliGlil are 

derived. The syml:letry adapted wave-functions and the 

secular equations are formed by the t,roup theory method 

for hign sy~~etry points in the Brillouin Zone. h set of 

intero.ction integraln is chosen on physical grounds and 

fitted via tL 0 Slater -Koster interpolation schBlfie to the 

abinitio bund structure of chromium calculated by the 

Green's function method. Then the energy band structure of 

chromiUla is interpolated and extrapolated in the Brillouin 

Zone. '1'hese rosul ts L1ay be directly used fGr cOInputation of 

the cOulplex energy band structure at any point of the 

Brillouin ~ono and density of staten of cllromiul:l,. 
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1 

IN'l'HODtJC,['ION 

ces~ 

1. r('hp 0):i;}t(~nCE~ o.f ,'jOplli~;t~i(;a'l-~ed fi.r~t~p:r:i.ncipl(~s band 

E~_le(::t.t'O(} pot,GJlt.idJ and i):ce frE~qu0ntly cax'rJed out 

self-·COl18istUl'ltly. Irhe~e calculations CAn bo carried 

out at. fE'vl hiCjh S\jHtHlCtJ:y po:LnU! in the Ed.1Ioui.n zone 

(n~) , 

2, ,['he dev .. ,loprnmli: of .i.ntcn'polat:ion schernefJ, vlhJ.ch short. 

c.ircuJt~ many of the calcuJDt:Lonal complexJties 1.nhe,·J 

l~pnt :Ln d band calcul<'.! Lion~ by the. :j uodicious use of 

syJfUn"!I:ry i\l.'gument.c: dlH.1 cp:onp th<'J017 l1\c)thod, thereby 

leading to a deepor tHl,'kJ:Gtandj,ng of ,th'" qualH:at:i.ve 

featU:C(~H of thE? el(3.(:tron (~n(:?-r9Y v!:?:rGu::j. \'l(:tve nurnbe~( 

c1:i.sp()'!:sion relatJons t 'J'h:LH lnethod is UGod ClS a useful 

adjunct of flrst-pri.nciples band calcul.atioDB. 

few high r~ymllleLl:y poi-nb; in the 1/48 pad: of the HZ by first:--

pd.nc:i.plce Hl<,thoc1 «(;'('con \ s funct.ton method) by S. Asano and 

J ~ Y<:llnashi.t.a r 1 ] ~ rphc~ Green function met.hod. has mer.l ts of 
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l:tghtr of t.his f th~ Hlo.in objcccJ:ve of this p:coject: is to lrlt:e:c""" 

polate and extr:apo1at.e the (~ner9Y band struct:lll'ef3 of chromiuro 

in the whoh' Brillouin zone by Slnte:c·'Kostel' intel:polation 

scheme. 

\uthin 'chis frmne work one has to derive the matrix e1e-. 

menta of the Hanl:l.lt:onian between n:l.ne localized I'lave--functions 

in tight-b;l.nding fO;i:mo_Lls1l1. The symmetry a_dapt_ed I'/ave'-[unctions 

aX'e formed by group theory methods for symme-t:ry points and lines 

of partioular sYlll_metry in the HZ, ~rhe secular equa-tions for the 

symmetry p()~,l1ts and lines are derived using the symmetrized 

wave-funct;!,ons as basis set: of the representation. The secular 

deterl1);i.nan-t "'Ih,i,ch is in general 9x9 and complex 1.s obtained in 

its l~educed form. 

'1'h6 interaction integrals ;Uwolved in the matrix elements 

of the Ha.ro;!,lton:',an are related to one another by judiciOUS' use 

Of sYll1metry i'\rgUllJent and physic<;.l ins:tght,. And the rnat::cix 

elements, thereby the secula:c equatlons are expressed in tCll:rllS 

of the .t.ndependent ;i.nte)7aetion lnteg:cals. 'fhese independent 

integral::; a,re treated as dispOS<:1,ble honstants and a:r:e Htted to 
/ 

the f;l.rst-·p:d.nciple energy bi'\ud stnwturefl of eX' vta. the SlCltei'-

KosteX' interpol;;J,t;\.on scherne. 

These ;t'e$.ults may be dj,rectly used lor cornputat;i,on of the 

complex energy band structure at <>,ny po:lnt In i:he Br:Uloutn 



zone, for thE' study of maqnetism and to calculate density of 

~tates of Cr. Also tn studying opt:tcal properties, related to 

transi tiona betvle,'m the en61:9Y bands. 
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dinger equat ion of: t:he fonn, 

.,h 2 2 ~ V , + V(i) , ~ E' 2r" 
,<1here the potenU.al V (f.) I, iH periodic v1hieh arises from the 

periodic arrangement of the latU.ee particles [2] • 

In principle the probleI!) of electrons ;tn a solid is a 

many-electron problem, for the full Harnilt:onian of the solid 

contains hot only the one"':electron potentials describing the 

interactions of the electrons \<1i th the massive-atomic nuch,:!. I 

but also pair potentials describ:i.ng the electron-electron 

interactions. :r.n the indep,}ndt~nt:--electron"approximat:J.on these 

interactions are represented by all. effective one-electron pot en­

tj.al V (r). The' problem of how best ·i:o choose this effective 

potential is a. complicated 01113[3]. 

The I."ave-function that i8 soln"~ion of eq. (l) is of Bloch~ 

form 
... >- + 

··r -+ ik l" 
'(r) '" U(r) e·" (2 ) 

,."here U (1') hqs pe:Ciodicity of t.he pot<il1tial, 

And 
~r -+ 

ik.R 1 e ;~ (3 ) 

;l; 
~lhere '" is the lattice vector and the wave vector \"hieh 

is a good quantum number, 



"'" 5 ~-.... 

. Hcmce, it ls obvtCHlS f)~om oq, (3) t~hat not all energy 

. v~rltH?if3 a~c(~ p(}sstblF~ but only C(-j'(t:;}ln V':1.1t10Ft ':1~n a:ee j?o~j8:Lble 

fox: a" given It', As { nmsl:hrough all values I the perml.sslble 

energy values belong to real \'lave vectors. 

As a consequence of the translational symmetry of the 

lattice there exist energy gaps that is forbidden region and 

allowed regio!) en81:gy bands, 

_2ZZZZZZZZ~727T/7ZZ7J2ZZZZT~ZZ2i b1 

'J!';lg. 1 l'Jnergy bands of a crystalline soUd, 
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i.Phe eno:cqy ban.d sl':t'Uct:llY(~ of \'C). (:):'yrd-:',al1:Lnc Hol1.dH :EOJ:nl 

it compJj,ca:i::ed phys:loal sygtem. l\nd t.he fn:oblem of calculating 

band struoture is '-, many~body problem. 

Fh:st principle methods' used in band calculation con,sist 

of formulating the form of the cr.ysti'\l potential by inspection 

and prooeed to solve Schrodinger equation. These methods of 

calculating energy levels· have a reasonable claim of exactness 

in that the expnnsions employed wtll, in principle, conve:cge 

to the state of interest as more funct:!.ons are added [4J. At 

the ssme t.ime the calculations are gene:t:ally qutte difficult to 

pel:fo;r;m except: at pOints of high symmetl:y in the BZ. 

On the other hand there is a more powerful method which 

provides a reasonably slrnple techniqUE! of approximating the 

energy of states at general pOi.nts of the zone. '1'his method is 

known as the tight"'!:;inding approximation or linear combination 

of ~tomic orbitals (LCAO). 

.'. 



CHAP'l'ER 2 

'l'Im 'rICI!'r"BINDING ,l\PPROXIM1\'r'WN 
• _0 e , '_"-' __ "_~_., __ . "._.' ._, ____ v_~" _, ~~. ,~" ~_~_ .• _._~ • __ ~~ • <~"_~~_' "_<,.~ ~ .. ~.~._.~ 

and 

'l'he tight"binding approximHtion deals vlith the oase in 

','lhioh the overlap of atomic \~ave·-functions is enough to require 

correction to the pioture of isolated atoms[5]. 

The princ:!,pal assumption in this approximation is that in 

the vicin:!,ty of each lattice po;\.n't the full periodic crysta.l 

Hamiltonj,an can be app~:oximated by the Hamiltonian of a single 
A 

atom Hat at ,the lattice po;tnt. 

(4 ) 

Also the bound levels of the atomic Ham;tltonian are well 10ca-

lized, that is 

then \,/e require a 'q, n to be very sloall for 

a lattice constant termed as "range of q, II and 
n 

., .f' 

(5) 

that exceed the 

VI6 can proceed 

by calculating corrections to the Hamiltonian to this extrenle 

case. The index 'n in eq.(5) represents a set of. quantum 

numbers. 

On the other hand one can formulate the full crystal 

Hamiltonian and proceed until the necessity for approximation 

arises [6]. '1'he crystal Hamiltonian contains a sum of potentials 

centered on each atoro. 



fl.-H + at. 
l: v(i:,.l~v) 
v 

(6 ) 

We fUrther aSSlUne that the motion of elect.rons in the 

·lat.tice is det.ermined by the potent:l.al of the ion at which 

vicin5.ty an electron is preHC'lnt. at a g:i.ven moment. 

1'he crystal potential ~lhich is regarded as the· sum of 

atomic potent.ial iH ped.odie for t.he cryst.al possess' t.ransla-

'lion synunetry. Consequently '\::ho elgenfunctions of the full 

cryst.al Hamiltonian preserve the Bloch form 

(7) 

~Ihere the function 1> (~ki.\! not necessarily an exact atomic sta­
.,. ::!: a .,. 

tionary'"state wa.ve-function, hOl-leve:c for EV(r-1'<v) 1>n (x) ; very 
v .,. 

small the function .1> (r) approachefJ the atomic \'lave-function 

a + a ~ 1>n (r) . or to vrave'-functtons with vlhich 1>n (r) is degenerate • 
.,. 

Based on this expectation, one seeks a 1>(r) such that,' 

(8) 

'l'he major pro~lem -6f ·the tlght.-blnding ,approximation is the 

accurate evaluation of- Bloch sums, eq. (7). The approximation 

consists of neglecting the overlap between the functlons on 

non-neighbourlng s:l. tes, but 1 t makes a reasonable approximation 

if the overlap is not small. 

The tight··bindlng appl:oxhnad.on is most sui table for 



electrons vlhich are tightly bound to their atoms j.n the bAnds 

built from .:tnnej; elect:nH1s or from u'··eleotrolls whose OJ:b;i.tll 

have :c~dat::tvely small :cadlJ.['J] I but ve:,;.¥ bud for valenoe and 

excl ted statefJ f vlhence the oorresponding Bloch sums converge 

very fJlowly, 

~'he tight.-bincling method demonsb:ates an important prin-

ciple. Suppose we take N atoms, and keep them far apaxt. On 

each atom there vlill be different C\tom:!.c levels; in t.he whole 

assembly these Vli,ll be N'-fold degene:cate states for a single 

electxon(8] . 

But when ,-/e br :i.ng the atoms togethe~: / the orbi ta·ls over-

lap and we find that the N'-fold degeneracy ts split into a band 

of sl:ates. There. will be a oomplete band, of N states, arising 

from each atom~.c level. So that we can refer to 'che 3S F band, 

4p-band, et.c. I arising fr.om the corr.esponding atomic states. 

This clClssif.lcatj,on is particularly apt :!.n the .case of transi~ 

tion metals, wher.e the d-state of the atom are rather compact 

\'1ithtn each core, so that they combine to form a relattvely 

narrow and well defined d-band. From eq. (7} and eq. (8) 

'. _I--. 

(9 ) 

'I'his function looks 1:t'ke a series of strongly localj.zed atomic 

orbitals, multJ.plied by a \'la.vy· phase i:actor . exp (tit-Ii} • Within 

t1~bh atom the l.ocal orbital predom:!.nates, and should be a good 

solution to the local Schroed:J.nger equatton. 
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This fmC/geat that our l'IaVe funct;l,on is a linear cOJl)b;l.na~ 

tion of atomJ.c m:bltals, Fo!' t.hli,; reason this method :ls also 

knOvlll aB Linea:.: Comblnat.ton of Atomte Orhitals (LCAQ). 

Ne can nOvl form the matrix component of the energy bet-

ween hlo Bloch sums, eq. (9), but bes~.des running into computing 

difficulties w:tth three-center integrals the Bloch sums are not 

orthogonal to each other. Ne can remOve this difficulty by 

setting up nevi atomic orbitals, H.near. combinations of the ori~ 

ginal ones, ~Ihich are orthogonal to each other. 'rhis can be 

done most sYlllmetrically by the method of )"Q,'Idin[@Jwe shall assume 

that this is done, and shall call the resulting orbitals '¥n • 

These Li)wdin functions 'I'n show symmetry properties l:I.ke those 

a ] of the atom:tc orbitals <P~ from wM.ch they ~lere derived[9 • From 

these Lo,~din functlons, 1'16 can no .. , construct Bloch sums, 

(10) 

where is the vector posltion of the atom on which the 

orbltal is located, these Bloch SUlllS are normalized and ortho­

gonal to ea.ch other. vIe are assuming periodiC boundary condi­

tions, and the number of unit. cells t~ the repeatin9 region is 

N ; the normalization is over this repeat:ing region. The SUlll 

is over p:rimit;l.ve unit cells. 

The matrix component of energy behreen two Bloch sums. If 

'R is the Hamiltonian 

(11) 



( , 
The sll-Ill :ls over the N untt cells. An4 the posi.tton 17ector/> !'R~, 

€.\nd 

'V n 

ranges ove:c the pOGitionB of atolllB on 'I'/l1j,oh orbj,tals 

'!' 
III 

a~ce loeato:d Y:espectlvely" ~ One summal:lon of. th(-) 

above double sum can be eliminated, for j,t merely amounts j;o 

multiplication by "N" 

(12) 

. (Rj-~i) is the vector displacement from the atom on which the 

orbitals 'l'n .is located, to one of its neighbours on ~lhich an 

orbital 'l'm is located. 

The actual calculation of the integrals in, eq.(l2) the 

matrix component of the energy, is extremely. difficult. First 

we must ftnd the 'orthogonaltzed LO~ldin functions, from the 

atomic orb:l.tals, and this is a very considerable task. When 

this is done, each '!'n in eq. (12) is a combination of atomic 

orbitals of many nearby atoms. Thus, the integl:al in eq. (12) 

can he made up as a linear combinatiol)· of n)any :i.ntegrals of tre 

form of 

(13) 

'fhis is three~cente:r. integral who&e oalculation is· very diffi.~ , 

cuI t. All. these complioat5.ons add up to make the rigorous cal­

cula.tion of the matrlx components of energy an almo$t :l.mpossible 

task, not only because the ind:l.v:l.dua.l terms are difficult to 

vlOrk out, but also because there are so many of them, combined 

in complicatecl \·m.ys. 
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uations iJ.:t:<~ introduced UOllV('1:tj.ng the method ,1:':(,0)1\ a :c.i.go:coua 

one to' (l :cathe:.: slmple interpolatton scherr,e. We merely uSe the 

form in eq. (12) for the rnatr.ill. components of energy, but r~place 

the integrals by disposable constants, which \qe choose to fit. 
-I; , 

accurate determinaU.on of energies at particu1a:c 'K' values. We 

\'1!L:;;h onl7f €I f.:I,n:J,te number of arbitrary constants, for we have 

to f:l,t only a f~.nite number of accurate calcUlations of energy. 

~'o ChOOl'l6 a ;fin:i,te number, we proceed as £011011S. The integral 

in eq. (],2) will get smaller numerically as the atoms :I.n question 

get ;fuX'ther aJ?<\rt., The presence of the orthogona11zed Lowd:l.n 

functions :l,n the Bloch SlUO, eg. (10) I \'li11 ampl:i.fy the above 

process. Hence, E\ first natural s:bnplif:lcat:l.on is to assume 

arbitr<l;dly that all ;tntegrals are to be difJregarded except 

those for ne:l,ghbol1rs lying closer than a certain nlinlmum d:l,s-

tance. We can upe only nearest, second nearest and third nearest 

accord;Lng to how nl<\ny d:lspo"i\hle constants we \'lish to use. 

There;Ls one th1ng to be not:Lced about the 1ntegra1s 1n 

eq, U2}. Many of them must be r.elated, th:cough dernand13 of 

clZysta.l symmet:r.y, , -Thus, J.:f. syrn:metry opera.t:Lons of rotat:l.ol1 and 

J.nvexs:!.on abo\~t the atom atpos:!.t;l,on ~:i: ' ,1he1'e the or.bital 'l'n 
.... . -{~ 

is located, wHI c<\xry the atom at Rj ;1,l1to another unit cell, 

then there w:l1l. be relat.ions between the integrals between the 

orbital /'Ind orbitals of type 011 these various atOnlS ,which 

clei.\rly must all be, at the s&nle distance from the £:I,1:'st atom. 



. '" ' 
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, This can be systemat:l.cally handled by the. group theory, 

dec:reasing q:e6Htly the number of: independent tnte~j:r.als, 

The cOl1venientfeat;ure .Ihieh 'VIe can observe :b:oJ1). eq, (12) 
'",.J_, 

is th,e very simple ~lay in whlch each term depends On the propt\"" 

gation constant tiKi: . • E'or e~ch "K,i value, the energy leyels 

can be related to the irreducil:>le representations of.tl1e9:t:'0UP 

of wave vector, the wave-functions. :l.n the crYl;ltalare.the bases 

of such irreducible representati.ons .My series of \'1ftve"'-furtc .. 

tions can. form the b,%sis of. w)"lat :l.s in generalreQuc:\.ble, :l:epr¢l~ 

sentat:lon oitho group, By;jud:l.ous use Of group theory Olle can 

build up a set of basic functions for the ;l.rr$duOiblerep:i:esen-
. , . - '" , ,. 

tation of the group of wave functions [101. Su~hana:nalYsil:l· 
, _ .. -' . 

. -.' ". . 

short circuit> ID?\ny of the cal.culaUonal cotlpleiitie$;l.nherent in 
the Slater-Koster interpolation scheme. 

The Sla~er"'Koster . j.uterpolation scheme i,s 'simply fl. method 

of interpolating between ene1:gy e:\.genval\ltils.calcul.a.ted at points. 

of high symmetxy ;l,n t.he BZ and therebypbta;l.n:l.ngelect;ron dis­

persion relations that are val;l,d for al,l"\;;t}' . 

A., ~7_t:-,_ 

'1'11;1.:;; method of inte:cpolati,on ·isC\dvantageous for thepa:l:'a~ 
.1._ ' -' ",' -, ". 

meters ofth<:s6heme may be adjustedt:o'br;l,ngthl?ener9yb~Ms 
. '--. 

and Ferm;\. su~:f<wes :Lnt:o hettel;'agreei1')ent"lithei)!er;!.ment[ll}, lis 

is \Qe11. known r the ,vario:us approXimat::l,o)'lsrita4e\in ·first":'pr1n­

ciples hand (n\lc~lat::I;ons· Clem· lead. to ~ub~tal:i.i;:I;~:t etio~s: •. 

The l?hilosoph:l,caloutlook dOl1c8lmi.ng tMut:H:I;ty and Sa.9~ 

nifidcmce of ,i.nterpolat:1on sohemEl ;tn relation to f:I.:t:'st pr;i.nc:!,ple 



&?n,:~:,~aXl~,Calc\llation!:l ifl that these t:vto <;Iu.H.e different appxoaohef\ 

(f~w~it~~~:1,'~,~~,~'~ga:rded as complementary rathe:.: than compet:l, t:!;VEl, 

~;!':·":':tn~e,~4:·asit :l.s done here :tt is possible to combine the best 

features of both approaches, 

!n conclusion Slater-Koster :tnte:l:pol8,tion scheme il3 a 

useful adjunct to first"'pr:l,nc1,Ple calculations along the lines 

just described and it.s most'basic use :I.a to be found :l.n the 

determination of the band' ·structure and denl'3ity of st.ates. 



The Schxoed;lng·e;c equation j,$ usually too complicated to be 

solved analytically or even numt~)'icully without making 

gross approx;lma-t:ions. 'l'he 1:'(';8.1 :!:fOpor.tance of syrnmetxy 

aX'gumenta .1.n such situa'cions H,es :l.n the· fact 1:h&t for 

systGlllll of· 1.nterest, the symmetry propert;les of the equa­

tion may be :rel,atively sjJTlple, and 1110re than 'chat they do· 

not ;!,n-volvoOl <l.pPl:'t1xima.t:i.on [l.2] , 

One :lnvest;tgates a certa:ll1 symmetry property of any physi­

cal system {represented j,n the usu<'\l formalism by ~.ts 

Ha.lll;ilton;l,qn) by "rotating" th\'.! app;ropr;l.ate coord:tne.te and 

check~,n~f tOf;ee if the HAm:Utrmian st;Lll looks the same 

'l'he too:tne.eded to ca:r::r:y out th;Ls p:ocedure is the (:let of 

o£th.e pyst<;)1.1blW a spec;i,f;l.ed an~ount. The entir.e set of 

auch opeX'atox£! on a oertai,n coord;i.!l<\te conveniently :roX'l'I)s 

a ·m<\them~tic<\l gr.9up of operators, cal1.ea i:1 sYl1lmetxy group­

\·th;l.oI1 ;\;~SlJbject 1l)atter of gi:OUP theory. 

Q:he. p.l:;l,ncipal; reasons gro\1~J theo:cy has been useful. in 1'hy­

s;l.cs a.rE!, J;t:enC\ble.s to cli.\ss;l.fy anel lc-J)le thE; eigenstates 

of a. quantUlli l1)echanical system and to tmderstand the dege-

neX'a,te enel;'9Y cigenstates of the system in terJ1]I'l of the 



L -'-"." . 
t:~-:::-- ;;-:Fl'b.c6:r~' -:f.):;()Yn t:h(~rjG ,synrrnEj:txy p:eop~:L't:1,(::;0 
i~ c: .-: 

. thedogEmex:at:e levels uniquely, ~'hese Seune cormlluting ..... 

ohservables identify eonse:cvat;lor. l():m> obeyed by the sya~ 

tern, and so establish seloct1.on j~uleB for b:ans:l.t:l.ons 

decay schemes and r0act:l.ons [13], The other fundf\nK~ntal 

use of grot)!? theory is 1:ovoa10<3. j.n cOlmGction w:l,th the 

pel::J.odic potential problem is to show hOI-I to set up the 

symmetX':l.zed functions. 

3.2 .epace .~. 

'The group/> of operations 'l'i:l t.h \·t1\;I.(;h \~e a:co concerned in 

crystal p:t1oblems aJ:e of a rathe:(: "pec:J,alJ.zed l1atm:e called , 

~rOUV$ of line"". coo):'dinate 'i;xqnsxO~:J'((!"tlons which p:ceserve 

lengths [1.4], S.uch operati,ons lef\ve the latt:l.ce inva;c;l.ant 

and coromute . with the HWlJ:!.lt<mi<'\11 <Ina are :lxopol'tflnt ;i.n 

olass;l.fy;l.ngt:he eledtrcm statel>. 

An ope:r:o,to;\;' 6r"'tt· space g:coup' contc'l.i.ns a part wh;l.ch . is 

. €lithe;!.! a. )?l:!o)?ej:' 0:;:>. ~,mp1'opex r.otat:l.on I <X I and a tl:l'\nsl&t.l.on 
, '. f 

2£1 "' Sl. x .j- .t Cl4) 

Xi\ (<<11 <XJ.2 (Xl3 (::\ ft ]. 
Xl! ~ \<X c~22 ('.\23 + \' 21 "2 

X3 ('.\31 « ('.\32 \ X3J .. t3 . 32 

(15) 



C'> 1'7 c~ 

(('vTO such opej,e,to'rs ;' {el/t} il,nd {f:Vtl } Iimlt:lply.1.n the 

(16) 

'1'he unj,t operator is :r8present(.,d by' {8/0} and the 

inven~e of the operato:t' {(,It} is 

(17) 

Space 9X:OUl;?S axe oharacterized by the fact that they .possess 

an invariant suhgroHpol; translations of partlcular form 

(.J,:nown as prim,itivet:canslation)' {c/itrJ ' Where Rn ~.s 

the. latt.:lca vector given by 

R n 
(18) 

are primitive t;eansla'tions and are integers, 

All properties of :t~he "pac(: grollpscan bt'\ derIved from the 

fact 'chat they oon'cai'n an invcu::l.ant suhgroup of p:d.m:l. tiV8 

·translat1.ons. 

3 "~ 1)' WheneV"xt~);~ is apz'lm;l,ti,ve translntion Cihn also :l.s 

if' {~/i£} ~is a mer;!be:r: of the s!?,we group. 

2) Spaoe 9'1.'O\lpse.re finH:e ;I.:n flumhei:' :tn a space of g:tven 

d:lmel1sion. The,:e <Ire 230 ill th,ree dimension, 17 :l.n two 

d:l,men/ili<Jn <Ind ,r in one dimena:l,oll. 

3) . Only c('\:rt:a.in pl:oJ?e:r. rotations can be present, namely 

rotat:;l,ons about: vlOll detii"H~d C\xes tln:ough integral 



!: 
\ 

In ei1Ume1.'c1U.n~J the possibl.e q:r;oups \"hiGh the rotation<\l 

paX't~s of t:he operat.m:s 1n the space group can fo:cm, :it is 

found that: only 32 are possible in three dinwmst .. ons, ~~hese 

are known <\13 t.he 32 point gX'oup.s or 32 orystal classes. 

The latt:l,ce generatcedhy the priJll:ttiVetranslatj.ons of a 

space g:t'oup must: be itiva:dant. under the ope):ations ·of tht'l 

point group • 

. 'rile fuU cttb:l,c group o.b ~.E.l an· element of 32 point groups r 

:l,t cons;l,sts of 'l8 operations \>1h;l,oh leave a Gube invariant, 

Mat:r:!'x ;J:;t'lpresentatlon of: a gJ;'I)Up. consists of 9X'ouP of 

. ~l:'OUp ;1.1:: rop;resents. Xn practice :r.opl:'esel1ta.tions always 

<Iris€) thZ'O\lg!:¢ .. ;!;,ran"foT.ll,,,t.1,Ol1 p:t'ope~:t:i.es of Homo f.unations 

[15] • .!.: 

dent ·s.etox funCU,Ol1B 1>;1. , 42 I "" I 4>n and a ~):(.'oup "G' 

91: l.;!,ne"~r.t;ifansformat:ton$ of wh;l.ch a typ;toal one is ·1··.u 
, _,_" " , - \. . /1", . 

the functionr> and t:r.nnsforma.tions tire such that "l'1'l Ciln 



" (' ,'" J~.1 w" 

~(19) 

thar) we have ;!JI1l,lBdiat;(,ly the Het of matr:l.ccl.l Dij (fil), Fur­

.theremore, these' matrices form a representation of G, for 

if C '" sf} , til ell 

(20) 

'rhe :functions q, 1. f <P Z ' •• , ,<I>n ,ll:e sa.:i.d to fomll a basis· 

for t.he.representation D1j (T) .An al,ternat;tvo ~lOrd;tng is to 

say that the ;;;lll"lCtions <p 1 ,<I> 2 I •• ,. q, r.l t):i'lYlsfol'lll aceor-

. ding to the J;epreseni:ation l\j (tfi:) of G. 

A 

A l;Elpresentni'::ton Qlj('J:) of ct group G1s reducible .1.nto the 

:representut1.o!1.S ni , 0 2 , .,' ,D$ :1.£ a trl;l.lls:eorrnat;i.on of 

the type Of e~) '-' p~ll){TH~ exists which brings every 

" matrix D:C'!') of the re'>:resentut:l.on 1nto the :ro:t1\j .. ;I,J ' 

" . (21) 

o 
< _" './; ~ ~ '* t. "Ii. '" 0-'- 6 ~ ~1: ~i 

. 0: Pl:J ('l')': 0 
',','"'> .... ~ ~ ~ ~_ .. '" •. ,.~, '" <! t 

o 
. .... . '" 

{} 0 _:_,,:~e:-., __ ~;,:::_~- ~ 
i!~ ~ ~ ~'._: 

. w;l~th I'ini~l'l~;" m.ah';t<:;:es' DieT) a:lon!] . t:he d:tagohal 811d zElr:os 

elsewl1efe ;'1'h;l.sis ~11:':itten in direct sumrnatiol! 

, 
+ (22) 



Conmidwc a vector SpaN) R(P1 ' <1>2 ' •• , '~\,) of which 

the base veeto:c's 'h t:l?1>nsfonTl according t.o the reducible 
"0 

. A h 
l:epresentatoion Dij (T), Since the l:ep~:e~;entation D;l,j tT) :ts 

. reducd.ble there e:dst by def:tnltlol1 some transformation 

\>thiGh brings the mah-iceB of D into the r(~duoed fOl~m, Such 

a ti:tlllSfo:t"nlatl,on is equ1valent t.o ohoosing .ne·,i base veotors 

4>1:t11 R f al)d these <{i,I therefore t:l:'ansfo:e[(\ according to 

the reduced nlatr:l.(~es Dk. 

Let Rlbe the space spi'\rmed by the f:trst u 1 vectors <1>:l, 

where 111 is .the dimens10n of t.he representat.ion D·1 
, HenCe, 

R1 transforms according to the rep;cesentatloll D 1 f and 

si1u:!.la:l:ly successlve sets of vect:ors l'lpan space:> R~' ttans­

£orm5.nq according to' the replcE!sentation ])1, ry;hus f i 1: fol­

lows d:tx.-ectly from the r(~duclbill'l:y of the representat;i;on 

D;'j (T) that the veotor space Roan be spIlt up Ol:' reduced 

into a series of invariant sll.bspaces Ri tral1sfol;'TIling accox" 
v,-.<".·,~"·· 

ding to the reprasentatl()n oi, 

Since .. the '~)i span ".the whole space R, any funct;i,on in the 

space R 'can be· written a.s the aUIll of functions, one from 

eaoh$uhsp~ce Ri • This i.s wd tten in symbols 

, 
+. • 

-I- (23) 



) 
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. Phys1,cI\11.:t th:ts coxreSpond$ t.o the 1:L1Ct: th.at: ~,f the \, 
. 
ftmction~~ of a HamiltonL::1J1 a'r'f~~ cons:IJlEn:ed a~; Ohe big '\tee \ 

sp' ., "n (1"1 'j 1)·""\' ". _ C ... L.,,", :1'_0 __ ' _ ,"->J. _ tho fu'tlc"(.ions belon~l:tng to 

general associated 
.... ~ , 

The ~:eductton of R has the further i.XIlportant property that 

the subs paces Ri . can <)lvIilYs be made orthogonal to one an-

. othe:c, that :Ls any funct:lon from one ni is orthogonal to 

any fnhct:;l,on from any other Hj • 

/> 

Let Dij ('1') be any J:opresentatton of a group of tr<msfortila~ 
A ~ 

t:\.ons '1', 'fhe sum of the dtag6nal elf'"ments of D j<J ('l'). is 

called the charaeter X of T in this representation [16] • 

A 

X ('1') " ): D ('1') 
;I,. Ii 

(24) 

De~.initiol1; 1>. class Js a set of elements out of 1;1 group, 

" .suchthai: if '1' j.s one element of the class, 
A -1 

then STS . also belongs to that class for all 

:£t can b~ eastly shown that the chl~racter :!.a 

the s,u"o€, for the -matJ:'i.oea l:epresenting all the 

OPliill;atiotls of the same class. 

T!1.00rel)LJ,: ~'he number Or ;tx'reducible ;I:epresentations 

equals thernunbe:r. of c:la.,sen, 



· .:, 

'I'he identIty elemen-t is all'lays f01')118 a 01,,,33 of ihl own and 

c:l.ble :cepX'e",el1taicion of a f:l.l1ittc;g:toup. 

of the g·X'O\1p~ . 

.. ', 
wi. th any \.kl1.tb;t:·t;Xttt'y· fun.ctlon tUld l?:%Jodnco" .. frota 

,-
of the p:¥Imnet:ry of .O:fle of t11{-3 b;:H~:i.f;i funct:l.ons fO~t one of 

the:L<t:A1eduo~,hle l't1presenti'\t(ton of .the group, 1'h:l,s :l,s the. 

Jl1etlioQ. ogproject:lon ol?ex~to:r:s, 

, 
+ then one can bl;'il1g D 



~->. ~~3 ,--
into :c(~duc\"d form by !), '!:l:f\lH,fm~Ji1ntJ,on P ,.In «(r) P, and hencm 

x ('1') '" b c" XA ('I') 
A 

·(26) 

where tl;le coeff:i.cient "C;\. II :l.s tlw number of tiraes the 

irreducible component pI. occurs :1.11 the reduction of t'i, 

To express the projection operator expH(!itly it is not e 

worthy to statetiH' fundamental orthogonality r()lationof 

the first kind for J.:n:educ:lbh) rep:c0aentat:l.ons [17] • 

A ,,' If . J) "IT) be the (a, 13) matd.x ele:ment of the. 
Ct" 

th " 
J. J.r,!:'educible :t'eprElsentation of the g:l;'ouJj 

" element 'I', The rHwber of the elements :tIl the 
A 

group h is th~ range of the group element 'r, 

Ano the range of A .,UI be them.unber of ineq-

ui valent: Lt:ceduo:tble representations. The range 

of a and !3 w:U1 be the d~~l1\ensionr n~ of the ;>;th 
~, 

:lrredl,wible representation. Then 

C27} 

By putting i "' j , (Y, "" f> and .1!iUli1J1)j.ng, \<1eohta;i~n the ortho-

gonality relu'i;ion of second type farche charaoters 

(28) 



(29) 

.'r . 

'Phe uniquenEHw of the reduotion 811m-Fs that hm re!?:resenta~ 

tiona \d th the same characters are reducible into the same 

i:rx.educible compOn~lnt:H and hence are equivalent. 

rA~t R be a vector Spi'lC6 ·transforming. aClco;ed:lng to !'l. :rePre­

sentation \</h:l.ch can be :t:educed into lrreducible componets 
A T' 

by eqn. (29). Let l\j('l') be one of the irxeduclble component 

lzep:r(;sentatioll and q, any vector o)~ R. Then, the vectors in 

R transfoxmil1g according to the j?l'u:t:l.cular :i.rreducible re~ 

pX'esentat;l.on 1)~ _ (if:) is given by 
. l.J 

(30) 

for any fixed value of j, Putting i '" j in eqn. (30) and 

SUITlftl~.ng, vI€! hUV0 

l' A '" l:: xl. * (T) ;i:;.p 
A 

(31) 

T 
~', . __ .'-}-_'o. 

which bclonqs to an.irreducible subspace tr.ansforming aocor­

ding to oA. 

Therefore, the tena 

(32) 

is the projection operata:!.' for j,t projects any veotor <P :i.n. 

the reduoibh, vector spaoe· R to another vector 1''' ~Ihich , 



•• "> 2~) ~ 

th~~ :t),"x(~dnGjJJ1(~ rep:c~V5en't:a~,'d~on l)A ;, trhe <fJ~ thus obt.ained 

If the has:l.s of the spae$ group representati<m nA axe . a 
<-

group of I-lave vectors, then any ope:ca tj.on. .involves trans~ 

-> -r la,tion tl1 only th:;:'ough the S:l:mplEl faotor exp (ikc • en)' That 

19 t. vie have 

In setting up the project:i.on ope:cato:t:, the complex cOl1ju­

gate of th:ls mat:dx is used <till'! is sUl\1l1Jed 0Vel' tl1 (as vlell' 

<') as over a , If the bi).sis functions are atomic ~7t\ve-ftmo·· 

U.Ol1S this sUflJIlmtion of atomic orbitals displaced by the 

-> '? amount "tn i 1\1111 tiplied hy the factor ex)? biRo' t n ) 19 

s~.mply an. ox'd:tna:r:y Bloch sum, shOl'/ing that: the procedure 

of using Bloch stuns in ie, direct re$J\11t of the translation 

aymrnetxy of the spaoe g:,:ouJ? [18J • 

type at th:!.s (,ito, and use the pl.'ojec't!on opero.tor, we 

wh;i,ch hali'! tliecorreot syn))1)etry, The problem o(j,n be s:l,mpli~ 

f;led, however, :l.f._ we start :b:oro the oegi01:og with ato:m:tc 

o;t.'b;l.tals of the correct synll\leb,y type, We thus i have fo:c 

om: study-of syJllmetry orbitals the 1uaqhinery for setting up 

linear combinat1.ona of atomic o:l,'bitals of any desired syntrCie~ 



3.6 

.in the )31'L110u)"" Zone, :1.1:: is lSufr:icient that. the w<'\Ve.~func"· 

t:l.OI1 have t:he Bloch form i.n m:dej" that U: be an <woeptable 

space gronp, 

If the:"", a:ce n operiltOrfJ :1n the potnt g-.t'Otlp, (n'·l) other 

funct:i.oI1S may be obtained j.nthis \~ay t wh:l.ch are charaote"" 

r.tzed by vnWe vectorr, 
",. 

uk , 'I'he 1:igure of these It vectors 

is referedto as a "s1::ar"., :tt exhibits all of the rotatiol"lal 

and reflectiol1ctl symmetry of the J.att:tce. 

'1'he Bloch functlons charaote);:l.zed by Ii: vectors in the Btl'll:' 

axe bais funet:t.o)'w for an li~dimens:t()nal irreducible repre-

sentation of the spaoe <1rbup, Xu this rel?I'esel1tat~.ol1, the· 

matrices X'0pl'esentJ.ng lattioe translat1.ons are diagonal, 

'tl1th el.ements exp(;!J!' .tn ) where k' runs over all the vee .. 

to:C9 of the star. 

It is des.irablet.o corts'l::1:1Jct; a un1,t Gall in the. t'eciproc<\l 

latti<Je that has the £u1.~l ayrmnetryof: th:tB latUce [19] • '!'his 

:ts done by CI!.Jplyiug tho' same procec1m:e used :I.n. consb:ucting 

Nignc:n:~S(d tz Cell t a unit cell in the direct lattice, in the 

r(;c:l.procal space. 

AU the eleotron states in the per.i,od;lt-, potent~.\>.1. Cqfl be 



;, ' 
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(,;harf.lctel';!,2:ed by K' vech'Jt;s 1:rln9 in the lnter:Lor or: on the 

tiOl) , vtill bel nmltivalned: ther(J \1il1 be many diffexe!lt 

energ:!,es for a 81n91(' It. Pm: values of it lylng inside the 

zone, the ene1:gy ~Iill b,1 
,.,. 

a contJ.nU()U8 function of k,. A 

Discont::lrnli ties in {:he energy ))lU¥ oacm: only on t:he surfaoe 

of the ZOlle. 

Tn the body-oef)tered pubic (beel lattice, possible choice:> 

for the th:;:ee translaUon vectox'$ 1l'! the dlrect latt.1.ce are 

given by 

... a 1\ I' A 
8.1 '" '2 LL + j .:.- r.;) 

.> a " A ;.: 
0. j \, l (33) ?-2 p 

"Y >} .~. 

h, 
,~ 

+ a, .E,> 1', " 
(13 ~ '2' (:J, ,,'"> J 'j~ k) 

A ..... A 

where "a tI :I.B the li,Lt:tice parameter and (1, j, k) are the 

cartesian un;l.t vGctors along the 1ff y and z axes respect:i~ 

vely. 

'fuel'! the l'8clpl':ocal lattice can be, generated by thethr.ee 

pJ1illli t:tve' vect:ors" 

(34) 

.in \111ich f" lit and n a:(,8 tlH; d1.ffelCen'i: even permuta'ci'on 

of 1, 2 and 3, 



. , ... 

The 'centet of the zone :1.$ des;l,gnl:'\ted by r • The (010) r 

Ul1) <\rtd (110) axes axe lab(ll.ed by t" A' and 4 i reS­

pectivel.y. The principal "slfl\).metry pOints II of the zone 

<me 1', H, P and N.. The last th;tee point~. are " 
. r~.~~.,~._, 

with ,the' faces of the zone, 

',I.'he c6!'»1('lin~tes of pOints r r H, Ji' and N are' (0,0/0) I 

21'1(0 ";< 0",. , '27r (I.. I.. .) . no 27r (I.. l. 0) . ·~espec, tiv"'l. 'y. Al,l, ",th, e. '"'If. ' .... 'i.if , "'a" ~,.,.,':i a a .,.,'at L '" 

eqtli,valent pO:l.nts can be generated by adding the r~ciprocal 

lattice. vector to the cOJ:respond:l,ng points. 
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tors of 

- 29 <~ 

nnp",·"'tor Neth:od 

For r, direction in the Brillouin zone of the 
~,' 

body.- centered cubic cell. 

direction Kg"'K and Kz"O, K}l(O/jT/2~). Theopera~ y 

point granp C2V (2mm}, leave the r. direction invari-

ant.. Hence, C2v group, operators are ,symmetry operators of 

the )";' direotion. The operators of. the C2v group are 

(35} 

where, 

Let'us now choose n1.ne atomic fUnctions (a, Px' Py' Pll , dxy, 

dxz, dyz, dx2_y~' d3z2_'r:<) as basis of the group C2y' By 

operat.1.11g'on these atomic wava-functions by the operat,ot'a 

of the. group C2v ' one can obtain the characters of the 

representation matrices of these operators. The characters 

are 

{36} 

'l'ablel .. Character Table, Group 
, 

);, C2v[20] , of 
., , . '. ' .~ 

-,. 

Rep;:e~elltation C 
2 

JC2 E 2 .1C4 . 

» 1 1 1 1 1 

1:2 1 1 -1 ~l 

T.3 1 -1 "'1 1. 

1: 4 1 ~1 1 ~l 

"'~"'-'~-""",,,"""-'~ 
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'l'he coefficients CA ' f:coll) eqn. (29), !U'O 

Hence, the dlmensions of the irreducible repre.s<9ntat:Lon 

hi's are given by the above coefficients 

D '" 41: 1 +, l:2 -I- 2/;3 + 2l: 4 

The projection operators 

A 

x)., * " I' 
PA 

~ 1: (T) '1' 

are given by 

l?n !'"4 E + C2 + JC 2 
<1 + JC2 

Pi2 
, 

,1C~ '" B "l- e JC 2 ' 2 
(37) 

" JC 2 
PE3 ' '" E C + JC2 2 4 

" Pl:4 '" E C2 + 2 .1C 4 JC2 

By applying these operators on the atomic ~1ave-fttnctions 

one can:Eo:t'm sytllnletry adapted \'laVe functions of the di:ffe~ 

rent irreducible representations. The independent and 

normaltzed symmetry adap'ted ~'1ave functions are 

, 'l 
41 ,,' { l;j> '12 (Ipx> + It>,y> ), Idxy>', Id3z"r2~} 

,,'{ 
, ~3 

h( I d yz> .- I d xz» } 

, 1 
Il?z>, /2 (Idyz> +Idxz»} 

l:4 N { A (11) :> ~ Ii?» , I d 2 ,,'~>} 
YEo' X Y X ~y 

(38) 
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CHAPTER 4 

Among the many methods that have been proposed for the cnlcula-
>, 

tion of electronic energy band structure along lines of high ~ymmetry 

in t - space for a given periodic potential, the Green's - function 

method has proved to be outstandingly succesful for its ability to 

yield quantitatively accurate results and rapid convergence. The 

Green's-function method developed by Korringa (1947) and by Kbhn and 

Rostoker (1954) (often, therefore, also called the KKR method). 

To calculate the band structure corresponding to a periodic 

potential V(f), we seek solutions of Schroedinger equation, eq.(l), 

such that the Bloch condi tioll, eq. (2), holds. The aim being to 
+ • . . 

calculate the energy values B(k) as a function of arbitrary k: lYIng 

within the first BZ in the reciprocal lattice space . 

• 
In develop~ng the Gl'een I s-function method one starts f'rom the 

integral form of the Schroedinger equation, ,.,hich is equivalept 

formulation of eq.(l). 

+ ~ ~ + + 
.(1'). /G(r, r')V(r').Cr')dV 

v 
(39) 

• _q. _ f.! 

where the 1ntegral 1S OVer a unit cell of volume V and the Green's-

function G(i:. -;') is·given by 
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The summati~n in eq. (40) is over all reciprocal lattice vectors i . 

n 
-» 4- -f ~ 

For rand r' lying within the unit cell, G(i, ~I) satisfies the 

differential equation 

2 + + + + 
(IJ {-E) Gel', r')", ~ (r - 1") (41 ) 

In the paper of S. Asano and J. Yamashita [1.] the band structure 

of paramagnetic Cr is evaluated by the Green' 5" function method. And 

the crystal potential is set up by the self··consistent field (SCF) 

procedure, which is beyound the restriction set by Hartree - Fock SCF 

or Hartree - Pock - Slater SCPo To start with an effective potential, 

V eff (~), is written as 

(42 ) 

Here, Vc(t) is the Coulomb potential and it is evaluated from the 

t,otal charge distribution p Cf). The exchange potential , Vex (f), is 

also evaluated from pef) by the Slater approximation 

(43) 

The correlation part of the effective potential, Vcorr is assumed to 

be 

(44 ) 
. 

. + 
where, the Coulomb potential v~ (1') and the exchange potential 

V~lt (t) are evaluated from the total charge distribution Po ('t) of a 
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l-oints at "'hich E(k)-values are computed by Green's 
-function'·'method. 
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Now the ~vave-:!f¢~~~1fi.: 'l'n . 

atomic O'thitals. 

13 

.-\>- '/ 
(r) II (r) 

1 

f~nm I 
I 

,,~ 0 

'-.-' 

'> 
~~ ('1 *' nj ) .dv ,ro (50) 

the nOXl!'<Iegener"cef>~(l):b;tta.l, -Lhe'c):.'lply deqe:oe-rat.0 p·"oxbit,~l cmd the five .• 

fold. dagF.J1orai:e Cld:,'lJ?'il. ab)mte orbttal. 

'li:k~ 3p ~ t'l(pe <tC6Hiido)jii~£ll:in. \1hir..J:i the boulldaryfJw:f~. CO!'!.:;lists of. tvlV 

.t$g:lOns,t:oc.r",id)er,l:~~\t)ljng a "dl1!(h ., !:leI 1" • '~1l(};ft.,ftll,ct::ions ~ri,11 have 



Pig (!il) '1118 3p _.0 }\ll:)(~ atonrtc' orb:ltalB l> ,l:>y and!>., .• :x: ,. 

'I'nm:e is a rrark<'d dixed:ioiJill chm::p.Gte\:' in these 0tbH:als t wh:Lch is.· ",y.h.ibite."I. 

by l1i?mlS of ., suf"".x j> l> [' 'rile othe:!.' In''Jort:ar(G ct\a:ractel:isticof these -- <:-. ._1.-' ~ X' --V' -z~ -'5.: 

; . atL'unic o:tbH:als is thDt the x'€~ltons I'There th<~ ',raw,; ~. fUI1c-ti(:n is of op-,psitB 

'1'11(" fiV<'l ., folddEfgenzrate at:om.ic orbitals havetranafor11laU.<;n prq;V~l:i;:les 

1 ty", i-he sel:s }~, ye- zx ·i y2 1z2 r2 z 

( 
~,'1;-./' '?)/' r (_~"A< .~'" u. ,. ~r. ; 

_y~ '._{ .. ; 1 / / _ I.~t' J 

X rlXj it{ (!Jxt. t x.' c\, J!IX ./L", .. ~,.;{' ct .... '-
Fig. (,6) scnwraUc tUacj}arrs for the five (1 orbitalS. 3l'. '( 

~he reducible nq:;.>,!,E;BentlJ.tion. In the foregotng discu.'3Sion the fol1!)"ringabbreva-

ti.Ol1B ,.r! 11 be er(ploycd 

~I .. \1) , 'jl '.' .\?} , Ii' '" i3) , 'l' _. 1M , Ii' ~t" J!)~':(1s;t} s px py pz 

Ii' ::.', 15) 'V "' \7) d}(z d'lz • 0/ ' 2 ox;':'y' 
to> 10) f \¥d32?·~r '" \,.9) 

(52) 

uni.t vectocs Glong the x, y, z axis respectively • let. the .s\l.:.sm:ipU'> tl, m 

rofer to two oute of tJ.l(Cl set of ab::..lic wwe .. ' functions w;etl as the btts;i.s of the 

8llJ,'):t:essioll : 



~. 

(itJ u ttl 

(54) 

se'l:of :l11i.:e<jrahl,,~·di;h ,l):,? givcm hy {'.q. (53)1:11al;. lBJ9f':,-ss:l.ble. Thir~ is C1::me by 

l1Bk:ing use of lill :c-eloJ:iol1sbebifx-en then,", lnt&3Yq}swi:11ch ay'l"10try pe:mtLw, So 

that t11c va;:bus g s in. the matiiX <x:.'lT!;-'Or10.nt of· theei:WJ;g1' are' all irtd~>1l<:!en1:. 

'Ihls :iJ> crucial forM~1:1."<?at them all' as d.isp<.:n.\able. COlwtants ;in t.ile Slarer-

eq. (54) thm:.B 1!r:I.ll be 2lO6 tyr«Slsof IntGgrals but ll('st of themat:ederY~ffi1t. 
, 

By .judiot1$ UE<eOf synmstr;1 F.tl.-mm'e!1t,."! only 1~;9 J~ s m:e found out t.o hei!X1€p1:'Jld$nt. 

The matr:lx C<."ll4>c)he.nb3 'of (~lHrqybei.:V'2f'"'l. the Bloohmll.lS Ofttwl'L1xlc'lli;,i:oriiic 

• 
orbitals con DIY" be cOllstxuctccl l1s:irKJ the tb:i:ct:y~· qne :!.l1r.Wp81100n'C E s. ~:hE'J;(" 

'" Ii m:l 



(nllll) II nm (56) 

\co derive the :cest and Cem be adaptl'.0. to the bcxW centered cooicstructllre case 

'1'0 c,onpute tile 011m:Yi band sLructUl:e Vie have to solve a set of secular 
, 

eqllations ~riven by eq. (I)fl). '[hiB h; donG ll'DS·t f;ystenatically along .the six 

lines of 1-'li,d:icul<lr syrm",U:y, at: the four special points of 9YlTlretty ond along 

1<:111 Hymneb:y dinocU.on in the 1/48 part: of the BZ vmich 19 depicted jn fig.2. 

'111e' secuJa:c HntrIx for t"ll.ch Bne and 1-'101nt of symretry ,Qill be 9 x 9 and 

conplex. 'lh<:! nunnd.cal soluHon of such an eql1k1tbn is tedious. BUt., by using 

th" symxet:1Y adoptx.'<l. \'/O.ve '" fU!lct:.i.mlS as ba.'lis fmctions rather thil!l. the s:iJlple 

atomic mh:lt:o.ls, i:lycBeCl.u.:.n: €<'-l\wtlons can be reduC€dto the sinplifledir.redtid-

ble form. 'I'be synmehy adaph"<1 basis funC"t~ionB axe COfhstrucl:ed bY the rrethod 

of pr.oject:lon operator dlscl.mBCod. in chapter 4. 'lheHB symretxy adapted vrave 

fundbn.s hX)BthE'1: \'I.U·b the seculm: eqlJi-.ltions in in:educjble form for allsymne~ 

As a fo:reqoing ()xox"ipl(~ let.':; const.xuGl·. fl1.e secula:i:' equat lion for the synrre~ 

cUxect:Lon /~. 111(3 syml\'lhy adj.!pL~d VTcWH functions for this case havealxea(\y 

<; (0, 112) 

eq. (38) 

;: '" 1 
;:2 ,\, 

);:3 'v 

and 6 ~ O. 

.- k E: (O,11/2a) 
y 

'lice sYfff(eh:y adHpt.ed ,>lave -·f\jnct~:i.c.nS glven in 

elTQloying the nml notation m:e as follc:N1S: 

i ! 1), 12') ,15}, 19)~ 

t \6') 1 
\14), I'l')! 



1{·1 

)' ' .. 
U; )~\ 

('-;'7) 
>,~~ 'v l .13' ) y 

I. 
\·,<hexB, )2') .'-0 \lL ()~;) ·1 I))) 

1 
lG' } .,. \J;~~ (\6) \'1») 

J. 
17' } " if;: (\6) -!~ I 'I} ) 

1 
13' ) " If ( \::) \) ») 

equabon 11<.'1;\'0 j:be:ccduc-,c;d form Eq> (21) > 111" irreducible :r.:epre,S<.mtations of 

4 I' 
1 + + + 2 )~ 4 (58) 

I:, o.K.cespolld to cUl'fe:mnt. enet'gy level and the coef.ficient of 
.1 

J~ 'I; :i.lldtC'D,tGIJ OD't.'lt· of (btjE'l10.r:UCY of the leveL 'Ihe gecular I'IBtxix in :(.r.l':eQuci­

bIe: form .i.s 

~c~. ,.'''".~~~,>''C(,~() 0 0 0 0 
• • 

• ·0 0 () () () , 

1\ :0 0 0 0 0 • • 
• ·0 0 0 0 0 

t ~ ~ ., ........ 4 .. ,-, .... ~ • ~" ". " · • , 
• • 0 (59) 0 0 0 0 iB :0 0 0 0 ., .. , · , 
• <- (I ,_ ",' ... " * ~ " • !O 0 0" () 0 0 c 0 

, , , • 
0 0 0 0 0 • ,() . 0 

f" * ~ " ~ ... I- ~". ~ " .... " .. , .' 

0 0 0 0 0 0 0 
l) • · 

0 0 0 () 0 0 0 .. • 
~" ., 0 ... (" 



, 
I 0/1) 

(2'/1) 

WI) , 
I (9/1) 

fB/ "" (6'/6') .. J~ 

, /e/ ~, 
(4/4) ~~ fi ( 

(7/4') 

(3'/3' ) <= E 

/0/ '" 
(H/3' ) 

If-2 

Of,) 

(')'1''),') ',' F(r) (2·'/',.;) ... -." '-" -'.1 --

(1/9) 

(2'/9) 

(~i/2 • ) '(5/5)··:g() (S/'l) 

(9/2' ) ('l/!» (9/9H: (LI ) 

U: 2) ,.' 0 

);3) (4/'1' ) 

(7' /7') .. g (): ) 

); ) (3'/8) 4 
'" 0 

(Big ~" g ()~ ) 
4 

"" 0 

~~or a gj:1I611 joint ;tn -th" ); .~ din~ct.tonf that is f0l~ HXBdvalueof kx' ky 

and kz all tJ1e above lmtxiKe.1E:11l'mts :in t.he secular eql«1.t.ion are 0:>1pressed as 

a functbn of tlK.l t:!dxty one J.l)J3eJ?f.~ld~\lTi:: },' s. 'rho val\1eof the €mergieS \>mi.th 

am el<;wnvallles of the ,lJy:>V0 e<IuaUons is given :In '['able 2., 

w:lues jll 'l'able 2. 

to solving a .set of 129 :i.ilih')xt: and n,)p'·linef.tr ~'quations in 31 m®pendel'lt 
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(719) '" 4E S9 (11.1)Cos«SinBSino+ZE s9 (220)Sin2aSin21i 

(8IS) N E99 (000)+81399 (111)Cos(!CosIlCo$O +4E99 (002) (Cos2u+Cos2B) + 

28S8 (002) d,COS7.n+{Cos2B+COS20 )+3E99 (220) (C052«Cos26 -1-' 

. ,. - .. ~- { , 

Cos 213 Cos 21»+4 EB8 (220) (Cos 2"Cos 2" +-}cos 2(jCos 7.,~ +!Cos 211 Cos 20 ) 

(819) '" Ii E99 (002) (-Co52~(I'Cos2B )·./i EaB (002) C··COsZa+CosZi3) + 

13' B99 (220) (Cos2C!Cos2~~Cos2flCos2o )-lS"E
B8

(220) 

(CosZaCos2S-Cos2pCos26) 



(9l9 ) '''H99 (OOO)loglJ 99 un )<:0,;,,(0:;(, Cos6 +2E99 (002) d' Cos2(1"JCOS/,il + 

C052n)~~E8H(002)(C092a.C05ZB)+4G99(2?O)(C05ZaCOS2B+ 

~C05 2d:o$ 2,1 +-kCos 211 Cos 7.0 ) + 3E
8a 

(220) (Cos 2 (leO!; 26 +Cos 2B Cos 20 ) 

n (')"0) r (',.J')~ .... ("''')' j' (O'Yl) '" (C)')()\ )' C'''''» ',' (O'Y') J!i) ')\l~l._. _ t __ .'J"!()-. ( .. Cl~" <;oJ:/'-)') LI'~_") 'i= __ .l" .. y_) Jf_J. 1.1!1~~/ ... L_t- ) \.< 1,.,')[: c£_",1... ~-'~V)c .. \ Lt<~ J 
,.(- '-, CL t:. .• c t-",_) ("J' C-:J 

.,. (O'Y') " (()""')" «(')')')) j" C' ';n) ", « "'J)" (",)(,).0 (",'l(' ') 11/-!-9' f··L ~-L~1~.8" cc -;_h~):) r.~_ .. j 1!~)6 (i, ..• _., ~J:)5 )Cf~> ,1:.:99 t:J.). Jj~lae .cJ~) 

H):'O takC:~l! to hn,Ie Y,U;:"O 'value" 
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5.2 Nurrerlcal Analysis and CC'''l->ttte1: prcxjLaJ(ndnq to Evaluate the Pararretem. 

e.xpEK}t Et tmique set. of solutionH if and only if the nUlrber of unknu.',Ils IfK.ltchr:;B 

the t1lmher of cquatj,ons. In our case tehe llurrher of eLJlk,tion"l by far exceeds 

the nmroor of unknowns. t'athem;,tio-:;l.ly the existcr.'C8 of unique solution is 

doubtfuU. But based on physical ground vie knOl' that there exist a unique 

set of solutions. As a matter of fact, the 129 ec-{\lations should be redu.'1dant 

or nearly .redundant. Indentifyjng redwldancy anongst the !lon~ lLnear 0:!uations 

is a cuIDe.rson-e task, so we resorte to other possibiUty to ao:.."ol'plish the 

prlrrary purfDse of determjnillg the pararreters. 

Solving the linear set, only six parameters can be obtained. '!hese paralretc>n 

are corrparable \·lith iron parameters (20]. Carparison of t11<3 lxmd struc.ture of 

Cr with that of iron calculate-d by Augtnented plane wave method (21] ShCMS that 

the bond 8t:rLlCi:uxes of Cr and Fe have the 8,,1]118 shape except for sane shift. 

From this point of vi""''! it is reasonable to use tlle ixon pararrete:ts as 

crude Star'lOl1lg values and to refJl18 them till they satisfy the 129 e<.:ruations, 

there by reproducing the band structure along ,the synmetry 1111e8 of the BZ 

CDlIpUted by first .. principle method. 

As can be seen explicitly in etc!. (53) tlle pc"trarneters depend SOlely on the 

crvedap of the oxhitals'. The parameters in absolute value ~]ill be greater for 

overlapping o:t:bit.ols on the sarfla cent:E'-L'than for overlapping orbitals betweE'll 

:nearest neighbours and this in turn is greater theil1 the overlap behl6en second 

nearest neighbom:s and so on. Based on this fact the th1rty""One paran-eters can 

catagorized il1to four groups:-

L Ell (<X'O), E22 (ca» f ES5 (COO) I E99 «X)() 
2. En (111), B12 ell 1) , E15 (lll) I En (111), E23 (111), g25 (111) 

E2?(1Jl), E;>e (111) ,E5~) (111) ,fi~6 (111) , E5'J (111) "';,)(j (JU). 



" 
" 

"L 

";)1 pen) 

(("J.) f"i' 

,. ("V)" '\1' \.}._--, .. _J 

-I':", ) c~:ro) 
.,-. 

(~ .' .... , '. 

l\;(_~xt. E.)? (eX}J) ts wn:3.>x1 .in th~:: ~~L'YIY,~ )T\i:'ln_UF\:i~' an;) :tV~ 'i~d.i.le \'/oic11 H\J1Iimtzf:1.s t:hE~ 
.~, -" 



is to shrink tr<€' interval and refine the steps of vax.'iaUo{l. In this [J:tOO3SS 

the new values \>le:m varied on an intel:vHI of: length 0.01 Ry ,'lith incrcrn&nt 0.001 

I~. Tn thts case SCire of the l1€'I11y obta:D1c-;d vo~lum He on the edge of the 

interval. 1n1.., is a ooubtful situation for the lA,"5t, values I1By lie ou~:si(1e thfl 

interval. This wasreIl;srJied by varying all of thL'f\\ on the BOllB :lntervalwith 

the sall<3 increrrent but using the n.e1 values as star.ting one,,). l\nd the ou1;co",,, 

highly :<educed the enOl: and all the thi:J:i:y ,» one pcn:=te:cs He in the open 

interval. And :reHrdng the vddty of the jntm:val and the steps .further the 

variation continued ill an intBl:val of \,D.dth O.(Kll Ry anlwith em inCT.C'i113nt of 

o.~Ji'I,y. '1he ercor kept: on decreasing but not appreciably iii, before and fltkuly 

varying 'in the sam:e interval a11d "lith tJle '3anB s'celJS the error is found to strike 

the sane valL1e. 'rhis suggest to mf:ine th0 lJlterval and 1:h0 inCLC'i\\ent but this 

is not acceptable for the initial values, that is the iron pa:cameters were given 

to IOurdeC:\r(kU accurauj 0 .'1h8 iteraHon "mieh is strictly GOnve.t~ling proc~ss 



Table 4. VaJucs of the Interaction Integrals for 

Iron Ln Rydberg Units 

E 11 (000) -- 0.4041 

E 2.2 (000) -- 0.981S 

E 55(000) - -,0.1103 

E 99 (000) '" -,0.1188 

13 11 (111) " -0.1341 

E1Z (111) a 0.0876 

E 15 (111) " ~0.036:' 

Ii 22 Clll) '" 0.10:56 

E 23 (111)" 0.0765 

E
ZS

{ll1} '" ~O,0:n8' 

E 27 (111) " --0.0$05 

E 28 (111)'~ 0.0251 

E 55(111) - -0.0131 

B 56 (111) '" ··0.0208 

E 59 (llI) w ··0.0182 

E 99 (11l)'" 0~d218 

E 11 (200) " ·-0.0291 

5
12

(200) ~ 0.0828 

E 19 (002) '" ~0.0210 

£22(200) 00.2148 

lJ ",(ZOO) ~ O.OllO 
tJ .) 

BZS(OZO) tt 0.0184 

H 49 (002) " -0.0371 

E 55 (200) ,. 0.0154 

B S5 (002) ~ 0.0013 

E 88 :(002) ~ --0.0010 

11 99 (002)- --0.0329 

E 11 (220) ~ 0.0119 

Ii 15 (220) "" -0.0041 

Ii Ss (220) ~ -0.0039 

E 5<) (220)· 0.0010 
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T'Jb10 S. Values of t-Iw Fi'f~t FOlH Inti~filCi:joll lJJi.efl);d.;:: U)!:-aine-J by the 
Pil-St P~T{:eS!; jn !{ydhl'l'f: Vi~l t.c1, 

Table 6. 1he CalCt11ated Ii(Ih·.yalu.'5s in nydhcq~ Units: for Cr. 

a) Using tlle intoraction integl"als of iron, 

nUllO) '~~>':;~U~U>~I '=~,~~~~:"'~~-':.~~~~:>:J>O:I('::i:~~J~:'~~'~10';l>:~::~>I~~] 
~tHo) -Q·,gOVl ,z -,Q'o'(lA ;; I 

~:~ ~:):;:,:,:: : .L"J'~:(~"'ft~J =_~'~_~ ___ >r~" __ .,"_~~. __ ~~ ......... __ =~~~_~_~~~_ .. _,, ____ ~. ___ ~_ 

"L!Jllj . ,tllil.. .. firsJ:, .fDm:_iQmt",:,tiUfLint<:cR.aJS,j,c,tl",,(i l'",\;,..JL9-l\';t\ttL'(j Ji.,T,41b]' e ( 5) • 

rtrAlo) >-Oo\,()l)~O I -O'~~\lGso ., "ij·;WWol t, »1)·.IO('So ";'1" u, I'~\v 1..1 "0'[&610 I~ 

<: (H .i-ft-',M' , -" ".i'I> _,! " j ----
~~: --~- ~:,:;~:~-~- ---,-- :""~_',t;:"J 
~~~~~1::;:~:~~t:~:;,::)t:7'J:.::=~!:1:~r'::;l~:otI:~ ::~<o::'?~3~]:~~,;:~:::~e[, b 1 e ( ;3) , 

--0'';:',.,\:1.\ :, 

"'~"~'>~'~'" ~,.J.~J1!lI\LJ, 



'l'Hbl() 7 < V(l-lue~-j of the 111tc-cactiolt Inte_gl'ills 

Lor LhfOml1F(!! ill HydbC'j-g Units 

Ell lOOO) - o~:'l4(n r n 1 J ) -- O~ OZ:5H ~99 ',-- '"- -

F22 (000 ) -- 0, :~240 r (200) -0,0291 
J 1 

Esc (000 ) ---0,2 S4 8 Ii] ;>, (200) - 0,1128 
_J 

E'l'l (000) ,,0.25.36 Ell) (002) .. ,0 '(1169 

Ell (Ill ) --0, l.q] E En (200) - 0.1698 

-n 
1.'12 ell 1) -- o. %6:, E) (200) .. O,O:US 

E (111) ~ -0.0:;87 1 s - T- on) l.i ZS t.~t .- o.en ~n 

" (111 ) 0.094] EIj <) (002) .. ,0.0296 J,? ~} 
'-' l. 

EZ-- (Ill) ~ O,03l)!j E,,(200) .. o .0154 
• j .) '-) 

EZ5 U 11) 0.0154 [55(007) " 0.0030 

En (Ill ) .- ,-,0.02%'] n88 (002 ) ~ -0.0009 J 

HZB (111 ) - U.O?50 1'99 (002) . -0.0418 

ES' (111 ) -.. -0.0.151 LU enol -' 0.0119 
.' 

ES6 (111) ·0. () 2 2!1 [I , (.'20) <, --O,OO()] ., 
E C l)(ll1) -O,OIUJ.! _.. (7((1) -- --0.00110 L"5"--., J 

I cne) "59 _"J --- 0.0005 

/ 



0.1 

-0.6 

-0''1

1
1'1 

)1\ . 
- l' 

.:: :L-~ __ ... , ....... _ .. ~ ....... ~._~_~ __ ~ __ 
nono) qUo) qll; ~ 0) ); (.; 410) J\I <Hi 

Fig~ rl~ E(k) ... ·vP..J.UHB j,n unita of r,yduorg 9.cl;ording to tRble G .. 

!IXII stk-ul.du fo!~ E(k)·_·Vtlluos in IlHrt A of tabla 6~ t II to II 

.tu J)itJ~·t B~ lion 1n pa:r:t C gl1d II IJ 11 In pnrt D of tabla 6~ 



',., 

G 

r 

rig. 8.1 The l/'+B part of B;'; fnceH flho./ing t!1e point!; at 

ythich E(k') ts computed b;y the Slater .. Eoster 

interpolation scheme. 



Table 8. nnel'.?,),"vqlll(ls COl1puti"d hy the S.lHfer,,!-f)::;ter fnterpcli.ltloH S"i\tHrh"! 

i~~~::~~~-~~t::~,:.~~::r __ ;:~:::~,II~:J~V~~~:::::I~;: "':'.J::'::,,' 2;j,I
U;:I:;:':, I: .:.'II';:,'~~I:;,,;J:~::I' - ,,,.,- ... -,.--~.~~ .. 

t,l[vo) ~u'lo\,'_1 I ··U.;q'(f!, " -u· ~\'II', ,)'O .. HL;' " ~1l . .{U51~ :( -(1.1'/11< II.G";!; 

b "Hhlo " 1,'/',<410 I' 

l,'tW4 .,.,' I· 'IUI', fi 

\·6U,V, 5 H.CU-,\ , 
hl'iho) -V·I,,'·I'; I "O·.ll~·n: ~ "l)',lWI,' I).lO·I,F. :('''Ij,<ZZZ'/ 2 'u'l~dl'l I!HQ,1i'1 I· ,,'IL(;' 5 II !i'Ut4 !)" 

I dt,!i!i il/ ~ 1·45>'i/ S 

(4~oo) --u'5uuJ'/ I "O';f1U'/g ij -+<10'1" 0-0·;rl~G\;" -u·n!',J <. ~(l>/""gj I i).'n\;,/ I I· J,o'U 'i \0.,10'/2 :1 

lilt UO) --Qo(/to'll I ,,0, "O>;r,'U; . u·lWWI " 1)·7.'/HI 2,' '-O·~+:;:n ).. o' lims "11'1;'<.1' 

A(''!oo) -u· /,'/Y,7 I-U·.\Q5'1' J. -0-),71,,'/ :3 -O·<'fIti·/ fi'U·:<,'j'{(I.< -voilbuG I.H~'t1" "/1u/1 5 I.I'/vl'; :3 

II (llf 001 _'O·It.7~1I I - O'!Aitl'1 ,l "",'H~,( HU·:/:i:W ;; "V'1,>,JI " "'I)<O~{~I I 11'4S3/< '. I 1'0Ili"6 :; 1.0Iii).. 'i 

A(:{ (0) 

I\l,-[OO) 

1I (ii#ilOl 

M't UU) 

Id'Y.! 00\ 

AI,&iQo) 

lI(~:OO) 

A('~w) 

H III 00) 

·~n.lt,31'jl, I -O'.n~lo 

-U'H;)'I> I -O·4j;B'd 

.. U.lt6 fi'(~ 1 ~O.J!":;l'i·'1 

'~O,l(l.lH I -O'1B4 cj'1 

- U·S/t,!i.S < ~O·n/.\til 

-' O· 5 ,1~10 ) ··ij·:i;\lot 

'·Q·ji510Y. -\)':-i"!Ytt)( 

-O·~G~.lO ~ ~O'!;b~'(l~ 

-U' 5Hlil I~ .~ O· t,1~ff/ 

1 "U. ~~2f:O fj -OI~3~wO ~'i ~ \). t\!J·N 

;-O.~oSIl fJ ~~t.i·J.O&'1\ ,; ·'0, 11 /IS 

.< "0' Ih«1 !l -v' 11m,! Ii ·v·IC·/v, 

.{ ~{). 1;J(~15 ;) "O'/{llill!i i; ~U·IH,1\ 

"0' "'15~ f: '-O'll~5~ ;; -U'/<.l'/g 

1 ... 1)'111'110 £) ,-1). HfihJ !j .~(l, IC~/t(, 

I -tj,tJi5'lj ;" "1>(''"'13 S ~O'Llf3"$:i 

I ~O'U};~)~'5 ~~ "O'OSJ<:;e:'; ~ -O·rt.<;rJ 

f; ~O.{}'t:21n ~~J I "--0'D£)'1-.o ',. 
.,,) -t)/j)f{ {1V 

1'-O,OV,," t O·,111l40 IH:i3,;o H O'SC:i£,o 

~' .. 0· 01'13'1 I O'4H'<.)!l O"I<I~-f ;; D·'/.? 1.'1 
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O'lllll~ I Q·.'JJ'II " O·.f:?1!ll'1 5 lhU;tlffl 

" 

),' O·ool~1 I O·4S·W; 5 0·%">,( 5 o·S~)""H 

" 0' u/7(.1 I O·.l'l't11 5 (J. :"l/d'l \i '.U'Oc.e 
2,1 0' 01/tOl 0'3<4'1\' 5 U'~.t47~- ,. 1·1'1'1'11 

:/ O·(Ji'tLl I n'2');;6~ 5 l). ~'h}('.; ,. '.&bb'l 

~' {J'13G11 I U • )./fI:,'t'l 5 1}.~1{,q " I·;,"~'l 
<> () •. 1~b~O \!l 1).,,16,0 1<; U."",~" I, J.,lsilO 

A.l* 1\. f,) -Q·11f!t(, I -O·'''·fl\ .j -O·,WtlJI"O·JO!i11 I -Ooj·I-'1:' :j "O'miG ;. I· (,I~I, ~ I.G/·I('; •. \ ~.CO~U 

fi 
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~'h() px:lncipal r8fJult of thl,:, \'Iork 1s obt:ainin<j the values 

t:rC::1ated as si1nplo pa~cQJnE~tern ~ !J~h(d_:c va.ln(~g can b(~ USf}U t:o obtain 

)lJany VoduabJ,e phYGj,cul pX'opc:.:l:ies of the m:ystaJ. such al) ene:cgy 

band. st:(nct:\lY~l. 

Once 'l:he :l.nteracti,on i!)'!:e<j:calIJ are obttaj,nc'C1 comput:<~tion of 

the energy vi1.lucs :lfJ a simple task of dingonaliz:lng the dl:f;fE!rent 

I'lecular. equa,t;!.onB. 'rho nnel:'9Y va1.l10G ,n:e no1:b :l.n'1 El.lflC but. e1ge)1"­

values oJ: thecomple.x 111<1tr;tcCIJ. 'I'll,,! emn'9Y vid.ues at t,he B)'lrul)ctry 

points and at: llla,ny poJ.nts alon9 l.tnes of pm;'1:j,clllar symmetry l_n 

the 1/,!8 p<'\:.;t of 1:he. BZ '.jl:'" compnted by dia':/Ollal:l.'r.:l.ng 'che secula.:<:­

equatiQnl> listed in ll.PP0mcUx A, Such ct'lmpu\;C'(tioll har3 been ciu:r;i.ed 

out along the l1i>1h sYll\Jl1etry 1:Lne!l " f II f ): I J) und along-the 10\<1 

symmet.r:y line ;en)JI1 FJyrOll1cccry potnt P t.o poj,nt: X 1n the BZ, 

'fhe ene1:91 b<UldG ;It the syrmoEltl:'Y poj,nt:s "r:e conneot.ed w:Lth 

the cornpat;l.bJ.,) ener~w band" a:loll<j the Hyrnmet:ry linos [22], 

~'he energy band fd: rue ttu'() compuU)d by Sla·ter"KOGte:c inter'· 

polat:i.on f3cheme cont.ain h:1.CJher enE'X'<)y lev,~ls that al:G not 501:1. ven 

by the [;:Lr8t ~ pr:lrwiplc HKlIhod, 'J'h:LB :l.s basieally one of the 

ndvantnges of the Sla\;e:.:'"1(oG1:o1.' method wh.l.ch make,s it: an E)X1::r:a~­

polation scheme < ~'he other lmport ant itch l.(}V em"n-(: of: thls method 

pe1.'talns to the .J.nte.ep,olat:io)l of the energy band st.ructnu:e 

along any qcneral CU:C(ection in i:.lw HZ I'Ild.ch if> nut: computed by 

t.he fir.st ... pd.nciple mot-hod. As an iUuHtr.aU.on enerCJY bands 
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along a general direction are shown in Appendix Dr Fig (j). 'l'his 

involves solving 9x9 complex secular equations at all 1)oints along 

this direction for it lacks syrrunetry the secular determi.nant does 

not have reduced form (Appendix A, No.13) 0 '.Phe only operator which 

leaves this general direction invariant is l:lle identity operator. 

The energy band structure of Cr interpolated along symmetry 

lines by the Slater~ Rost.er metho(l is shO\'1n in Figures (f to j) of 

Appendix D together with E (k)-'values computed by Green's function 

method Ill. The computation by the internola'cion scheme is carried 

out at more dense points than it is in the first principle 

calculation of Asano and Yamashita Ill. This is the other advan·· 

tage of usincr the interpolation scheme in con.junction to the first 

prinCiple band calculation methods. 

In Fig. (15) the higher bands along A ~. direction A at 1 

K = (811 
,,11 811

) along E .~ direction El at K '" (_,11 L 0) show some - a oa a !.a 1a 

anomally. There io also sha)::p peak in the energy band along 

D ~ direction D3 at K '" (fa 2% ~:) (Figure 16) and the higher 

band along the 10\'1 symmE'try direction D+ show SOll'e anomally at 

K'" (2- L ~) 16a 2a l6a • 

The unexpected peaks occuring in the higher bands may be 

accounted to be due to the fact that the energy values for higher 

bands is not calculated by the FKR method. So, in the processes of 

improving the values of: the parameters by our sE,arch method, the 

secular equations for higher bands were disregarded due to the 

deficient available dat:a and this rroduces an abnormal behavior in 

the higher bands. The other most important rGason that accounts for 



bu.ndt5 {- 'l'he mc.nctmum (~l't'OJ.' I t.lliJ,t :tH t:he 'maxi-rnum c1:i.:rf(-)xenC0 

b(~tw(~nn enf!rgy Vft.tnC}) calcuJat.t~d by t.h(~ fl.·cst: u.~ p;c;i,ne;l.ple ·method 

l\lld the :lnte:epolatlon $chmno tn O,OB1',9 1\y and :I.-t, if, along the 

fI ~ dil.'Bctton ill" band • 'riw eJ::!:CJl:' nlong k, gi.ven direct;Lon j,;3 

Jllaxinn,uil exc("pt j,n fJOH,",' Cdfies in 'dk :.:olO,t.:!,vely h:l9ho:;: bands. 

The d;ifJC):epanciofJ l:e:Uoct, shortcollli,!l9S of thE' xnethod when 

it is used a,s q quanU,tative method o:e dB'terrnining energy bands. 

111he rea,son f<rc t:hj.$ J8 not:. f:a~c to fJeek f The Slat(-H:,,,"Koste:.r inter'''' 

polat:1on schome 1'1111ch ;1.13 baH-tC<'llly I£AO ,method l"e9'u:ded Elf; 11. 

mathemai'.,i,cal method of obLc,Ln.ln9 c\prvoximui',e solutions of: the 

Sch:co(~dinger ~~qua.·ti()nf it is ~most. gUGc(~Gsful v]hen t.he J.ntf~'X"" 

atomic d,i,st"-anc(". of nearest: nejqhbotlY.'G ,1.s 10\:'CJ8 complu:ed \'I1,th the 

spread 0\ the:: ato1ll;Lc 'd<1vo,o~fllnc-t:J.ons., 

Hince the 1<--' vector alOll\! tho fI ',"" dLt'Gctlon lnte:csects 

pexpenc1;1.cuJ.ilxly 1:.he <111> plane on wh:l.ch t.he m\!nb~c!r of atoms :ls 

rE.~lativGly le,88 dnd' l:hereYot·(): t:hc~ ;i,nt:(-!J:'o.t.omic disi::.el.ncC:1 18 f?hort:e:r 

compared to t:he «pread oj' at.mnle 1'/B,vO'" func"t:ions, t.h,~ maXht\Ul11 d1.;1''' 

Cr(olpalwy :ts obse:cvoti b()I:I'I"en energy va.luc,s alo1l9 the 1\ ,~ direc'l:j,on 

for the LCi\O met.:horJ. met.: It:s 111ft tt: at::lon a loner 1:111,; d:Ln"cU.oJ\, 

'fhe absolut:e mean (Ufference be"t\'leen 1:,he inteJ:polat.ed enexgy 

values and t~ho8e valn(~s of tb(~ ellfl.:f~]y COffipntec1 by the f:t:cst ~., 

prlnclpJe method il.!.onq fI direction is 0.0212218 Ry, along 6 -

cl:i.:cecU_on 0.0170<)21 Hy I a.Lon(! lO\'I"'flynmwU:y d:i:cecU.on p·"x 0.00828 

Ry and a1on<j i',he l: ,,' cH:c(;cL1.on O,0021"j l Hy, 



f:unct.iOIl8, 

i\t the ::;)'lflwe1:ry poJ.nts :in l:l1e HZ the absolut:e rn(~a.n dif.fe'" 

0.00333 Hy, 2yL ':;YI)lDlCCJ.'Y point II 0.00243 Hy, ,li: Byn1Jn(~t.l:'y po.i.nt P 

0.01608 Jl.y ,~nd at WiiTJInc'ixy po1nt N ;U: J.s 0.0062") [{y. 

consta,nt. O)~ Ff~ lE~ 2 ~ B7l\ and of Cl' ts 2 ~ 83 1\. Hence f it :l~3 .reflSO~~ 

8 1)1)11')'f"1 t'" ,. ,- "- ''--. _.,( ~ 

action integral$ as rough starting values. These interaction 

j.nteg:ca.lfJ whi.ch are Lrcnt.ed <"'.1 d:LHpo(w.ble con,JtanUl (parnmeters) 

Vi~l of: pbyr,:j.Gil.U.y ".ccept,·.lble 1:;:H\9C, '1'he comput.at.:l.on :ls cnn;:ted 



val.':Led most ,Ll~om -thoi.:c In;t(:i.al value than tho :rCBt( 

C:PhE~ .i.nt~(:~rftctJon in-(:e9X'~),1 E11 (111) x~er!}(:-\tned unD.lt.e:t~ed 

t:hxoughout "Lhe vd-r:l.at::lon .p:t'OC(~f1f:)('!f;; f ~Phj,H ,iJy'c.eg:ral depend.fJ on 

tilE' st.:t'lwtU)ce f).f the lat.\:.iue > j,'()~I' lTon and Ch:com:i.1.l.Ifl have the 

Only those inte9x:a1.iJ which ckpend on the potential vas::i,ed 

most f:C010 ltfl i.n.l.;:· .. i<,l vdlue, '.Che d~.ffeT:m1Ce betll'(]Em r';22 (000) of 

Iron imd ChX:(»flj.llTtl ;t13 0,1;)7') .Ry, 



CUNCLUSION 

IllHny of 'IJl(~ calcll.la-{:.Lorla,J. cornplexj,t.:i.f)}3 irJhoJ:'(~:ni~ J.n pnergy band 

of the qllal:t t,.:-lttv(-: fG~l t.n.t'es of t~h(-) eJ(~ct:l'on energy V81'SUH \'laVG .. , 

ab"";Lnitio (!c\lcuJ.atlcjl1 (Green'r3 funct~:.tons 111Ht:hod) ~ l<:)1owle(lJJe of 

BUt) ove:.: u ::mJ'f iC~.f)ntly brond :can9c of ono;l'gtes would pennt t. 

the det:('l:mj.nnt.ion 01: the cry:,'ca1 pot:0nt:l.a1 (by use o£ Lochn:lquel'/ 

developo<1 :i.n Nuclour Physics), T t \voulfl then be pO$s~.ble i:o dete1" 

dependent propertles. 

C(llcuJ;;,t:o dens:i,t:y of. fltate:3 and tho complex enor<1Y band stnwtu:ce 

of Cr, 'J,'heHe ytV,e u" val u"bh' ),nfQDIlU U.O)) £01' the stUdy of elee­

tete".}. conduct: :j,vJ, Ly I lllH'flletj,mll r opt.:J,ea,1. IX':()perU.Gs :celnt:ed t.o 
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Appendix A, ~::Yl1lfnct.ri;..:ed wave"~functions and ~;ecul{lt· oquat.i.on::.. 

1 • Poi n t . I' (000) c, " S '" il ~ 0 

The I'Ihole cubic group 0h leaves this point invariant. 

D·, I' + 31' -> 31'2.5,1' '21'). 1 15 .£ 

1'1 '''{Il)} 

r r" J.5 {I 2) , 1.3) , 14) } 

r 2S ''V {j 5) , 16) , 17)} 

r 12 'V q 8) , 19)} 

011) ~ E(r ]) 

(212) .~ E(I' ) (213) (214 ) 15 

(12) (31 ;q - E (1'15) (:5\ 4 ) " 0 

(412) (4 1:5) (414 ) .. E(l'lS) 

(515) .• E(I'ZS') (516) ( 517) 

(516) (6\6 ) .. H(r 2S ') (617) '" 0 

(5 \7) (617 ) (717) - EUzst) 

(SiS) - Ii °:11) (S19 ) 
~ 0 

(9IS) (919 ) ~ E (1'12) 



!, , Po .i II L J I ((1 , lll,t ' 0) 

lhe whole cubic group 01> .leaves i.t invariant. 

D,' H + 1I c ., H2 , I + Ill.", 
I J.J " " 

II, ,\, {In 
L, 

(11) '" 

(212) .. 

012) 

(41 2) 

(515 ) .-

U; 1 6 ) 

(S 17) 

(g I g) e, 

(9\8 ) 

16 ) , In} 

19 ) } 

Ee lI ]) 

E(H iS ) (21 :\) 

01:,) -BCH IS ) 

(41 :n 

Be H2e ,) 
,j 

(SI6) 

(61(1) ~E(JI?'51) 

(617) 

ECHl2 ) (819) 

(91 9 ) .. E (1'12) 

(2 14) 

014) 

(414) "D(B) 15 

(517) 

(61'1) 

01 7) ,. E (HZ S • ) 

z-: 0 

~ 0 

e, 0 



·. 69 .. 

1r 
Xu ) 

PI '" {II)} 

P
3

", {18) , 19)} 

P4'" {iZ) , 13) • 1'1) , 15) , 16) .17)} 

(818) - E(P 3) (81 9 ) 

~ 0 
(918) (919) - E(P31 

(zIZ)-E(P4) (213) (214 ) (215) (Z16 ) (21n 

(312) (31 3)<>E(P
4

) (:31 ,1) (315) (316) (317) 

(412) ( 413) (41 4 )··E(P4) (415) (416) ( 417) 
~ .. 

(512) (51 3) (514) (51 5)-E(P4) (516 ) (S 17) 

(612) (613) (614 ) (615) (61 6)-E(P4) (617) 
,/, 

(7 2) (713) (714 ) 01 S) (716) (71 7)-E(P4) 
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There are 13 operations which leave the 11 direction invariant, 

they ar'o {Ii; c~, c~, c~, JC~, JC~, JC;2, JC;5 L This is the 

group C4v ' it is a group of ploTle operations which sends a , 
square into itself. It contains a fourfold rational ~xil and 

foul' reflection 1)1ane5. 

1Jr .<\, (\1) , 13) , 1(1318) + 

6 2 '" 0(/3/9) - 18))} . 

/).'<\, 
2 {\ 6)} 

/).S 'V { 12) • 14) • 15) • 17)} 

. let 18') '" H13IS) + 19)) 

19') c l(1319) ~ IS)) 

(111) - B(lll)' (l13) 

, 

19)) } 

(118' ) 

(311) (13) - B(lll') (318') ,. 0 

(8'11) (8'/3) (8' 18') - Ii (ll ) 1 

(616) '" E(I.\2') 

(212) - Ii (i\"J'.' , (214) (2IS) (217) 
J 

( 412) (414) "£(/).5) (if 15) (417) 

(512) " (514) (51 5)-B(l15) (517) 

(61 2 ) (614 ) (615) ('117) - £(/).5) 

" 0 



6. Direction A (C\ "fl" 6 , (1, e (0, 11/2 )) 

Group C3v leaves II direction in Brillouin zone invariant. 

There are 12 operators in C3v , 
e

3v 
IV {B, 2C

3
, 3JC2 , .1, 2.JC

3
, 3C 2} 

D '" 311 1 + 6A:; 

1 1 
111 " (11), I1CI 2) " 13) -> I~,) • I3C1S)->16)+I'l))} 

11' 1 
1\3 ",VC(212)··13)" 14», /2(13)-\4». 16(2\5),.15)-17). 

1 
n( 16) ~ In), 18). 19)} 

1 , ' 
let 12') ~ I1CI2)+13)+14)) 

13 ' ) ~ ACls)+16)+17» 
1 , 

14':) '" ,16(212)-13)-14» 
, 1 

15') = r7cI3)-14» 
1 

16') '" 16(2\5)··16)-17») 
1 

17') " 1:"(\6)-\7» 

(111)"E(A~) 012') , 

(2' 10 (2'\2 1 )-B(1I
1

) 

(3'11) (3' 12 ') 

(4'\ 4')- B(A3)' ( 4'1 5' ) 
,,'-o,,'!'>', 

( 4'161 
) 

(5'14') (5'1 S' ) - E (A ) " 3 (5'16' ) 

(6'14' ) (6'15' ) ~(6'1 6' ) - E (A3) 

('1'1 4') (7'\5' ) ('1'16' ) 

(8 14' ) (a 15' ) (816' ) 

(9\4' ) (9\ 5' ) (916' ) 
I 

(1'13') 

(213' ) '" 0 

(3' 13' )~B(II) 1 ' 

• 
(4'\7') (4'ls') ( 4'19) 

(5'17' ) (5'18) (5'19 ) 

(6'f 7') (6'18) (6'19) 

(7'17') - E (113) (7'\S) , (7'19) 

(817' ) (Sla)-B(A 3) (8\9) 

(91 7' ) (918) (919)~E(A3) 

"0 



, 
f 

I 
,0, 

:';'-. 

'1. Direction F ((1. " 0, B co Tf "' U. 

C ,', (I' , 3v ) ... -" ~ 

,-
J. (' \} 
"2 

5f,! .. :51'3 

1 1 
Fl '" {jl), .1'3(12)"'14)-13» ,13'(!6)-!5)-I7)} 

1 1 . 1 
F:5 '" {n ( I 2) ... I :5» , /()""( 2 I 4) + ! 3) - ! 2)) , It II 7) -15» , . 

I 
. 12'(216)+15)+17) ; Is) , 19)} 

(l11) - EO\) (112' ) (113' ) 

(2'11) (2'1 2 ') .. E(y\) (2'13 1
) " 0 

(3' 11) (3'12') (3' 15') - E (FI ) 

(,VI 4' ) - E (F 3)' (4' 15' ) (4' 16') 

(5'14'). (5'15')-E(F
3

) (5'16') 
-_~. ~-;T'~~" ,_-,_ 

(4 ' 11' ) 

(5'11') 

(6'14'). (6'15') (6'l6');..E(F) (6'17') 3 

(4' 18) 

(5'18) 

(6'ls) 

(4'19) 

(St 19) 

(6' 19) 

(7' 14') (7'\5') 

(815') 

(7'16') (7'171)-B(F 3) (7'ls) (7'19) 

(814') 

(914') (915.' ) 

(816' ) 

(916') 

(SI 7 t ) (81 3 ) ~ E (F 3) (819) 

(917') (918) (91 9 )-EC f3 



"~ , 

D • 4tl + E2 + 2E3 + 2E4 

1 

'-, .• -'1,' 

r. l "'{j1), 12(lz)+13)), 15), 19)) 

1 
1: Z '" (/Z(17)-16» 

E3 '" fiLl), 12'CI7)<-16))} 

};4"'v!(12):--13)). IS)} 

1 . 
let 12')" /2(12)+13)J; 1 .. -..... 

16') '" 12'(17)& 16»' 
1 

1 7'} ~ 12\17) + 16) ) 
-. 1 

13');' l2'eI2)-ls)) 

(1Il)-B(E l ) (liZ') 

(2'11:) (2' 12')-E(El) 

- (Sll) . (S 12 ') 

(911) (912 ') 

H(616)+(717) ~ (617) - (716)} 

(414) -ECr. 3k%L C417')' 

(7'14) ._(7' l'l')-BO;S) 
-' 

(3' 13') -E(E4)' (3' IS) 

(81 3' ) ·(818) - E (E 4) 

(11 S) 

(2'15) 

(SIS)-H(E 1) 

(915) 

'" IlCE Z) 

~ 0 

'" 0 

(119) 

(219) 
'" 0 

(19) 

(91 9)-E(l.l) 



9, Direcfion D(C( "(3~' 1i/2 ' Ii I'; (0 > nit)) 

" 

G.l'0Ul,' C.", 't. U' ('" le"l f~I' -') '2; '$ "2 ? 
,e 11 ) , '2 leaves (~irection D 

. invarianto 

D1 .," (ill, 14), 15), 19)} 

D2 '" {IS)} 
1 1 

D3 '" {/2(IZ)+ 13) 
. 1 

> fZ'CI6)+I7))} 
1 

D4 'V {1z~(I2)- 13» , iZ'(16)-I7))} 

1 
let \2' ) ~ 11.(1 2)+13» 

I 
16' ) ~ 11.(1 6 )+17)), 

., 
13' ) ~ I2'Cl2)-13» 

1 • 
17' ) "' iZ(16)-17)) 

(Ill)-ECD
I

) 01 'I) (l15) 

(411) (41 4 )-E(D1) (41 5 ) 

. (511) (514) (51 5) -H(D1) 

(91l) (914) (915 ) 

(sI8) ~ B(D2) 

(2'12') - E(I)j) (2'\6') 
-'.> .• ~ .. r. 0 

(6' \2') (6'\6 ' ) ~ ECD ) 
3 

(3'1:;') - E (04 ) ,. (3'17') 
~ 0 

(7'13') (7 I 17 ') ~ £(D
4

) 

(11 9) 

(419) 

(51 9 ) 

(91 9 ) .. E (D
1

) 

~ 0 



,,,o,«>:(O,''!!/z)) 

Group r leaves direction G invariant. "2v 

D - 4G 1 + GZ + 2G 3 + ~G1 

1 
G, 'V {Il), /2'CI 2)"13}), IS), 19)} 

J. 

1 
GZ '\, {ftCIG)+I"!))} 

1 
G3 'V (Ill), /;rCI6)-I7))} 

1 
G4 'V {/Z(IZ)+13)), IS)} 

1 
let 12 ') ~ 1[(1 2)+13)) 

1 
16' ) .. 12(16)+17)) 

1 
13' ) -. /2(12) -I~~)) 

1 
17' ) " 12(16) -1'7)) 

(Jll)-E(G l ) 013' ) (lIS) 

(ViI) (:)' 13') .. BCG
l

) (3' IS) 

(5 II) (5 I :5' ) (51 5 )-E(G[) 

(9 Jl) (91:\') (91 5) 

H (616) + U 17) +.( (17) + (716)} ~ E (G 2 ) 

(41 4 )o13(C 3) (41'/') 
" 0 

('l' I 4) (7 'I 7 ' ) .. E (G.3) 

C2'IZ')-E(G4 ) (2' IS) 
~ 0 

(812') (818)-8(G1) 

(119) 

(3' 19) 

(519) 

(91 9 ) -E (G 1 ) 

'" 0 



1 1 
0+ '" { 11) , I 3), : 6), il ( I 2) + I 4)), Ii ( i ~) ,- I 'I) ), CJ. 19 )I,IS I 8) ) } 

1 1 
D" ." { 12" ( I 2)-. I ·1 ) ), /2 (, IS) _- I 'I) , 0 19 hi} I g) ) } 

1 
Ie t 12' ) .- IZ( 1.')'-14» 

Is' ) .. IiCIS»I'!) 

Is' ) .- j 19 ) + 13'18) 
1 

14' ) -- /~;'(12)"14» 
1 

I 7') .. I2(Z 15) ··17)) 

19' ) .. ! 19) .. ISI8) 

+ 
(111)-E(D) (11 :5) (l16 ) 012' ) (115' ) (118' ) 

(11) (313)~E(D+) (316 ) (312' ) C'i 5') (3ls' ) 

(611) (613) (616) .• E(D+) (6 12' ) (615' ) (618') 
~O 

(7.'11) (2'1:» (2'16 ) (2'12') -E (D+) (2'1 5' ) (2'IS' ) 

(S'lll (5'1 :5) C5'I6 j (5 '12') (5'ls')~ E(D+) (5'1 8 ' ) 

(8' 11) (8'13) (8'1 (» (8'1 2 ' ) (8'1 5' ) 
+ 

(8'1 s' ) .. E (0 ) 

(4'14') - H(D--) (11'16') (4'19') 

(6' 14' ) WJ6') .. HI (JY) ((,' 19' ) " 0 

(9'14') (9' 16' ) (9 • 19' ) .. E(D-) 



12. Direction N·· X (~c(O, 1Ifz). (l" 1T/~, Ii ~ 0 

3 Group Cs '\. (E, .J Cz } 

-} " 
D "6N + 3N 

Oil) -E (N+) (l\Z) 0\3) 

(211) (212) -IJ (N-}) (21 3) 

0\ 5) 

(ZIS) 

(311) (3IZ) (3\ 3) - E (~l + j 015 ) 

(511) 

(8\1) 

(9\l) 

(414) - E(N-) 

(61 4 ) 

(714) 

(SI2) (S 13) 

(812) ( 813) 

(912) (91 :5) 

. (416) 

(616) - E(N-) 

(716) 

(SIS)-E(N+) 

(SI5) 

(915 ) 

( 417) 

(617 ) 

('lI7)··E(N-) 

(l\8) 

(Z\8) 

( 3\8) 

(518) 

(SI8)-E(N+) 

(9\8 ) 

(1\9) 

(219) 

(31 9 ) 
r.O 

(519 ) 

(819) 

(919)-E(11Y 



13~ Ge~eral direction in the BZ~ Only the identity operator E leaves this 

di-rection invariant~ 

g fl." 
r p ;. c _ ~ 

D = 9g 

,..,,, r i .,. 'I 
0. " t j 1..) , I,), I~" 11) 15) '6' 17) 18) In'",> 1 ........ ' • .).), ~. > j ,\'), ii, ~ I:;)'" 

r~ t "')' ~ r .... 
.... J..l1.j -.t.lg) (li 2 ) (113) (l i 1\ "I 

... - J '"':') 
(115 1 
... l .I (lj6) (11 7) (118) (11 9 ) 

C' f "" '-~-/ (2j2)-E(g) {2 I 3' , I ) (214 ) (2 i 5) (21 6 ) (Zin (218) (219) 

(3 '; l) (~12' (313)-E(g) (314) (3j5) (316) (31 i) (318) (31);) I ,/ 1 .J 

C~· 1) (412) (" i 3) (4j4)-E(g) (415) (41 6 ) (417) (418' (4i9) I 
,~, ~ ) ) 

1= 0 ".. ... ': "'" '\ (512) (- i ....... (5 i 4) (5 i 5) -E (g) (5 !6) (5\7) (5 i 8) 
{,. 1 ...... '"I 

I..~ : :l..J \~ 1 :J; (.,:, ! '::J ) , 
I (l', 

) (611) (61 2) (6 i 3) (6 i 4) (6 i 5) (6!6)-E(g) (6 i 7) 0; (618) (6! 9) "-" , 
(7: 1) (7 i 2) (713) (714) (71'S' P, j 6) (7j7)-E(g) {7iS) (7 19' , . / , ! ) 

! 
r{")~"'"\ (8) 2: (8 j 3) (8i4) (SiS) (816 ) (817) (8 i 8) -E (g) (S!c) 
to".!.) 

I 
, I ' .... ''''',J ~ 

(f"l J. .., '\; (91 Z) (913) (9 i 4) (915) , (9 I 6) (917) (918) (919)~E(g)1 ;:;'1.J...; , 1 



80 .' 

;,ppendix B. li'lc>H char'.; for the interpol.ation fJdwlUe • 

• 

NO 
nc",1 j nt crvu] ~ o.oooen -::::::>.--~---------.--------... 

.. _-----



, . 

.w 81 " 

LUBHOlJ'J:'IN];;fc) ~1HA'1' ARE U;';ED IN 'PHIS PROGR"LhlZ. 

£ubroutirle 1, Calculate the matrix elements 
of the Homil tonian. 

~--.. ----~.-
----~---- u ----- -----T--~--~- ---- -.--.---.-_ .. --_.--" -

-;,~~broutine 2, Tri on~~~a~j :0- ~,n--~:x: -Jjl/~:'i:--O-~-~ 
GauBsian elimination. Write toe J 
cliHt;onal elements and the trace, 

/ 
~ __ ~ ____ ~ .. _~~~~-o~~ __ ~ ~ ___ ~ __ ~. ~ _ -~ ___ -~~ ~ -~--~-~--- - ---- -- -~~~ -----~~-/ 



N r: ,( 

0' e? '" 
-~··~=:·~'·:-~·~·-·>;~;·T-~- ~- ~.::-'~-.~~.';. ~':'-'-2----~' ~~. ·~·~~~~-·.~'·~·::'T;· ~ ,:-,:,.~ .~.,,;-~;-~- It' :-:~.-~".~-~--~.~(!-:~-~ 5-~"'--:--~-- ~o-;-;--:'--~'--';'6";';~':,"-;';"~~ ~"~ '-;'~t~·:, 

c 
C 
c 
C 
G 

THIS PROGRAMME IS fO EVALUATE 'liE INTERACTION INTeGRALS wHICH APP~AR 
IN HiE llANO Sl'RIJCTIJRE CALCULATION OF CHilO/Him HHICH ARE S!11PLY TRErdEI 
AS DI5I'OSAfH.f: I'ARA11fTERS IN HII, SL"nR~KOSTER HHERPOLATXUN SCHEf'k. II 
Till S PROG RlrN11I'.THESE PilRMI E T E!~$ M~ I: VIlIU ED ON AN I NfERIi AI. CHOSEN ON PI!' 
S I CAL GROUt,' D. 

-- 'CUAP CI~ )CHC(i~) r~-l({ Tff1 TJ ;'T r~--G Z'{ () ~-'f) r 1-(; -~·rC6-; -iST-;Frrr6'~' ().~ ~d l"2Tli ;-[d--~-PTrlJ-9 -GT'~ -
lP2(6.bl.Nll~.bl.Nl.Nj.N4,N~.1)1Ib.b),02.D]IU~lb.61.LlIb.61,L2(6.nl, 
21" 11 b ./) ) • Ft.! <>, I> ) , S 1 ( 6, 61 , S 2, S ) ( &, b I ,:, 4 \ " , ,,) ,O:i ( 6, (, ) , [) (, ,07 ( (, .6 I , 0 II ( (, 
3 • 6) • G', ( 6, 6) ,G 'j i G (, ( " • (f) , G'I ( (, , I, I • I 1. { 6 'J 6 I , l? ( b , II ) , 13 ( I> , 6 ) , l " ( II , /) ) • I) E T 

'-'4 -, C 2. C 3 ,C I, • C (, • (; B , C.I.Z 
DIMENSION E~I)l) 

« -'~·~~~-~~-----C{JM1ilJf.f~--r:l'3-~r·}---·--~---' -' --~, ~- ~-.~-_ .. ~.- .. - --. ~---- .--.. '---~- .. --.. ----'.",-., .. -----.".~ -'---'--'~'->'~--' --- .-"~------~ -. <_. ~ •. -.--.---.. -.-~-.------.~.-~-. 

I'l'" 3.1'd'i'i26 
-- .. ---- C2=-CfWl.XU.O,O.OI 

C3 - C~PLXI3.0,O.O) 
""Cll' "'-'CI'I'LX(4.0 ,0.0)' 

C6 ti CMPLX(I>.O.o.OJ 
-·'-~--'--·~-·--crr-...--e-i'f'r~"T8"Tr·,-(J.{T1'~--'--"~'-'· -.-.---........ ----..... --....... - .... ---.......•....... -.--..•. -.--......• - ...... -.-----

Cil'" CMPLXIIZ.O,O.OI 
READ-I2.700) (Ell) ,'I~J..311 

700 FORMAf '11fl.~/l1F1.4/9F7.41 
REI,O 12,7051 T(I«r.J),I~l·,3'lh,'''1.31 

705 FOR"AT(7(F8.5.F3.1)/l(F8~5;F].1111(FH.5,F3.11/7IFU.5IF3.ll/7IFO.5, 
._-- -·~-···---rr-.r.rr17rFl)'75~.·I;·1_;·I·J77·rFll·;'j.TJ:,TT7·nFU-;'Y;·F'."·;·tlrn·F·rr~·5 .. if3·;·n7TI·Fll';'l· .... · 

23.11/7(FB.5.FJ.1I/7(F8.5.F3.11/7IFU.5,F3.11/7(F8.5.F3.1)/7(FO.5.Fl 
..... . "'- "-'3 ~ 11rn F 8. 5, F <3. '1115 ( r· 8 • 5 • F 3.1. ) ) 

00 36 I~l.'; 
. 36 Et(l) " Hn -

DO· 35 1."1,16 
·~~·-·"··-'-'-""""·,rO"T'i"T"'T'··Ij-'''··-·'-''·'-····-·''''''''-'·-.~".'"''-'''''.''-''''-'''-'~.~''''''''''''-''-~'''''''.'-''''''' ... -............... -~-....... .. 

EM!N ~ 2~ 
...... ·--SUfHW·""Hl.;<* 12 

EMAX ~ Ell) • o.~ 
.. E'n) " . E ( r j ..; O. '; 

00 25 J"b 50 
····-----·--su~--lr.\J··-· .. ···-··~·----·· .. -..-.--....... ~ ........... -. ... -....................................... , ..... --.......... -... ~ ............ - .... -.--. 

A " 0.0 
'[j'", O. 0 
C ~ o~o 
CALL HAMILr (A,n.c,HI 
Gl • HIli • CHPLX!o.71>~53,O.Dl 

. -~~-'''-. ~'t11'1-""'-''$'cm "''1'''''C1\'1l~; tt;-J:,;- ..................... " -............... ' ......... , ....... ---.. -........ ~ ................... « ................................. . 

G2(ltl) ~ tilll} • CMP'~X(O~)1928~O.O) 
... - ........ ··GZt1.21 ~ .. HIT2:1 

G2(1.31 ... H031· 
... .... - '.. G 2« 2 ,11 "H ( JZ ) 

G 2 ( 2. 2 ) . ~ 1'1(.3 6 r ,.,. c ~\ P L )( (0,. 31 '12 s, 0, (JI 
'····--·~·--·- ..... <:;7T7. .. 3~,.·"'···ln .. 311··" ...... -.. ···-·-" .... ·~ ..... - ...... .- ............................ , --................... , .......... ,--...................... ~ .... --.... -

I G2(),l) • Hill) , . 
r G20.2 I ... lion 
, G213.3) " H!I,O) ~ CiWLX(O.3192iJ,O.OI 

'CALL GAUSEL IOET.G2.31 
SUM - SUM. CADS/OETI 

7'''--·"-·----~~-~....-:G·rrr,r.r·-~fi\-rf3r' .. -F-Cflftt}\t{r;;rnutrtrf(r~~\Ji··~-c~--~-.-~ ... ~'.---'- .. --' ".--.----~.~-~~- ___ ~~ __ M_. __ ~ .... ¥~.~,, ___ .. ~,~ •• __ O .. 

G311.2) ~ H(l.'t) 
G3(2.11 ~ IH41,) 
G3(Z,21 r. 111451 {- CI1I'LXIO,ln60~,O.i>l 



l.j't~'9jJ;:;;; n\LL' 

___ l3IZ.'1l ."' .. HlJ.31 
l312.51 ~ IHlf>l 

" 133 '" 

... ~ __ ",~ __ ~~_~=.-..~~~~.,J-"",,1J>2_4.b_} __ ~._~~til~l->l.!-_ .. . --__ ._.<" -•• <.~-- .. ____ r -- •• -- --. -".-~. ---_.-,--" ~--~--,,~ ~ -"-'"-<---'-~---~"~"' ---'''-'~-'~'-'« ~~''''"--' - ~ 

l3 (1,1) '"--Ii (3) 
_Z3£3-1,i£! -",. t-I-( ill 
l313.3) ~ H(l.Jl"'K(.!H3·,I! 

. 13! hi, I"~ jj (IJi ) 
/.3i3.,'j) ~ Ii!?,) 

~~~~.<.~_> ___ ~~_,~ ... _l3J_:3.._~.l>----}._~~ .. _Jit_2_!~ __ t ." __ .. <_._ <_'. __ ... '_-' •• _.~ ___ ._~,,'" _'" -, _ •• '-- ••• -_.-_0. 

13(1\>11 " H( '>1 
1.3(1 • • 2) ~-"I'HLII 

l3C".31 ",«~j( 20 I 
. 131,.,1 ._H(31J-KIJ.33.11 
lJI't,5 I '" K(3fd 

__ .. ______ LU.I! ... b_L'LtlL35,J_._ ""--~--'­
Z315.11 m Hltl) 

",_~_,L315.Ll . "_""IH lid 
1315.;3) %"H(7.31 
l3.'5.4L~ IH34L 
Il15.51 • H(4JI-K(J+33.11 

--.-~~,~~~~--~~~.-~~~.----~---~. ~ _. --~-.--. -~ .-,-~~,- <---~--<~~. _.- -~.~ ~ ~--,«~~ .-~. 

7 3.15...t.b.l.:,,r-.......JiL{t..iJ.N-.~-__ ~~_._~~ __ ~ d" ____ ~ __ _ .~_"_ 4· __ ~· •• ,-~ •• ~.-~.-- •• ~,~~-.--~.-.--.-"---~~.--'-~--.-~-" 

Z 316,1. I ~. I-H <) 1 
.. l3{6~2L"'..,IH111 

016.31 ~-H( l'll 
. ,l3L6. It.) < HI 35)-

1316,5) '" HI44l 
_~.:._~L3.Lb4b.-l~.a,J:U.4.5.J_"KJ . .J . .t.33"'.l.1 ___ .~ .. __ , __ ._,_._ .. ___ ~~ ... -~-•. -~ .. -.. --.------•. -.-. ~.------------.-.-. 

GALL GAU$EL (Of'hl3.61 
.SUM"'_ SUM + CAilSIDETl 

145 CONl'{NUE 
,.\ , .,:. ..... .: ... 

_, ____ .. 00L 155 J",,1.2, 
14(1..1) ··li(25)-KIJ+37.11 

.... ____ , __ ~Zl.o..tL. LI_,,,-,J:UZ n . 
Zit, 1,3) -H!2UI 

__ . ______ .~-'-.llU_~lj__"_llLLlJ_. __ . ____ ., ___ ... __ ... ___ .. ,_. _______ .. __ . _ .... , _____ .. _". ___ , _____ .". ___ .. ~_~ .. _, ___ ... _._,,_. ____ .. _ ... ,., 
Z4(Z,ZI ~ H(3bl-KIJ+37.II 

___ ,_~_ ~ __ ._.L412~03J_,o'JH37 J __ 
I'll 3,1) '" 11(28) 

_~~., __ . _ _ ,~._14( 3,2L ".HLn! 
Z41.3d I - IH/.OI~KI J->37.2l 

.:... ___ . ____ . ..u.LL. ____ G.ltlJS£L_,.LO.EI"-lJ .. ~:I.L ______ ..... _,_,. __ , ___ .. _______ , ____ .~ ... _. __ . _. __ , __ ._._.~ ___ .... ___________ .. ___ . ___ . 
SUM· SUM. CADSIDETI 

._~, __ L2'LCUNJlNllE . __ ... ~ ... 
A 3 At (pI/a.l 

_, .. _. _ .. __ ~._.CALL_Hllt:ULL_LA.tl.G $11) 
130 CONTINUE 

_..JfCdI ... u...:.':!.-.f-_t • .ll.. .. :LJ.l._J12. __________ .. _ .. ___ • _______ ._.---,.--.... -,--.-----.~.-•... ----.----~-----~ .. --,-.. --.-.-.--
IF CSUN.CE.5UMINI GO TO 25 

.. , ___ ,_. _. __ . .sU~lUL".slJ.M,_ _ .. 
EMIN'" EIll 

, ________ ' _. 25_. cma.lN.Ut. ___ ~._." 
IF (EMIN.fQ.2) GO TO 45 

_. ______ .wJl..l_lf __ u..!4l1)L.l.t..E1:LLN. .. .i..!lHHL __ ._, ____ ... "".~_._ ... ,,~. __ .. ~, .. ~._ ... " __ ._ ... _ .. _ .. ,. __ ~, __ .. _~_ .• ___ .. _._. __ " 
500 FORMAT (lX.ll,F15.5.10X.ElO.41 

... _. __ ~.,.,GD TD.B. 
45 WRITE (3.6001 L,III!) • 11-1.4) 

__ __ __, _'(,O(LfORJ'lAI.t' flRflNG .. ", AUJE FDREJ '.! 2.. ' \' , Itt' 15.5 ) 
15 CONTINUE 

STOP 



;-, 

5UB.OUIINl HIHllT f'.R.C.~; 
COIH10li ~f 311 

... COllPlH 111.5 i 
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