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Abstract

Using the two band model introduced by Mota and Coutinho-Filho, the metal-nonmetal

transition is investigated by taking an approximate model Hamiltonian which takes into accout the

hybridization of the two bands, not included in the original model. A Green's function technique is

used to obtain the hybrid bands in the Hartree-Fock approximation. Investigating the phenomenon

of metal-nonmetal transition, in general, increasing the intra-atomic interaction the tendency of the

systems towards nonmetalic behavior increases. But, differently of previous results, for strong

hybridization and small intra-atomic interaction, where the Hartree-Fock approximation is valid, the

opposite is observed. This may help to understand the difficulty of observing pressure-induced

nonmetal-metal transitions in magnetic systems.

Resumo

MODELO DE DUAS BANDAS E TRANSIÇÃO METAL-NÃO METAL EM SISTEMAS

MAGNETICOS. A transição metal-não metal é investigada usando o modelo de duas bandas

apresentado por Mota e Coutinho -Filho utilizando um Hamiltoniano o qual inclui a hibridização de

duas bandas não contida no modelo original. A técnica de funções de Green é utilizada para obter as

bandas híbridas na aproximação Hartree-Fock. É mostrado que, em geral, com o aumento da

interação intra-atõmica a tendência do sistema se tornar metálico cresce. Porém, diferentemente de

resultados anteriores, para a regição de hibridização forte e interação intra-atôrnica pequena, onde a

aproximação Hartree-Fock é válida, o comportamento oposto é observado. Tal comportamento

ajuda a entender a difuldade de observar-se transição metal-não metal em sistemas magnéticos.

1 Introduction
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Alt hough t hr- t wo-band modr-l has hocn under stllrl)' for dccadcs, much at tcnt ion has becn r

devot ed in t IlP lasí Iew vears since t he discoverv of t he high-tempcrat ure ceramic '"percon-

durt ors. lt is also believed that t he- ahilit v to sint het iside oxides close to t he metal-nonmet al

rcgion will alwavs raisc t hr- possibilit , of high-t emperat ure supercondnrt.i vit yj l]. Then. the un-

derst audiug of thr- t wo-band modo! counectr-d to t h« met al-uonmet al t ransit ion is a H'ry actual

subject lx-cau«: t his model llla)' cont ain lhe corrert qualit at ivr- propr-rt ies of low-onergy exci-

tations associated wit h maguet ism. Rt'cpntly, ,kllilo[:!], using a single-band Huhbarrl iuodel.

lias t ried to r-lucidat e what possible phase» 10 expert as doping aud lilf' correlat ion ('nprgy ar"

varied. Ot 11<'1' studies[:3] have shown t hat a liuc-arl, polarizcd Hart roe-Fock decomposit ion 1'('-

sulls iu holes st aying along bouudarir« bet wor-n autiferroruagm-r i« domaius. \-sing more precise

t wo-band model, a domaiu wall lias IWPll [ound 10 I", st ahle- wií h oue set of paralllf'lt'rs[i],

Inui aud Litllp",ood[.í] at tempted a sys!Plllatic stlld)' of t lu- Hubbard model uea r half-filliug

wit hin t he Hart ree-Fock t heory, Xevert heles« t he Il art ree-Fock approxirnat ion present s manv

limitations, t his mcau-fiold solut ion is ali appropriate st art illg point for more sophist icated cal-

culaí ions whirh inrorporal e correlat ion t'rrf'cts 1110,.., acrurat ely. TlIP richness and roruplexit, of

t he lIart reo-Fock solut ious snl\p,<'st t hat t IH'],(' is comidf'ra},l)' 1110]'(' 10 lx- understood. spf'cially

assoriated wit h ti", t wo-band model.

TIl<' met al-nonmet al transition in magnetic syst(,llls has beeu unrler intensive st udy siuce

~[ott[6] proposecl a 111('01'\' predict ing a cxist euce of a met al-nonmet al transit iou under pressure

when t he lat t ice paS8f'S t hrought a critieal valu«. Alt hougl: such a t ransit iou has uot ve-t I",pu

obs"''\'t'd[7], much at tr-ut ion Iras 1)(,(,1I dt'\'o(pd lu undorst auding t he nat ure of t he elcct rouir

localizat iou accompanying this t ransition in magnet ic SyslelllS[i<],

For many y"ars ali t he proposed mod e ls for t h" elect rouir conduction were quite dosei)'

r •.lated to that of Ilubbardjâ]. normally assumiug a single d band. The cent ral idea of Ilubbards

paper is t hat lhe atomir coulomb repulsion is murh largcr than t he hoppiug integrals which

goveru the widt h of the d baucl, then lhe lcakage rat e Irom OU" atom to auot her is small and

the d elecí rons can he approximately describcd by í heir configurations iu isolaí ed atoms, ,\8

an extension of this model. Kishor •. and Joshij lfl] take accour lhe hybridizat ion of the s and d
c
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bands. They used this model to investigate the role of the s and d interaction in metal-nonmetal

transitions. ln this contexto Mota and Coutiuho-Filhoj l l] introduced the two-baud model for

lhe magnetism of lhe transit ion metais and repor tcd results in fairly good agreement wit h lhe

experimental Iacts both at 101V and high t empcrat ures. The main Ieaturc of lhe model is t he

exist enre of a degenerate narrow ri bando ropreseut.ing "quasi-Iocalized electrons. and a wide

band containing very few quasifree d elert rons (it inerant electron,).

lu t his paper, IV" assume til" t wo-band modr-l int roduced by ~lota anel Coutinho-Filho and

til<' uu-t al-uomuet al Iransition is invr-st igatcd by taking au approximate model Hauiiltoniau,

pn'S('n\(>d in S<'("' 2. whirh t akes into account ti", hybridizat iou of lhe 111"0 bands. 1I0t in-

dlld"d in lhe original model. lu our analysis, we use t he Gn-eu's Iunct ion met hod disr ussed hy

ZlIharn[12]. lu Ser. :1. t he phr-nomenon of mct al-nonmct al is invcst igat ed and t he undr-rsr and-

ill)'; of t lu- dilfirult to observe pressure-iuduced met al-noumet al t ransit ion in t hese materials is

2 Model Hamiltonian

TIl<' 1I10dcl hamilt onian Illay I", writ tc» in 111<'form:

/I

(I)

whcrr- ("i~ ci~ is r hr- crr-at ion (annihilal ion) opr-rat or for an elr-ct ron of spin IT at t he sit (' i and t hc

baud " (I. or 1). "i-:' anel J)' are ti", ocrupat ion numher and spin operators of t hese elect rons,

r<>'I)(·diw·ly. n; are lhe Wannier represent at ion of t he electron bands, C, are the int ra-atornic

int raband Coulomh couplings. JIL is 111<'e-xchange coupling bet ween it iuerant electrons of a

wide band J of widt h X (quasi-free-elert ron st at es] and "quasi-localized" electrons of a narrow

degenerate band L of widt h ( (flat parts of t he d bands). J is the inter-atomic exchange coupling

bet ween electrons of lhe narrow band, and Vis the hybrid mat rix element. In the Hartree-Fock

approximation the one-particle Green's Iunctions of the systern are given by:
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(2)

( :1)

where (i) are t he noniuteract ing elect ron bauds. F! and F1 are given by:

F1=1'1<,/ >_JlL«nL>_<nL ». (~)
a -(1 2 (J -q

whcro .1(0 = J 'L;,j,;,,-. with {; bcing vert ors joiniug first neighbors of a hn' lat t.ice, anel

< 1/ > are IIIt' avcragc number of elcctrons per atom. \Ve assume. to simplify t he calculat ions,

paraboliclike bands and lhe effect ive-mass approximat ion. i.e..

(6)

(T)

where T; fixes lhe posit ion of t he L band relative to lhe hot 10m or lhe I bando Consequeut ly,

(~ cau be represented by the expression:

2
(8)

where C and ~ represent lhe L anel I bandwidt hs, respect ively.

3 Metal-Nonmetal Transition

\Ve \ViIIrestrict ourselves to the particulary sirnplc solution represenling paramagnetic state and

it \ViIIbe assumed u! = 0, since it is not a relevant parameter in this analysis. The Equations

2 and 3 have the same poles associated to lhe one-particle excitations of the electrons anel th

resulting hybrid bands are given by:
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(9)

The two original d bauds (L anel 1) are admissed into two new bands with dispersion laws

.,'= ~Land ,» = ":f.' The general Iorm of the hybrid bands i" showu in Figure I. Considcring

10

----------- ---

K/K za
Figurr- I Hvbrid hauds in t lu- l lart rr-c-Fock approximat ion. C~H

is t he wa ve vr-ctor to t lu- ZOIH' houudary.

lhat the system hehaves as a nonmet al providrxl Ihat Ih<T" is a gap lx-t wccn lhe lowr-r and lhe

upper hybrid bands, otherwise it will behave as a met al , a met al-uoiuuct al transition ocr urs

wheu the gap vanishes. The gap bet ween lhe uPI>pr and lower hybrid bands can he expresscd

by:

(10)

where i: is lhe wave vector to the zone boundary. Under the assumpt ion 8 and using Equat ion

9, we may write g as:

(11 )
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By fixing a particular parameter, one can plot a transit ion curve for the remaining two

parameters. 111 Figure 2 we have plot ted J. - ( curves for differeut values of \" assuming l '

Iixed. This curve shows t hat for a particular choice of valu •.s of J. and ( we get a crit ical value of

~. ai which thr- t ransitiou Iro 111 li", nontuelallic 10 nu-t allir occurs. Figure 2 clcarlv shows t hat

lhe incr e-asf' iu \' do"s 1101 favor Ih" uonme-t al-uu-t al Iransit iou. Conside-ring t hat \' increases as

lhe pr ••"urO' i, il"",,·a,,·,1. lx-cau« 11", oH'r1appillg of t he t wo d wavefunrt ions increases due to

20.--- ~
mito I

<::J 10

nonmtta IO+- -. ~
0.6 0.8

i
1.0

Fi!!,I1\(' :! . ~ - ( ("lIn (•....[or dilft·I't'1I1 \'ilhlt, ....of \",

cOIllI)J·(, ..••.•iou of t h(' [at t jt ('. til 11... til(' ,"'" - dtll Ii,\ hridil.êit iou doe ... 110t fCt vor t lu- 1I01l1l)('t a l-nu-t ai

ti au ...it iou. 111('1l. til(' cOII ....idc'ITd h,du'jclilCtf íOIl 01'1'0...(·... IIU' pn·...,...un- ilHltln-·d 1I011111t'1al-met a]

Exlt'ndillg li", ,llId,\' lu iuclude- 11", 1,..I,a\'i"r "f 11", '.\,,1"111 when (' chauges. something \'ery

p"cllliar is ob-r-rvcd. For \' = O. 1101 considcriug hvhridizat ion. bv plot t ing J. - ( t ransit ion

curvos. for difr"I'('1I1 i values, Figll\'f' :1 shows t hat . for ali,\" valui- of ('. wlu-n (' increasr-s t he

It'IIc1PIICY of til" ,,\",1('111 t owards nouuu-t allic behavior iucu-ases. Thus we infer thal if lhe

hvbridizat ion is neglect , lhe iucreasing of lhe inl ra-atornir interact ion opposes lhe pressure

iuduced nonmet al-met al t rausit ion, This result is lhe same obt aiued previouly hy Kishore and

.loshi[I:1],
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Figllrp :1 . ~ - ( curves for difT"n'lIl valuc- of l ' wit I, \. = 0.0.

13., ("ollsi<krillg hybridizat ion. 1I", ril,," ,I range behavior <lep,,"<1s 011 t lu- l ' magnit ude,

For 1"1'1\('L' lhe abone' resut s keep inalrcratcd. but for small I ' 111<'sit uaí iou is 1101'o dircct ,

Xow, },y ronsidcring IlI<'regiou of \' large and [' small, lhe opposit e bevavior is observed. The

Figure I shows Ihal as we inr rease 11l<'int ra-atomic iuteract i01l1he 11011111,,1allic region decrease-.

ali" t hus t he tcnck-ncy of a sysu-m t owards 1ll•.t allic behavior inrrea-r-s TIl<-'maiu poiut 10 bt"

r-lucidated is Ihat consideriug hybridizat ion we rcach 10 qualit at ivcly dilfereut result s, depcnding

ir we consider largo 01' small values for tia' intra-atoinic interací ion. Thc answ •.r 10 t his puzzl«

inrludes 10 remembr-r t hat t he validitv of lhe Hart roe-Fock t heory is dubious whe1I t he int ra-

at omic i ' is large: in t hi- case, Ih•. corr elalion effects must b" t aken inlo account . Consid ering

t hat 0111'results havc been oht aincd using Hart rce-Fock approximat ion, Figure ô shows cleary

t hal t he validity regi ou rorrr-spouds 10 values of [r small and \' large. and in t his region OUI'

result s ar e in cont radict ion wií h prcvious olle[l:3],

4 Conclusions

\\'hell pressure i, applied ou a uoumetallic suhst ance. lhe lallicc parametcrs (lhe bandwidt hs e



14

30~--~---------------------------------,v= 1.50

20

u = 0.00
U: 0.30
U • 0.60
U' I. 14

<l

10

eenm e t e t

01------------------,----------------~
0.6 0.8

e
1.0

Fignr« I . ~ - ( ClII'\"('S for dilkr(,1l1 values of (' wi: h \. = l.~).

I.55 ,---------------------------------------......,

Hor tr •• - Fock

1.45

>

1.35

1.25

o 2

U

4

Figure 5. V - li curve showing th •• Hart.ree-Fock region.

and Ll) increase, and a transition from nonmetaJlic 10 metallic statc should oceur at a critica

pressure. Otherwise, to explain the difficulty of observing nonmetal-rnet.al Iransition undei
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pressure in these materials we need also 10 consider lhe rol •• of lhe intcrart ion parameters. The

hybridization parameter \' increases as the pressure is increased , because thp overlapping of

the two wavefuuct ions aud we have shown t hat thc increase in \I does not favor lhe nonrnct al-

metal t ransit ion. The same result are obt aincd hy Kishon- and Joshijf O]. Considcring t hat th ••

iut ra-at omic interart ion l ' d"cff'as('s \I'1H'n pr(,ss,"'" is appli •.d , lx-caus« ( aliei :-. inrrr-ase. Figure

,I shows clearv that for small f', r-xact ly t he rcgion \\,1]('1'(' t he assumed Hart ree-Fock approx-

iniat ion i, valid. t his <I('(')"'a,illl\ ill (' do," 1101 [avor 111<'1I01l111<'1al'lIl<'lal t rausit iou. Kishore

aud ,Jo,hi[t:lJ ill\',·,1 igal"tI liow (1)(' iut ra-atomi •. illlc'ract ion hei 1\''''111 cI ('1,,('( rons aflorts I h••

nonu-t al-mct al Iransit iou aurl 11)(' oppoxit e br-havior i" n-port ed , Our n-sult s, iu t iris part irular

point . au- iu 111Clrkt't! di:-.ctgn't'IlH'1I1 wit 11 111<' prr-vious 011('. aud S('('III to 1)(' more consist eut

as t hr- rol,' playr-d 1',1' 11l<' kiuet ic paralll,'I"r, (f alltl }. ) al'(' «out rarv 10 (1)(' t wo inte-ract iou

paranu-t erx (\' (1I1<Il") cUlln'rllillg t Ili:-. uuunu-t al-uu-t al t ra u ...it iou WII(,1I pr('!'-:-'III't' i!-. C'lpplit-'d and

tlli~ kiurl of approarh 111(1.'" e-xplain t l«- diflindt.\ of 01';-'('n'i 11I!, nu-t al-nouuu-t al t rausit iou nud--r

pn':-':-'lIl't' in t lu- ....(-' Itli'lt('rit1ls.
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