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I •• 1. INTRODUCTION 

/' In this paper we present a unified self-consistent conside­
ration of the correlation effects in multiband transition me­
taIs. The main aim of this paper is to get more insight into 
the nature of electronic states in transitibn metais from 

I '. a stand point of the quantum many-body theory. For this purpose 
we develope a new self-consistent formalism for the descrip­
tion of electronic elementary excitations in the framework of 
the multiband model by taking explicitly into account damping 
effects and finite lifetimes. 

In recent years much attention has been given to the theory 
of correlation effects in transition metais, their compounds 
and dis.ordered alloys 111, The characteristic features of the 
d-electrons in transition metais may be deduced from a number 
of experimental facts. One of the most important conclusions 

<, obtained from analyzing the experimental data is that the d­
electrons exhibit both itinerant and localized properties. 
Correlation phenomena are of great importance in determining 

r­ ~ .. -­ '" the properties of these substances, especially, for describing 
metallic ferromagnetism of 3d-transition metais, metal-insu­

I / lator transitions, intermediate valen~e phenomena, etc. 
There are mainly two methods for dealing with the electronic 

correlation pr ob l em / 2~ Correlations are usually introduced in 

". I 
band-structure computations through a 
effective one-electron potential. The 

local correction of the 
one-electron approxima­

t. tion of the conventional band theory has provided a basis for 

~ understanding a wide range of solid state phenomena. The ade­
, quacy of the single-particle picture is based on the density 

functional formalismand its extension, the spin-density func­
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tional formalism / 3/ . The f í r s t principie band structure c alcu­
lations have been remarkably succe s.sfu I in ob t a i n í ng various 
ground-state properties not only of nontransition but also 
transition metaIs, rare earths and actinides/ 4 •5/ , However, it 
is often not so successful in describing correctly the proper­
ties at finite temperatures. 

In the second and complementary method, one therefore starts 
with a model Hamiltonian for electrons and tries to calculate 
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bo t h t he gr ound-is t a t e and exci ted-state propertiel 1•6 - 8 / . This 
approach has beerr quite successful in calculating various 
ground-state properties of transition met al s" 1,6-20~ Unfortuna­

,r tely, detai~ed investigations of the true nature.of excited 
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electronic states in transition metaIs including the damping 
effects and finite lifetimes have been started only very re­
cently when it has been recognized that many-body effects in 
transition metaIs are very important in understanding photo­
.. . /20-26/ A' . d' /20r. I 

em~ss~on exper~ments . s ~s po~nte ~íl paper , n~cke , 
from several points of víew, is the case for which many-elect­
ron correlation effects cannot be ignored. While phQtoemission 
reveals well-defined single-particle dispersion curves in 
nickel, they have a large energy width indicative of short 
quasiparticle lifetimes. Angle-resolved photoemission experi­
ments providíng direct observation or energy band dispersions 
in copper and nickel revealed a few problema for nickel: the 
presence of a satellite, narrowing of the d-band-width and 
other discrepancies with standard one-electron-band cnlcula­
tions. While explaining these features the importancc oE the 
correlation effects within the unfilled d-bnnd hoa been p,ene­
rally recognized 120-26~For transition met a l s l ikc nickel with 
their highly localized d-orbitals and hencc stronR vnriation 
in the d-electron density, the effect of Coulomh correlation 
on energy bands has recently been investigutccl in pnpers /27.28/ 

within the degenerate Hubbard model by perturbocion theory. 
A theory for the resonant 3d-band photoemission apectra in 
nickel has been developed in paper/~/on thc bnsis of a hybri­
dized s- and d -band model . 

In this paper we present a new unified solf.-consistent ap­
proach to consider the correlation effects in trnnsition me­
t a l s like n i cke I The one-electron approximoti on la invalid 
in this case; thus the use of sophisticated many-hody techniques 
is required. For this purpose we utilize thc novel irreducible 
Green-function (IGF) method developed in pnporg/llO.:l I'. The IGF 
method allows one completely to describe thc qunsiportitle in­
elastic scattering processes in a many-body SYRtem nnd to find 
quasiparticle spectra with'damping in o vcry ~~ncrul way. From 
a technical point of view the IGF method is n 9pccinl kind of 
the projection-orerator approach in the thcory of: two-time 
Green functions 32,33/. 

lf one introduces irreducible parts of thc Grccn íUl1ctions 
(or irreducible parts of the o~erators from which thc GF i5 
constructe'd), the equation of motion for the CF can be cxactly 
t rans f ormed into the Dyson equat i on . The representation of thc 
self-energy operator in terms of high-order GF is exact too. 
To perform the self-consistent calculation of the self-energy 
operator, we ha~e to express it approximately in terms of low­
oider GF~s. RecentIy, the IGF method has been applied to a num­
ber of solid-state prob Lems /34'41/. An important prob l em was 
to investigate the effect of the orbital degeneracy in transi­
tion metaIs by this method. A generalized Hubbard model of ~ 

I 

a d-band with i t s degeneracy fully i nc l uded is more realistic 

for transition metaIs than the one-band Hubbard model considered 
previously by: the IGF method in paper,l 31~ Recently, a complemen­
tary approach for the computation of electronic excitations in 
solids within the projection-operator formalism of the Mori­
Zwanzig type has been developed in paper 142/. Unfortunately, 
explicit results have been obtained for a syste~ wíth one orbi­
tal per site which has been'described only by the one-band Hub­
hard Hamiltonian. 

The present paper is organized as follows: io the next séc­
tion we introduce the model Hamiltonian for the system with 
several orb i t a I s per site. In Sect .. 3 we des cr ibe t he formalism 
associated with the irreducible Green function ~ethod and de­
rive toe exact Dyson equation for a single-electron GF. Tve 
consíderation of the generalized mean-field GF ~nd their poles 
is presented in Sect.4. The self-consistent appfoximative cal­
culation of the electron self-energy operator i6 developed in 
Sect.5. The numerical calculation is presented ín Sect.6. 

2. THE HAMILTONIAN OF THE MODEL 

A better understanding of the electronic co~(elation in 
so l i ds really dates /8/ from Rul>bard ~ s introduction o-f a new 
Hamiltonian/ 6 ,7! that could he used to analyze m~jor aspects . 
of both the insulating and metallic states of solids in which 
electronic correlations are important. To simplífy the problem, 
many of treatments of the correlátion eftects afe effectively 
restricted to a nondegenerate bando Most of the~ take only 
account of an intra-atomic integral, assuming its dominant . 
role ih magnetic properties. The model Hamiltonían which is 
usually referred to as the Hubbard Hamiltonian íncludes the in­
traatomÍc Coulom& repulsion and the one-electroO hopping energy. 
lhe Hubbard 'IDodel has been investigated by many aut~ors with 
various as sumpt í on s (s ee , e.g.: l,6-19/}. It is uGually a rather 
difficult task to solve this model with a reaso~able accuracy 
and correctly describe a simultanepus electron correlation in 
different d-states. 

In tóis paper we want to develop a more realistic approach .. 
An important point is to find a model which includes the five­
fold degeneracy of d-states explicitly ~nd to s~udy the role 
of add i t i.orraI (to the Hubbard intra-atomic) t e'rrns for transi­
tion metaks like ní.ckel , Let us start with the Gecond quantized 
form of the total Hamiltonian for an electron i~ a solid. This 
method of deseríbing many-partícle systems is btlSed on the 
cho í ce of any complet;« set of or t hogona l nO-fmé;\Jized wave func­
t ons . Ip our ~proach we take the set I4>À.cr- Ri)1 of the Wan­í 

n i e r functions 43/. Her e À 1S the band indexo Fot' <;l degenerate 
n d-band the second quantized form of the total Htlmiltonian in 
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the Wannier-function representation lis given by 

H 0::.	 2. 2. l~ a~Il~ a jva + 1/2 2. ~ 2., < i ~ ,j (3 !~ i fi}' t n 3> x
 
ij uvo 1.1 1 i jrnu a{3yfua (1)
 

+ + x a. a. ~,a , a ~._ ,
1ar7	 Jf-JJ' m)V' ncrr. 

-where 

<ia ,j t3 j v\my .n o> ::: 
(2) 

3rd 3r'.
""f4>'*a(Í'~-R. )<p~(;'-R.)~(\r-;'\)4> (;'-R )cP~(;-R )d

1	 tJ J Y m u n 

The purpose of the present consideration is to apply the IGF 
method to this total many-electron Hamiltonian (1). Relevant 
calculations have been carried out. The obtained formulae, 
however, are complicated. To give a physical picture of' the 
calculations, in this paper we restrict ourselv~s to the fol­
lowing model Hamiltonian 

(3 )H=H1+H 2 + H 3 • 

The one-electron energy operator of the d -band elec t r ons is
 
given by the expression:
 

~	 ~ IlV + , (4)H 1	 ::: .:.. s: t iJ' ailla a J·va•ij uva r 

d-


electrons:
 
The	 ferro H2 describes oue-centre Coulomb interactions of 

H	 =!- 2. U n . n. + 1/2 2. 2. U'Rn. n . R, ,(1- o Q ) ­
2	 2 iar.T aa laa 1a-a i a{j oo tu» Iaa 1 fJ'1 ,afJ 

- 1- 2. IajQn iaa n i'-?'T(l-o B ) + 1I~ 2. I~Q(l-oaQ )'a:7rla ai:~l a i{3-aa iR~.-.a2 ia {3a fJ t-N ' la {3a fJ fJ	 fJU 

1	 ~ 1'+ .1- (5)- - -.:., Qa· a· ' 2 ia{3a ~fJ ,la7 la-a a i{3-7a i,Ba • 

Tn. add i t í on ,t-o the intrasite Coulomb interaction Uaa · which 
is the only interaction present i~ the Hubbard model, the Ha­
mi l.tprrí an (5) contains three more k nds of interactions. Theí 

last. t e rm H 3 describes the direct intersite .exchange interac­
tion 

aa	 + l­ (6)
H3=-1/2,~ ,2.,J ij ai(W aiaa,ajau,ajau
 

lJa aa
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Here, we take only interactions H3 diagonal in orbital indexo 
'Thus, our Hamiltoni~n (3) inc~udes only a one-centre and two­
centre integr~ls of various kinds. In eqs. (4)-{6) these va­
rious integraIs are defined as follows: 

.JJ.l} .' "1 . ...,. . r i j -ee <1Jl I h J11· , U aa =.< ia ,i a I; I i a , i a > 

Ud{3==-<ia ;i {3 \ ~ I i f3 , i a > ; I a{j :::.<ia, i f31 vI i a .í (3 >, a:l-{3 (7)
 

-aa "
 
k'{3=·<ia, ia! v \. i e, i{3>; J.. =.<i a, j a 1 vi i a, j a >; i f. j.

I,) , 

In	 the above equations v is assumed to represent an eff~ctive 

interaction screened by s- and d -ele~trons. 'It isreasonable 
to	 assume that: 

, , aa
 
U "-' U ; U~f3 ee U'; Iaf3 =I~ Id{3·d; J ij "",J ij (8)


a a 

Thus, the Hamiltonian (3) is specified by six parameters: the 
band width W and five integraIs U ~ U" , I , I' , J. We note 
that s -electrons are not exp Lí c i-t Ly t akeri into account in our 
model Hamiltonian (3), so the hybridization ,effects are negIected. 
They are, however, implicitly taken into ac~ount .by screening 
effects and e f f ec t í.ve d -bandoccupation .. 

3.	 IHE DYSON EQUATION FOR THE ONE-ELECTRON
 
TWO-TlME GREEN FUNCTION
 

For the calculation ,of the electronic quasiparticle spect­

rum of the described model with Hamiltonian (3) let us consider
 
the equation of motion for the one-electron double-time tempe­

rature Green function/4-4-/;
 

Og~(ij,t-t')=-ie(t-t')<[ a iaa(t),a~f3u..{t')l+> 
(9) 

=:: « a i a u·{t) , a ~,&f.(t.' »> . 

First performing the time t differentiation of {9) we get the 
equation for the Fourier t r ans f'o rm' OaB,(ij; eu) 

.ou 
av vf3 ai) +
 

~ T (ie)O ..U j ;w):-..o.. O~RO ,+ 2. IV 1 (iO.«aPt: ~f: I a 'Q» +
ev ao 1j LI..fJ co ev ur uo JfJu" (i) 

av . I . + 
+ V 2 (iO.« aeau n~V"'\7 a j{3a , » + 

(JJ 
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ali + \ + y + 
+ (V ~v (i ~) + Y4 (i ~ ) «a ~~a ~ &"'-0 a-fva a jf3a~' -~) 

or» 
tlV I· . •. , + '.'­

+ V 5 (if )«<a illaOt,.fa\ a ,f.0'. .>'> +.«aiv..:.a·a iV-(J·apva.l ajB']" ».)1.,
• . JfJ- ú) . ú). 

where 
av
 

Tav(H)"" (,)Ô Pi Ôall - t if V (if)::(U.'-I}(l-ô a ll )Ôi~

ali 

1 

UlI av . fi 

V 2 (if)",,[Uô(lJ/~·U'(l-ôav )]ôiP : V 3 (l()=-I(l-ô'av)ôi~ (lI) 

av " ali 

V 4 (1)== -1" (l.-ôu l ' )oiP V 5 O~)::!;-jiP(l-ôi~)ôaJ.f • 

'fhe aim oJ the present investigatioli is to thoroughly study 
the correlation effects in transition metaIs. Therefote, the 
adequ~te approximation is the weak corre-lation limit: D/W 
U ,./W' , 1/W. , 1" /W , .I;W .: 1 . 

To tre4t the many-body problem :in a self-cohsistent way, 
\o,e follôw here t he IGF method /31~ In the weak correlation limit 
we introduce by defin~tion the irreducible parts of the CF in 
the rs'h , s . o f eq. ( 10) 

i r + -t-+ I + 
<,« a i:117 a P'J(1 ,. a ~~/(J , I a j!+Tl >~,) ",« a uur a. P, /7 ..aPT'(1 ,. i a jf-x, ;"'(r) + 

(12) 
+ . .. 

+ <o ," «a. : a + t .: a . a " ,'''- 'i ,. I a ..>"" li! (1 r, '(1 ,. , ., P, '(J j lh r (I)Ppa IIL a' J (1(1 1 (r) 

in wh i'ch a I I pos s í b l e mean-field con t r i bu t i.ons are .removed , 
The cho i ce of t he IGF" s is determined by t he condi t i ons 

ir +
<l (a il1a n P,J'1 ' ), a jf1r.T 1 1+" ~ O. (13) 

From eqs.(I2) and (13) we find: 

i r +
 
<l (a iua fl.r'IU ' ) a j {1a r 1+'" .~
• 

+ + 
...<f(a. n e ,. -<no,. >a· -<a. afl ,.'. ar ,.), a'f') I" "" . ll1a' u-r rJ'a lua 1117 rJ'7 JJ~ J )(7 1 + 

(14) 
...«ail1anr,ia' ,a~f3al 1+' - <npl'a'> ô i j ô/18 Ô(7'1'1 ­

+-<a... a" ,> ÔfI. Ô QÔ,,. '" O.
ll1a u/o IJ flfJ a '7'1 

80, the IGF"s are defined so that they cannot be reduced to the 
low~order ones by any kind of decoupling. This reductiou proce­

6 

dure is of fundamental importance in the present method because 
it a110ws us to extract alI relevant (for the problem under con­
sideration) mean-field renormalizations and to put them into ihe 
"zero--order" (genera1ized mean-field) Green function. To de­
monstrate the possibilities of our method, we expliciily write 
the so-calleõ "anoma1ous correlation functions corresponding to 
spin-flíp processesn!45(However~ it must be stressed that be­
cause of the spin rotationa1 invariance of Hamiltonian (3) we 
have <aia7' aTtl-u > ...0. 'nle spin-flip anomalousterms must be in­
cluded only for a rather special case of the- system magnetized 
in the x direction instead of the conventional Z axis. In the 
remaining part of this paper we do not ta~e spin-flip terms 
info consideratíon. Thus, in the case of weak electron correla­
tion ít.wi11 be enougb to define a very simple mean-field ex­
trac~ion, i.e.,<n~~>~ In the general case the mean-field re­
norma1izations'may have a very nontrivial structure, and a spe­
cial proj ee t i on procedure should be d.eveloped for hí ghe r-eorder­
GF"s as it has been done for the Hubbard rnodel in the strong 
correlation limit, for the theory of superconductivity in tran­
sition metais and their disordered al1oys/35-38/ and f or the 
magnetic polaron problem at finite temperatures/ 4 1/ . 

Using the definition. (12) in eq.(lO) the equation of motion 
(JO) can be exaetly transformed to the fol1owing form: 

ttiv. vfJ . , ai'. i r I + 
,~ E7 (IY)Ga (YJ;W)'20jJ.oatl+LIV 1 (I()<:..-: aVa7npvala·tLY" + 
l' p ,,~ ,Jpu Q) 

av ~ +
 
t V 2 (i' }« a ra a n ',o-a ~ a jfJa ~~ +
 

(15)..-r b 11r.JJJ'j'1,[ .<,i " ..I. JU ..iü.> .1. c"'·~ +
 
. aJ- aI'. H + !~. ~
 

"~'( :, ,J };.~r tV s Hf)+ V 4 (li) «a'a ....~a,.,_".a'pr1 ia j/3u'w ~ 
1 ' ~Ji'l' i 'I" v, 

av ir + ir + r + t' ,\ 
(' í ') V 5 (ir)( «3 ivr..T n 'Vl:71.,a jflu'~~ ... ..-:<a iv-a a iv-u· a tvo- ,a jf30, ';':) • , 

av
The renorma! ized energy Eu (it) is given by the eXllressíon 

av av av +
 
E 0'" (iY)= T (U l-V 1 (i i) < ataa ayvry>­

-'~ (Vi (if )5 <nylW' > .; v;1L (if )8a v <nip-o»,­av
fL (16) 
av + aI.' +
 

-v 3 (if ) <afa-!1 ayv-u >-v 4 (if)<afJMy aYa_!T' >­

'_.JlV + + av
 
-V;, (ir X<a Ú.f7.a fvu >-<aiv-<Tafv.-u» - rv 5 (ij) 8 if .cn jvu>·
 

'. ) 

Now W'e proceed to derive the Dyson équation. To ca;lculate thé. 
IGF" s 1 ~<A(t) I;\(t' »> :in eq. (15). we have to wrí'te the e9ua­

'I 
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Lion~ of motion after differentiation witn respect to the second 
time var i ab Le t< Then conditions (3) remov~ the Lnhomog.eneous 
terms in these equations. If one introduces r reduc Íb Le part.sí 

for the right-hand-side Dperators by analogy with expression 
(l2), the equa t i on of mot í on (15) can be exactly rewritten in 
-the foll-owing form 

-Ilf3(..• ) Ga{3r" ) ... ~ Ga/I (i . )'p/IV { . )GvB.f" ) (17\
u~, lJ,.w = Oa.\I.J,{U + k ~ 00' im;,» a' mn: w Oa\nJ,w, .) 

mn /IV 

í~here the generalized .mean-field Green Iunc t on ao reads 

avo vf3 . 
~~ E a' (1 ~ ) GOirce j; w) = Ôa f3 Dij 

The scattering operator P 

f3 -av ' . p.{3 
,pa (ij; w ) = 2 2 1V 1 (ím) V1-Ó: 

o mn}Lv 

.. R. '
 
av J1'I-' H
 

~ V 1 (im) V 2 (ni)« a maa ~ mv~ a n(3o np.-O' co 

(19) 
av. fl{3. i r . + i r 

+ V2 (ím) VI (n])« a ma~·n mv--u1 a n{3a n np.~» w + 

. i r 
aV 11 f3 ir 1. + »' I+- V 2 (im)V.2 (nj)«a maa nnp.-11, a nj3r:Fll/l-a w • 

Here we present for brevity the pcattering operator only for 
a par t of Hamiltonian (3)~ i.e., H-=H 1+H 2 without two Las t 
t erms in H 2 • The fu l I scattering operator c an be written -di­
rectlr· 

lf 'we go further and writ~ down the Dyson equatioh 

af3. o. a{3 ". a/I '. 'p.v . v{3, .Ga .l1J ,w }=G (1). (D) +2 ~ Gila ( lrn , w ) Ma' (mn; w ) G a', (n] , Cí) ) (20)oa mn /Iv' . 

we get the fo.llowing equation for M 

}LV .jLV _]la a(3 .. (3v .o 

P (mnj o ) « ,MO'. (mnt o ) + 2 2 MO'. (rnl;w)GO (lJ;W)Pa (jn;w) (21)
a 

ij af3 
frum which it follows that we can say, in complete analogy to 
the diagrammatic techníque, that the self-energy operatoI 

(18) 

is given by the expression 

ir . i r +
 
(nj ).« ama0' n tIlval 

1 

a nBa n »+­np.a w 

i r 
\ . +- n »+ 

Nf~(mn;w) is defined as a proper 
tering operator P: 

IlV, ." . /IV . c
M 0" (mn, w) = (P a' (mn: w)). 

, 
It sh9Ul~ be emphasized that for 
GF"sthe proper part has only a 

(connected) pa~t 0f the scat­

(22) 

the retarded (and advanced) 
symbolic character. However, 

one may use the causal, instead of retarded, GF at any step 
in,. the calculations be cause the equa,tion of motion has the 

8 
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same form for alI three {retarded, advanced, and causal) GF~s. 

In a cer t aí n s ense there is a possibility of controlling, -in 
the diagrammatic language, the relevant decoupling procedure 
in future apprvximative self-energy calculations~ Thus, in 
contrast to the standar4 equation-of-motion approach the deter­
minatiofr of the full GF G has been reduced tD the ·determina­
t í on of t he mean-field GF G O and the self-energy operator M. 
The reason for t h í s method of calculations Ls t ha t the decoup­
ling is only introduced iuto the self-energy operator, as will 
be clear from the next &ections. 

4. ELECTRONIC STATES IN MEAN-FIELD APPROXlMATION 

The ques~ion now is how to describe our system in terms of 
the quas i pa r t i.c-l.e picture. For a trans'lationally invariant sys­
tem, to déscribe the low-lying excitations of the system in 
terms of quasiparticles, one has to choose eigenstates such 
that they alI correspond to a definite momentum.. For the dege­
nerate band model we need the transformation relations between 
second quantized operators aiad' and ata0'- connec t í.ng the elect­
r~n° state with an orbital ~ymmetry a centered at atomic site 
Ri and the Bloch state Ik> of ~he same symmetry. The exact 

transformation reads!43,46,47! 
-1f2 ~ ~ +0" + -1 

at '\a' = N j2f3 exp [- i k R j 1U A{3(k) a j{3a' U =u (23) 

However, fgr th~ sake of simplicity, we ~hall follow the appro­
ximative approach of papers!13,~! where the following trans­
formation 

-1f2 .,~ .. 
a"kaa=N ~ exp[-lkR i l aiaa (24)

1 

has been used instead of the exact Dne, as given by eq. (23). 
The second quantized operators in eq.(24) generate five artifi ­
cial unc oup l ed b and s for which a = 1,2, •.. 5. tVhen coupl ed by 
U,\f3(k) they reproduce the rea~istic bands labelled by '\, as 
given by eq.(23). This is, of course, a simplific-ation of the 
problem. We 
dix A. The 
equivalent 
form 

a{3 '". 
Ga·(lJ,w)=N 

aS .,
M (lJ;w)=N 2 exp[ik(Ro-R.)]M (k.w) (26)

k 1 J 

I. _ 

discuss this approximation more thoroughly in Appen­
adoption of the approximative expression (24) i~ 

to the following definitions of the Fourier trans­

-1 ~ .. ," ~ ~ a{3 .. 
~ exp[lkER i - R j )] G (k.w) (25) 
k 

-1 ... ~ .. a{3 ~ 

9 



(.Ca . - 1 ~ .~ -+ ~ (27)
t " = N' ;€a(k)exp [ ík (R i - R j )l.

IJ, k 

Using the definitions (25)-(27} ip eq.(20) we find , 
af3 -+. af3 ~ aú -+ flV -+ vf3 ~ 

G (k.úJ)=G :{k.úJ) + ~ G oa (k.w)Ma (k.w)G a (k.eo ), (28) 
'J Oa p:v' 

From the symbolic solution of tne Dyson equation (28) 

~ .... -1 -e- -1 
G(k.cu)=[(Go(k.úJ)) -M(k.ú1)l (29) 

it is now seen how to change the problem of calculatlng the 
single-particle GF ° to the one of calculating the generalized 
mean-field GF 00 and the self-energy M. 

Let HS first consider the mean-fíeld CF Go · In toe ~OMentum 

representation we obtaín from eq.(18) 

a!' -+vf1-+ 
; R'J (k)G o (k. úJ)=Da (3' (30) 

aft~
The r enormal í z ed ene r g i es E rr (k ) have t he form 

av ... ~ -1 +
 
s , (k)=(w-fa(k))Dal'-(U'-I)(l ,-Dal')N ~ ~apaaaplll1 >­

p 

. -1 _
 
- ~ «U'-1)(l- 0afl) ôm l N ~ <n ;' ­pl1u.fI p 

I -1 + 
- (U S + U '(1"'0 »ô N- L <n '» +'{' (1.- âav)N 2 <a _ apI~J ;.;,

ai: au alJ p Pfl-f.T p.pa q 

(31 ) 
-1 + 

+ I (1 - Qav ) N L. < a pl'-a a pa <o ;. + 
p­

... _1. + . -1 -to .. + 
+ 8: ,(J(O)N L < ~k a. "> - N ~.' J(k-p)~ < <lpvrT apII(J ». 

aI p f P I"T P l'a p o 1 1 1 

where 

... -1 -to....... • 

J (k) :o: N L J.. exp [ - i k (R. - R. )t. (32)ij lJ 1 J 

For the multiorbital Hubbard model (U'= 1=1'= .J = O) we find 

av -to "'-1 
E (k ) = ((u - f (k)- U N 2 < n pa-a >1Dal' . (33)a· a p 

The spectrum of electronic low-lying excitations without 
damping follows immediately from_the P91es of the single-par­
ticle ~ean-field Green function Go (00 denotes a matrix in 
the space of band indices): 

.det Ia, I = O; det IE -(J I = o. (34 ) 

10 

It is obvious that most important is the case diagonal in the 
band indices: 

aa -+ aa, ...
 
E a' (k)G Oa (k.,») =1 (35)
 

because if a Green function is diagonal with respect to some 
set of single-particle functions, these functions are "natural" 
orbitaIs of the problem. Hence, we may wríte for the diagonal 
case 

aa ~ aa -1 aa .. aa ... -1-to 

G o.,. (k. w )=( E.,. (k)l G 0+ (k, úJ)= ( E./. (k) 1 • (36) 

where 

aa ..... 11
 
Eu, (k) =: W - f a (k) - (U'- I) 2: (1 - Daú ) Na
 

. 11 r 

(37) 
- L (Uôall + U' (l-oall )}NIl-a
 

fl
 

-1 ... ~ + .... -1. + 
- L N L J (k-p)< à a p~a ;. + J(O)N L -: a k a > 

'J p p n rr 1 1 P +paa paa1 (38)
 
ti- -1
 

Na =:N 2:<n ;.. 
p P11-0 

It follows from eq. (37) that in a complete analogy with the 
one-band case ·one can define the band splitting ;\"a in the 
fol1owing form 

a a" a'" a a I) T)
 
~ = E t (k) - E' • (k) =: U ÇN t - N ~) + I t (1 - oav )(Nf - N ./. ) +
 

(39) 
.. -1, c >, + + 

+ J(O)N .... ~ ,ak+pat >-<ak+pa./.apa?)'a p a t p 

The last e~pression generalizes the standard Hartree-Fock band­

splitting expression.
 

5. ELECTRONIC QUASI-PARTICLES AND THEIR DAMPING 

Now let us take into consideration the damping effects and
 
finite lifetimes. Hence, our next task consists in obtaining
 
self-consistent approximative expression of the electron self­

energy operator. In the general case, to find the dampÍng of
 
the electronic states, one needs the following expression for
 
a single-particle Green function (c vf • 140.41/)'
 

al' ... av.. -1 av... -1
 
0a (k.wJ=HGoa{k.úJ)l - ~'J (k.úJH. (40)
 

11 " ~~ 
" 
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Here ~:(k,w) is a functional of M~v (k,w) 

ut' -+ av -+
La (k.w)=F(Ma (k,ú»)]. (4 I) 

lf we confine ourselves to the most important ~iagonal case~ 

we find that the renürmalized electron energies ar~ self-con­
sistent solutions of the equa~ion 

- U -+ au.... au .... .... a -+ 
'( ry.(k)-E a (k)- Re L[J.[k'(a(k)l=O. (42) 

Hence, ifk labels a quasiparticle electronic state, the spect­
ral functions 

a -+ aa ....
 
ga' (k, co ) ec ImG a (k, w ) (43)
 

will have a strong maxima at.energies of the quasiparticle 
state. 

Thus, now we have to find the matrix elements of self-ener­
gy'M to complete our solution of the problema To find explicit 
expressions for M~(~w),we have to evaluaté higher-order Green 
functions in eq.(19). In the quasimornentum representation we 
obtain from eqs.(19) and (26) 

a . ir c
af3'-+ -2 av IlfJ ir • + , 3 + + a »' + 

Ma-(k,ú»)=N L L IV1 Vi «ak+paaap+qvaaqva k+sBa-flq.ta· r+s~.LO· CJ)
/.Lv p qr s 

ir + + + i r,c+ Vav _jLf3
1 V 2 « ak+paa ap+qv a aqva·lak+sBa-arll-a ar+sll-a' >~ + 

(44) 
ir + + + ir, c+ Vav V/.L{3 «a a 1 a , a a a a »+

2 1 k+paa p+ qv-a-' qv -ai k+ s.fJa q..L a r+ S/L a' (u
 

ir + ' + + ir,c
+ Vav 1lf3 «a a a I a (3a a a »loi? V 2 . k+paa p+q'/-.a' .Cil"-ef k+s rlL"'U r+ sll .... o co 

It is conven i ent; to wri te down «A 1 A+>>in terms àf the corre la' ­
tion functions in the form 

+ 1 00 d ú) ; BÚi ; 

« a a+ a I a+ f3.a a '» - --- r ---.., (e +1) xk+paa p+qva qV!7 k-i-s a t u o r+slla - - 2 W-(L) 
r (u -00TT (45) 

00 iw ; t + ') + ( ) . (t) + >
xf dt e .<ak+s{3att ar/.L-a tj . a-r+s/L-a' .ak+paaap+qvaaqva . 

-QO 

It is reasonable to use the following pair approxirnation (for 
a ~ow density of quasiparticles) for the correla~ion function 
in thé r.h.s. of eq.(45) in terms of single-particle correla­
tiQn functions 

. i r, c "\ 
+ (+ . ( ) , + '> + t't)a . >x

<ak+s{:3at)arll_a(t)ar+s/.L-o't :lk+paa a p+qv-aaqv'""'l7'" <a k+pl3a·' k+paa ~ 

12 ií 
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<a~_a (t)aqv_a.><ap+qfLa (t)a~+qV'""'l7> X ok+ :s,k+p oo.rq .0l'+S,.p+q (46) 

Taking into account the spectral theorem we obtain from (44)­
(46) 

af3 -+ -2 . av ~J1f3 afLvf3 -+........ av 1lf3 ullvf3 -+-+ ....
 
Ma (k,w)=N 2o .. 201V 1 V'i Q1a (kpq;w)+V 2 V 2 Q2 (kpq;w)L (47)

,/.Lv pq a 

where 

allvf3 ....... -+ 1 3 00 dw 1dw 2 dw3 (. ()] ( ) ( )t.
Q (kpq;w) = (- -) U[ -------------ln(w1)[1-n ( +n w 2 n w s;>«3la TT ~ w +w 2)-n w3 
1-w 2-w 3 

/LV -+ -+ vil -+ af3 -+ .... 
X I ImGa (p+q~w1)ImGa (q'Ú)2)ImG a (k+p.w3)+ (48) 

/lv .... -+ vf3 .... a/L ,... .... 
+ ImG a' (p+q, co l)IrnG (k+p ,w s ) } a (q.w 2)ImGa 

QaJLvf3(kpq; w )=( _ 1-)<J/rr dw Ldw_:s.dw_S__ In(w )-n(Ú>3)]+n(w 3) Ix 
2a TT "':00 w +w 1 -w 2- w 1)[1-n(w2 2)n(w

3 

(49) 
p.v .... -+ vil .... af3. ... ....
 

X ImG-a. (p+q, w 1)Ir,n G-aeQ.(2) ImGa(k+ p ,w3 ).
 

Equations (29) and (47) form a closed self-consistent system 
of equations for the single-particle electron GF for the gene­
ralized multiband Hubbard mQdel described by Hamiltonian (3). 
In pr i.nc i.p l e , we may use, in the r. h. s • o f eq . (47);' any relevant 
initial GF and find a solution by repeated integration. 

For the first iteration step we choose the fDllowing simple 
one-pole expression (cf. eq.(33)) 

1 af3... af3. -+ av -+ -+ a
 
- -; ImG Q" (k,w);; o(w -E a.{ k)) 0a{3' E a. (k)=[ co -(a (k) - UN-(ll 0av· (50)
 

Then we obtain 
9 aaa -+ -+ ~ I:af3 .... U~ Na (k p q)
 

M a (k, w) = 0af3 { -7"2 L ------ã- =i'" -~-----a--~------ã--::;---:;---- +
 
N pq ú)+ E-a(p+q)-E-a(q)- E a.(k + p)
 

(5 I) ,I 
2 2 vva :-+ -+ -+ .


(U'-I) +(U;) Na' (k :pq)(l-oav) r .
 
+ --------- I ------------------------------ •N2 v .... -+ v .... a ........
 

pqv w+E_ (p+q)-E_a(q)- E;:.(k+ p)a 
where .

v2v 3 -+ -+ -+ 
<, 

'/l vi . "e v3] tJ2 v3 
Na (kpq)=np+q,-a (l-n k+pa -n q_a. +nk+pan q_a (52) I 

!I 
'Iv ( V -+ -1 1·exp(f3E a.(p)) + 1] • (53 )npa = 

13 
:! 



For a s imp l.e one-band Hubbard model we directly obtain f r om (51) x gp+q,_.a(ú.l 1) g k+p,a (w 2) g q._(J(w 3)' (58) 
the resul t by Kuz emsky /31/. 

where 

M (k.eu):::~'=- 1 ~-E:!:qa~_-=~_~±~,q':-_~.1.-q.:.~~_r:~t~9.:2. __
a' 2 -t-+ -+ .......... (54) gku{0)=- ~ ImGa(k.w+i/). (59 )
 

N pq W + E_a(p+q)-E-a(q)-Ea(k + p,) 

In the region of the resonance between the one-particle and 
collective excitations another approximation is possible, in­
stead of (46): 

. + + +
<a'{3 (tj a , (t)a. (tj a , a. a. >""J a 'I J fi. a 2 J 11 a 2 1a aS 1 va 4 1va 4 

+ + 
"" <a {t)a ia r7 (t)niva > (t)aill(] >J'(3a1 ·3 

><D J'lIa 4 
+ <a J'(3a 1 4r2 

+ + + 
x <n,'lIa (t)a i,.. ". alI'''' .... +<a, (tj a , ><a, Q, (t)a J· II ". (t)n I'V ~ + 

-r: 2 " "3 " 4 .I/L a 2 laa 3 J po 1 r" 2 a 4 
(55) 

+ + + 
+ <a j-' I t (J (t)U i ll (] .... <U)·Q(11 (t)aj/L'7 (t)aia~J ail'(] ~+ 

,., 2 4'P .' 2 3 4 

+ + (56)+ + 
+ < a.l'li a (t) U . r rr > -;a . a ( t) a I' iur (t.) a i a (J a i.' tt >. 

r 2 11 II 4 .IfJ tt 1 . 2 3· 4 

For the rnultiband Hubb a r d model (U'=I=I'=J =0) we find 
? -+..... -+
 

af3...... . U~ v ik(Rj-R j ) d(r)ldú)2
C'<J 

M'1 (k, «i ) ==---- _ e r( ------ x
 
. rr 2N 2 ij -C'O w-úi1 + ú J 2
 

x t ~L~~.l2~t<!~g2 __ (Irn r:< U iaal a+" Q-,"» • Im« n . I n 'f~ ", + 
. /J! co 1 la-a' J ) ...(7 (d 2

nF(m r-w 3) 
(57) 

+ ,+ 
+ Im«a+ia_(]~ aJ·a...q» . Im r-:aia'T aia...q!a if1(, <l ]·{1- (r" > )+ 

. fJ' (d 1 . ., (I) 2 

(1-nf{
w 

l » nF «(d 2) .",. : a~ :'-> .Im<-:uiar,'\n_tr rU. + {1(, cl. + {1 -<T ........(J)2 I
 + ----------.---.- Im <r: a j{1-'r la-a. (I) 1 j i

11 .F(Ú) 2 -w3 )
 

6. NUMERICAL RESULTS 

Let us apply the results of previous sections to the reaso­
nable model calculations of the self-energy and spectral densi­
ty. In the pair approximation (46) the general expression for 
the seJf-energy has the forro (cf. eqs.(48), (49» 

-+ U2 . N d ú.l 1d úi 2 d W 3
 
M (k.ú.l)=--- L U(-------·---·-ln(úl )(1-n((d 2)-n(w...)+·n(w )n(Cl) )lx
 

a N2pq-ocCú+(IJ1-W2-W3 1 ,) 2 3
 

For our artificial uncoupled bands (24) it is reasonable to 

l
 accept the effective one-band model with a possible total num­

ber of 10 electrons per atom to proceed the numerical calcula­

tions. For this model we have calculated the self-energy M(k.w)


I' 'according to formula (58), where for the spectral density of
1.;$ 
states and dispersion law we take 

gk(ú.l) == ô(w - e (k» 

(60)
-+ ak x ak y ak x ak z . I ak y ,ak z 

e (k) = Eo- 4t(cos-- COS-" + cos-- cos-· + cos~- cos-- ).
2 ~ 2 2 ~ 2 

In general,. formula (58) proyides a self-consistent waJ for 
obtaining the self-energy M(k, ú)') and Green func tion G (k. w ).How­
ever, because of a rather tedious integration rnethod in 9-di­
mensional space ·(6-dimensional space for the k -integration 
an9 3-dimensional space for energy integration) we calculate 
the self-energy in first iteration step only for the mode1 den­
sity of states of'the FCC lattice. 

The cal~ulaiions weie done with the appropriate set of me­
tal parameters for FCC lattice. The band-width W= 4.6 eV for 
a band filling 86% and 94%. These values of parameters approxl­
matively represent the one s for d -bands in transi tion metal s, 
name l y , in Co and Ni , r e s pe c t i ve Ly . Al1 calculations were done 
for -temper a t ur e k T = 0.03 eV. 

The integrals which appear in eq. (58) were calculated by 
the Monte-Carlo method, and quite a bit noise showing by calcu­
lated curves is main~ due to our lirnit of the cornputer time. 
For each energy and k -vector approximately 250000 joints in 
6-dimensional space of the quasi-rnomentum vectors (P.q) were 
randomly generated. Of course, we first calculated the imagi­
nary part of our self-energy and then obtained the real part 
by the Kramers-Kronig relation. 

J

Jn Fig~.1-4 we show real and irnaginary par~s of the self­


energy M(k,w) calculated at different points of the Brillouin
 
zone.
 

In Figs. 1-3 the self-energy curves have been calculated for 
energy bands of width 4.6 eV and the band filling equal to 
86% for [', X and L syrrnnetry points in the Brillouin zone , 
respectively. 

In Fig .)4 the same curves have been calculated for the hand·­
filling equal to 96% for I" syrnrnetry po i n t , 

~fI 
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Fig.2. Real and imaginary 
parts of self-energy calcu­
Lat-ed for point X of the 
f~c Brillouine zone. Other 
paramet.ere are the eame as 
in Fi~.l. 

N< ,f 

'4.0 ,20 3' ,20 -i, O 
E(lZVI 

Fig.4. Real and imaginary 
parts of self-energy calcu­
l.aõed for point r of the 
fcc Brillouin zone for E F = 
=1.07 eV and band-filling 
equal 94%. Other parameters 
a:r'e the sÇlJ7le as in Fig.l. 
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Fig.l. Real and imaginary 
parts of self-en€rgy calculated1 for pQ.int r of the Brillouin
 
zone (k = (0.0 ,O)) anel for' model
 
s-type tight-binding energy
 
dispersion curve in fcc crystal
 

,lattice. The ioidth of band . l;
Wz: 4.6 eV (from -3.415 eV to 
1.15 eV), E F z: 0.95 eV, banâ­
filling equal.e 86%, k T z: 0.03 eV.
 

" 

N 

:::> 
"­

~ 

ReM (k,E Ik.. 11,OO) 2íí/AL 
E ...... 

N:::>, 
<, 
L 
QJ
o: 

-0.10 

-0.06 

-1..0 -2.0 2.0 1..0 
E(eV) 

Fig.3. Real and imaginary 
~ part:e of self-energy calcul-at-ed 
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louin zone. Other parameters 
are the same as in Fig.l. 
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Th~n, we may see that the diff~rences between self-energy 
curves calculated for different k -vector~ are relatively 
substantial~ For our model start-density of states (FCC lattice) 
the most different from other self~energy curves is the case of 
r po i.nt , In compar í son with these ones for X and L 'poi.nt;s 
we- can observe the absence of a 10ng tail in the' imaginary part 
and a considerable decrease of a real part for the states pear 
the botto~ of the bando These features of th~ imaginary pa~t 

of self-energy ma.,l lead to broadening of t.he: initial Bloch " 
states with the k -vector lying far away from r point in compa­
rison with the ones for k..;..vector f r om the v i.cí.n i ty of r po i n t , 

In Fig.4 we present similar calculations for r poi~~ but for 
a different band-filling, D:amely, for band f:hlling equal.94%. 
The main difference is only in the absolute value, and th~ ,shape 
and general trends are similar to the ones for smaller band 
f i ll.í ngs • 

In Fig$.5-1 we show the spectral densities for the same k 
values along the !' , X s~nmetry line. For computational conve­
nience the spectral density curves are evaluated at complex 
éner g í e s , .E=ú) +O.OOli. The pres ence of the fini te irnaginary 
paPt~in energy effectivelr causes thes~ curves to be averaged 
over a~ energy interval of ord~r ~0.001 eV. Because o~ a very 
small part of the energy these curves are broadened very siight­
.l y , and ,their peak he í.gh t.s are somewhat reduced from the true 
results wh~ch would be obtained in the limit of vanishing ima­
ginary parto 

In Figs.5-6 we present the spectral deusity of states for 
b and wíd th W= 4.6 eV (the band extends from -3.45 eV'to 1. 15 eV) 
for the band-filling equal to 85% and for two vaLues o f par'a­
meter U/W = 0.33 and 0.66, respectivelyo' Smal1 'í'rr egu Lar Lt í es 
on the curve in Fig.6 come again from a too small number 9f 
r andom points u sed in the Monte-Carlo í.nteg r at on in the imagi­í 

nary part of self-en~rgy. As.was expected, with increasing va­
lue ~f the Coulomb integral U the spectral density curve be­
comés broader and ~xhibits a much more rich structure. Roughly 
speak í ng , at r point we have .a long tail from the upper side 
of a band with a great peak on the 10wer si.de of the bando Then, 
when we will move,' for example, along the r x symmetry'line to­
wards X point we obta~n ~ long~r tail on a 10wer energy side, 
and at the same time we have a r~construction of the main peak 
from the óne side of the Fermi ~riergy leveI to another side. 
The simi lar behaví.our of jspec t raL densi t):· can be s'e-en fo\:- o t her 
parameters, .i.. e., for. th~band fi lling equa l to 84% and for 
U/W =.= 0.33, as r epzesented in ~ig'. i. . 
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Fig.5. Spectral density of 
et.atee of model. s -type tight­
.binding energy dispersion curve 
with self-energy calculated 
from formula (58). Paramet.ere.: 
U/W = O. 33-" W = 4. 6 e V.) E F = o =0.95 eV., band-filling equals

~a[. 
86%.	 The vertical dashed line 

& represents a one-electron eigen­gO.3 
value. 
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7. SUMMARY AMD CONCLUSIONS 
We have provided a relatively simple method that enables 

one to calculate electronic quasipartícle spectra including 
eleçtron-electron inelastic scattering processes in a self ­
consistent way. The most impbrtant conclusion to be drawn from 
thís paper 1s that the conventional one-electron approximation 
of the band theory s not a-lways a sufficiently good approxi­í 

mation for transitíon metaIs, especially for metaIs like nickel. 
The adequate description of electronic quasiparticle spectra 
in multiband transition metaIs requires a much stronger role of 
the m~ny-bady correlation effects than believed some years ago. 
Our results give further ínformation about correlatíon effects 
in transition metaIs as compared to that one obtained in pa­
persJ26-29-,42Jhowever,- our'approach is a more general one. 
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In conclusion~ we hope to have provided some insight into 
the nature of electronic' states within the realistic many-band 
model of transition metaIs. The approach developeà here can be 
uséful for studying photoelectron and X-ray'excited Auger spect­
ra of transition metaIs. To extend it for transitÍon metal 
compounds, we mus-t consider the strong correlation case and 
generalize the formalism used for such a case as it has been 
done for the one-band' Hubbard model earlier/ 3 1( AIso~ the an­
proach developed here can be extended t~ the descriptionof the 
correlation effects in the antiferromagnetic transition metaIs 

, I	 and in disordered transition metal alloys. Wê hope that tnese 
important p\oblems will be consÍde~ed in futuTe works. 

APPENDIX A 

Wannier Fupctíons and Tight-Binding Functiens 
for Degenerate Bands 

To compare our results with those obtained in Kleinman and 
Mednick calculations f 26:we shall now bri~fly cornrnent on the in­
ter-relation between Wannier function and tight-binding-func­
tion. representatíon of the electronic states for the multiband 
metal, e.g., for degenerate d-bands in transition me t a l s . 

In our pape~ w~ need the complete orthonormal Wannier func­
tion basis I cPÀ(r- R. ) I for introducing only the second quanti ­
zed oper a t or s ai/HJ and a;{19'. Our main c a.Lcul at í.ons , i.e., defÍ­
nition of the irredu~ible mean-field CF (lff),e~c.,are ina ve­
ry general formo However, to find the spectrum Df electronic 
quasiparticle excitations we must introduce into our cQnsidera­
tion the wave vector k. Hence, we must accept a certain relation 
between Wannier and Bloch functions~ or equivalently, between 
second-iquan t i.ze d .ope r a t ors representing 'Wannier localized 
states and Bloch extended .states. Con&truction of Wannier func­
tions for degenerate band ,is an essentially complex problem. 
At the present time there seems to be generally accepted the 

íprac t ca I method developed by y.c\hn/ 43/.1t í.s well known that. 
I t i f . d d' f h f / 43,46 47!suc h	 a re a 10n or compoS1te ban s we nee 15 o t e orm ' 

-+ -+ 

-. ... -Y2 -+ i k Ri -+'1\ (k • r) ::;: N	 1 cP-/t.' (r- R i ) e UÀ'À(k) (A. 1 ) 
iÀ' 

or equivalently 
-+-+
 

+ -Ih. i k Ri + -+
 

~,e aiÀ'a U À'À(k)
. ~ a k Àa::;: N 

! -+-+	 (A.2) 
+	 . -Y2 i k R i + ... 

a. \ ::;: N 1	 e a -+ , U \ ' \ ( k) 
I f\9' k À ' k À a f\ f\ 
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,~ .. 
tz -iltR· +-+ 

a :: N-n I e 1 a, À,UÀÀ,,(k)
k À(7' iÀ" 1 a 

(A.3 )
-Y2 ikRi -+ 

a, L == N ~ e a-+
À, 

UÀÀ,(,k). 
ll1U kÀ' k a . 

where U(k) is a unitary matrix. When we substitute the Bloch 
function (A.I) into the Schtoedinger equation t we obtain for 
matrixU(k) some eigenvalue problern 

~ ~ -+

~/ÀÀ,(k)UÀ'À /k)=EU ÀÀ .»
 
(A.-4.)
 

.... -+
 
i k Ri -+ -+ -+
 

e ÀÀ,(k) 7e <epÀ,(r)\HIet>À
 
1(r-R i

»· 
In the case of generalized tránsformations(A.2), (A.3) we 

must change our definition of the Fourier transition t Eqs.{2S)t 
(26) as follows: 

a{3 "". -1 ik(ii i - Rj ) -+ ÀÀ' -+ + ... 
Go" (lJ,ü»)=N I.e UaÀ(k,)G (k,(v)UÀ'B(k)aAA' , 

-+-+ ... (A.S)
 
af3 -+' -1- -ik(Ri-Rj) + -+ ÀÀ'"" -+
 

G (k,w)=N ~ ~~ UaÀ(k)G a (lJ;w)UÀ13 (k )
 a 
lJ IV\,
 

and similar equatíons for the self-energy. av-+ 

Becaus.e of a very comp l i cat.ed form for E a·(k), Eq , (3]) l;.' written 
in terms of general transformations here we give oniy EaV{k) 
for Hami Ltorrian H==H 1 + H2 without last two terms in H 2. Then 
we have: 

av -. ... U ',-1 L 
E O" (k)=(w -( v (k))0-av - --N-- p L (1-0 )

À lÃ:2À3À4 ÀlÀ2 x 

+ -+ -+ ... + -+ + ~ ...... + ~
 

(Ua À1 (k)UÀ2V(k)~1~Jp)UÀ4Àf?)+UaÀl (k)UÀ1V (k) UÀ::f3(P)U À 4À
2
<P) ) X
 

+x<a \ a\ >­
p "'-3)" P 1\4 a 

(A.6)
U + -+ ~ -++ -+ + 

_._- L L UaÀ (k)UÀ 1v (k)UÀ Às(P)UÀz\1(p).<apÀatilPÀ2a'>­
N P À1À2À3 1. 1 

+.~ -+ -+ + -+ +
U" " - r-f; ~ (1-0\ \ )UaÀl(k)UÀlV(k)UÀÀ (p)UÀ À(p).<apÂ.-r-aapÀ <o >.

À À 1\11\2 2"S 4 2 o 4 ' 
1 2 

À 3À4 
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or course , when -we apply the sub s t Lt.u t i on U Àl À2(k) = ·~í\lÀi.or 

in other words, take t r.ansforma't í ons (24) Lns t'ead. of (23), we 
obtain for Er: (k) the formula given by Eq.(3J) of the main texto 
Expression for se1f-energy for the same Hamiltonian and fór pair 
decoupling of correlatiQn functions is given as follows~ 

af3 -+ 1 ~ -,2, + ... ...' ... -+ . + ...... 
Ma (k.cu)={- ;-) N ~ L I UaÀ-{k)UÀtf3{k)UÀÀ2(k+p)Ur\ v (~)"ê' 

IlV ÀÀ1•.. À 7 P q 1 

à + ... ... +-... ...... 00 dw 1 ;<io 2 d w S
 
UVÀ4 "q)UÀ À (k+p )U>--II (q) UII À7 Ip-q ) frr--------- N((d l'w-o .(US)X


• 5 1 "6r r -00 CU +(ul -w 2,-W-S <;, 

>w I1v :V~. ÀÀ 1
 
X IÂILÀpmGp+qJwl)Imaqa(w~Im-G k+pa(') ~ +
 

{A.7) 
ILV v~l >.p. 

+ ImG p,+-(fU:(Ú> 1 )~ Im-Gq tT (w 2)·1m G k+~~)3 ) 1+ 

>.p Ilv Vil ÀÀf 
+ Bp À 1ImOp+q-a(úJ 1 ) ImG q_a(W 2)lm Gk+prr(W 3) t. 

where 

N (cu 1"w2 ,CU '3) = n (w 1)11- n(w,2 )- n«{)s)1+ n(w-2)n«v"S ) 

-Àv 
(1- Ô-Àv )(1-8 JlÀ1)(U' - 1)2 (A.8)AIl À 1 = 

, ~::;'1 =(U8..\v +U'(1-ôÀ;v)]{UôI1Àt+U'(1-ôILÀ1)1. ·r~.,:., 
:F~ 

~ \ ; 

For the apprcx ímat i on li Â1À 2- ôÀ
1

}\ 2 and, for a s ímpLe H~bbard ",i 

mode L we obtain t.he' Limí t í.ng casev'fouüd by Kti'zemskY 3V., 'i. 

Let us now consider the tight-binding apptoximation follow~ 

ing 47~ The tight-binding degenerat~ ~ands are constructed 
from Local í.zed atomí c orb Lta l s " '.Ir-Ri) in the ,fol.lowing 'well ­
known way/47/: " 

-+ -+ -Y2 .... -+ Àla'" ... ... 
'PÀ{r.k)=N i~ exp(ikRi]V (k)~a(1"-Ri)' (A.9) 

where we denote -atomic orbita l s by a ,{3 indices and energy 
bands by À , À1 'índices. This equatíon gives. the required 
(exact) expansion of the Bloch function in ,the general case 
of several b~nds. The main point of that exaa~sion is the rep­
lacement of t.he expansion coefficients exp[ik .R i] (appropr i.at;e 
for the one.::;band case) by more compl í.cat.ed ones , The coeffi-, :. 
cients VÀa(k) give the required mí.xture of atomic. o rb í t a Ls t'o 

,~, ,1 
''''''21 



yield the Bloeh states. Formula (A.~) may be inverted by wrí~
 
tin~ for 'the atomie orbital state
 

-+ -+, -V2 -+ -+' a À -+ -+ -+ (A. 10), (r - Ri ) == N I. exp [-ik R . lU (k ) 'PÃ (k , r). 
a Àk 1 . 

where matri~es U , V yield the relations: 

a À -+ ÀÀ1 -+ -+ -+ -+
À~ U (k) V (k} exp fi k (R i - R j ) == 8 aa 18 ij • N • 

(A. 11)
À1à -+ u'\'2 -+ ~ -+- -+ 

íl V (p}U (q) exp] R i (p - q) 1= ôÃ À 8 -+ -+ • N.
 
ai 12PQ
 

Here we have, beeause of non-orthonormalized atomie orbitaIs,
 
overlap integraIs
 

afl ~t . -+ -+ -+ À -+ f3'J1.-+ 
R iJ' "" N l exp ( i k (R i - R J' )1u-" (k)U (k ), (A. 12)

Àk	 . 

N'ow we can introduce the formalism of seeond quantization wi th 
operators a~À ,a

k À 
for the er~ation and ,nnihilation of eleet­

r ons with wav~ veet'or k spin a for band labelled by index À 

or with operators a~aa' bi~~ for the cr~ation and annihilatlon 
of e l ec t rons deseribed by funetion cpa(f-Ri ) and sp i n a . Note 
that beeause of non-orthonormalized atomie o rb i t a I s ''o.(t- R ) 
now we nave b~a(J'i a7ary. In sueh a case we c an st i l I work with 
t he Hamí Lt.onían w-ritten' in terms of a~aO' b iary but some opera­
t.o r s , for examp.l e., a;aa b í a 7 nave to be handled with a certain 

vc are (t.hey are not Hermitian)/46/. For that reason, one often
 
make the app~oximatibn
 

afl "" I t,·,~ .~. ." 'I'( ...., '\" ? ',~A
,'l,	 ....R ::::!*l) & .. ' •.'\1\<.\'·"" !J .... j f'lUl \, /.0-.1) l).;. ,() IAti13)
.ij - a{3 ij J .I ü\ l.' \VI 1,\q· 

.ty:,,·,Y(f; lf ',dei;"":;> '" '}J)l hu' .• ' ~'~ li. .~: .. ,tt:+.'. ".wrl1ch 1~ eq':l1v41~nt. LOwork~g~:wiLh.~ .tqélitr~Cês ..U~.:w.(,n(.:rNôwi\f!Cher;"1 

above de~'ch:ib~d~:cfiórm\~liLamf(~~:n:>:p~_~P~,F?iWi.~ll,nfl.ittl~q.~~vfJJ,ey.~hGm 
t~J tha}4fr~J,~:lV711"~~r ~1J~b,Ç~ghÇr~H!,1d~!H.~ Ç~~~:t:~R51Ber·br)í~5.] 
schallD .~.: and-: ~nl1nse gq,~?tl9P.':r~!'r·.!h~X~'in ;" j J Jr J ,~;,,' -ni1" 

~.~\~. ;):~.:;:v~ "';xpfit. R~ tá~(I:};a' (;:.;.tt·~·l), ..I. l LI", ~,H í,;1;~ tid';() 

fa, f " "(A:i 4)1\	 ,,) 

.... -+ Vl -+ ~ ta .... ", , I, .... -+ . 
{',) .<p, r(r - Re). =N- ~ ~expl- ik' .,Rf··'J~~tJ( k );t)'" 'IIX(k,. r). ~ '1 ".> ~'! ',-: '11 

a k.'JI. ,.IA ' \.( 
,''I l; 

a ~ 

w~í\I!J!f';~or r.th_e,~~~~t;ortI\a.tiDq.,<~O~fJiF.j~,~t~;}t~Ç~) ,y,er ,~~V;~\,.; t~r.,,~' 
e1gén'V'al~1!;":~eq.u~t~QJ:\i: no I· ~J • '3':.i,J:, ;' i I, ::':,)'." ' 

. ")~~'ajJ hG':~1[!,J.:J ~)~U Di fj'-JI~:!'1ZIt..•. t:L'l".~: ,', ,()' 1..'1 • .:, (j )',,'"
~~~"'rtfr~:a À~,)le~ ~J~1t}f!l ~ /i,}J{k ~~Àç~~e~[,i~~ ,i 1~ . 1/. 1 ": ' I ~l ;}'-': (1\. 15) 
...'_'"l,A·;1_.'H rr' ·'f ( 'T" f ( .1 l ~ <;'1 ~ ~ J~{i .... BJfJ!~J.",'t ~ ; :~,~( '1 1'-"; ~~<~ 1 I -1') <! ";' .{ 1<'I ( ' k'" » [ )11"'<'"	 t"_ ~./..A. .. ~l 

Sueli'lãnoapDrro.ac;l:!~J:Q;r b~~,·_.qE:~6:IfPt~9.P.. of ~lee~ro~~f' sta~~s~' has 
beén8tísed dÍrl:l p.-àp~~;26Çet..J~ ..'l.q\~~ L~f~Ja,~~:y; r'~,wr~ te Eq. (1}~~) ,jn ~~t7~S 

.t'.o22'" . ,. . 
d~ ',:::r..: 

of eoeffieients aÀ(k) and in the limit of the Hubbard model 
(only U integral is retained) the obtained result is quite the 
same as that one given in paper/~/. 

APPENDIX B 

The Perturbation Theory for Self-Energy 

/27/. . d h' . f lfI n paper ~t was ment~one, t at an expans~on o 'se ­
energy to higher o rde r s in the Coulomb integral U would im­
prove the deseription of the correlation effeets. Therefore, 
we want to deseribe briefly how the speeiaI kind of expansion 
for the self-energy ean be made in a very simple but usual 
workable way. F,ollowing papet'311 we may write 

. a -+
 
1 a .... 1 ra(k.w)
 

~ -- Im O (k. u) ) = _. ---~-----_._--....-;---_._--_.
 
7T a 7T ""a'~ 2 a.... 2
 

[(()-- Ea(k)] + (I~ (k , cu)
 
(B. I) 

a .... a' .... 1 ~.(k.ú)) 
~	 (1- J\{k» 8( w - E a (k)) + -- ---::-~-,
 

7T «(j)_ 'E~(k)2
 

where 

J. a ( .... a (.... ')	 (B.2)a k.w)=-Im Ma k,(u+ li 

, 
.... a.... a .... a -+ - a .... (B.3)
Ea (k) == Ea (k) + Re M(1 (k , E (1 (k »'. 

a .... 
The unknown coeffieient (1-Aa(k)) in (B.I) must be determined 
from a normalization eondition 

1 a...."'>O	 c' 

- -- í ImO (k,ú))d(,) ",1.	 (B.4)
7T -00 a 

Then we obtain 
2 aaa .... -+ -+ • J"Va .... -+-+t ... _U _ Na (kpq) (U'_1)2+(U,)2 Na (kpq)(l-Ôva) 

a(k)- -2L ----------------+ ---~----- I --------------- (B 5)N p q .... -+.... ....a N ~ .... -+ l.Jva -+ -+ -+ - a -+ ' • 
Uaaa(kpq)-:Ery (k) pql.Jo. a (tpq)-Ea(k) 

where 

a f3y .......... -+ -+ ....	 .... ...
 
(B. 6)Ury (k p q)=-ia(P+Q)+ff3(k+p)+iy(q) •. 

For the oeeupation numbers we obtain: 

aaa k q)
Na (p o x 

na = l n(E~ (k)l+U
2N-\;qr0-ã(kP-;;).:-~~-rk)]2 a k	 , a 
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x [ri(n~aa (kpq.)-n(E~ (k) 1+ 

vva 
[tu '_1)2 + (U 'nN--2 l _~~_~kP~(l __~~__ x
 

Vkpq[Qvva(kpq)_E a (k)]2
 
er 'J (B.7) 

-rn(O,;a (k p q') -n(E~(k)}]. 

The first term in eq.(B.7) describes the mean-field renormali­
-zation effect, and next two terms. represent the effects of in­
elastic scattering. The partial density of states in this appro­
xirnation is given by 

a -2 a .... a -+ 
DO'.(w)=N l (l-A (k»ô(u-E (k»)+

k a a 

+ N- I I IU~2 l Na
.
aa (kpq) ô( (u -O~aa(kpq) +
 

k p q a
 
(B.8) 

, 2 ",2 2 v vva+U!..=.D...1!IL-'-_N- ~ (l-ô )Nava(kpq)ô(w-O (kpqj), ...a 2 av	 a 
[w -E.a.(k)] vpq 

lf	 we use eq.(B.8) for t~e calculation of the self-energy by 
substitution eq.(B.8) into the r.h.s. of eqs.(48) and (49), 
we straightforwardly obtain a perturbation~type expansio~ for 
t he	 s eLfe-energy up -to order U6 , (U ')6 and 16 • 
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eDt:: 

npHHHMaeTCA MOAnHCKa Ha npenpHHTW H C~eHHA 06~eAHHeHHOrO HHCTMTyTa 
A~epHWX MCCneAOBaHHH . 

YcraHoaneHa cneA~aA CTOHMOCTb MOAnHCKH Ha 12 MeCR~eB Ha H3AaHHA OHRH, 
BKn04aR nepecwnKy, no OTAenbHWM TeMaTM~eCKMM KaTeropHftM: 

HH.IIEKC TEHATHKA 

1. 3KcnepHMeHTanbHaft ~M3MKa BWCOKMX 3HeprMM 

2. TeopeTH~CKaft ~3HKa awcoKHX 3HeprHH 

3. JMcnepMMeHTanbHaR HeHTpoHHaR ~H3HKa 

4. TeopeTM4ecKaR •M3MKa HH3KMX 3HeprHH 

s. HaTeMaTMKa 

6. RAePHaA cneKTpocKonHA M paAMOXMMMR 

7. tM3MKa TR•enwx MOHOB 

8. KpMoreHHKa 

9. YCKOPHTem• 

10 . ABTOMaTM3a~MA o6pa6oTKM 3KcnepMMeHTan•Hwx 
AaHHWX 

11. 6w4MCnHTeflbHaR MaTeMaTHKa H TeXHHKa 

12. x ........ 

13. TexHMKa ~H3M~CKoro 3KcnepHMeHTa 

14 . MccneAOBaHMR TBePAWX Ten M *MAKOCTeM 
~ePHWMM MeTOAaMM 

15 . 3KcnepMMeHTanbHaR ~H3MKa RAepHwx peaK~MH 
OPM HM3MMX 3HeprMRX 

16. Ao3MHeTpMA M ~M3MKa 3a~MTW 

17. TeOPMA KO~eHCHpoBaHHOfO COCTORHHA 

18. Hcnon•3o&aHHe pesyn•raro• " MeTOAOB 
~yHAaMeHTan.HWX ~3H~CKHX HCCneAOBaHHH 
8 CMe.HWX o6naCT~X HayKM M TeXHMKH 

19 . 6~M3MKa 

UeHa noAnMcKM 
Ha rOA 

10 p. ao KOn . 

17 p. a0 KOn. 

4 p. ao Kon. 

a p . ao Kon. 

4 p. ao KOn. 

4 p. ao KOn. 

2 p . as KOn. 

~ p. as KOn. 

7 p. a0 KOn. 

7 p. ao KOn. 

6 p. ao KOn. 

p. 70 KOn. 

8 P·. a0 KOn. 

p. 70 KOn. 

p. 50 Kon. 

p. 90 ·KOn. 

6 p. a0 KOn. 

2 p. )5 KOn. 
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noAnHCKa MO•eT 6wT• ~OpMneHa C no6oro MeCR~il TeK~ero roAa. 

no ace" aonpocaM QCopMneHMA noAnHCKH cneAyeT o6pa.ar•cA B H3AaTenbCKMH 
OTAen OH~H no aAPecy : 101000 MOCKBa, rnaBno4TaMnT, n/R 79. 

TapanKo P., KyseMcKnA A.n. 
KoppenRQHOH~e s~eKT~ H cneKTp sneMeHTapHYX 
B096~eHHA B MHOr090HHNX nepeXOAHYX MeTannax 

El7-86-34 

PasBHT no~ ~pMannsM AnR c&Mocornacosannoro pac'leTa 
cneKTpa sneKTPOHHbiX KBa9H'IaCTH'IHIIIX B096YJK,ll;eHHA H HX 9&Tyxa­
HHR B paMKaX peanHCTH'IeCKOA MHOrOsOHHOft MOAenH nepeXOAHOrO 
MeTanna. PacCMoTpena oOoO~eHH&R MoAenb Xa66apAa, Y'IH~Ba~maR 
~po~eHHe sneKTpOHOB H AODQnHHTenb~e THDY B9aHMOAeACTBHA 
/oAHO- H ABY~eHTposye/. ITpoBeAe~ qncnennye pacqe~ AeACTBH­
TenbnoA H MHHMOA qacTH Maccosoro onepaTopa, a TaK*e cneKTpanb­
noA nnoTHOCTH COCTORHHA AnR napaMeTpOB, OTBeqa~IIUfX HHKen~ 

H K06anbTy. 

Pa6oTa B~nonnena B naoopaTOPHH TeopeTH'IeCKOA ~H9HKH OH~H. 

Coo6we101e O«be..uateHHoro HHCTHT)'Til QepRWx HCCne.lloBaHHi. lly&ra t 986 

Taranko R., Kuzemsky A.L. 
Correlation Effects and Electronic Quasiparticle 
Excitations in Multiband Transition Metals 

El7-86-l4 

A new self-consistent formalism for the description of 
electronic quasiparticle excitatiQns in the framework of the 
multiband model of ~he transition metal has been developed 
by taking explicitly into account damping effects and finite 
lifetimes. A generalized Hubbard model of a d-band with its 
degeneracy fully included as well as additional parts of 
interacti~ns have been considered. Numerical calculations of 
the real and imaginary parts of the self-energy and spectral 
density of states have been done for nickel and cobalt metal 
parameters. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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