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“One of my strongest atyllistic prejudices
in science is tha%.many of the facts Nature
confronts us with are so implausible, given
the simplicities of ndn-relativistic.quantum )
mechanics and statistical mechanics, that the
mere demonstration of a reasonable mechanism
leaves no doubt of the correct explanation. This
is so eapecially if it also correctly predicts
unexpected facts... Very often such a simplified

. model throws more light on the real workings of
nature than any number ab initio caleulations of
4individual situations which even where correct
often contain so much detail as to coneeal rather
than reveal reality" ' :

P.W. inderson, The Nobel Lecture (1977)




Jézef Spalek

MAGNETIC PROPERTIES OF STRONGLY CORRELATED
ELECTRONS IN NARROW BANDS

Absestract.  We review some of our recent work on the problems
of kinetic exchange and semiconductor -~ metal transition in model sys-
tems with a narrow band and/or localised moments., It extends the theory
of superexchange in the Mott insulator to the case of strongly corre-
lated metals. Beside that, it shows how the derived magnetic interact-
ions influence the stablllty of various magnetic phases of itinerant
electrons andnthe nommetal - metal (tht transition for the half-Tilled
band,

In the first part {Introduction we give a short summary of under-
lying problems, both eXperimental and theoretical whieh we deal with in
the followilng, and also place our work within the whole subject of itin-
erant magnetism.

In Part II composed of Sections 4-7 we develop a theory of the Kinetic
exchange in detail, and discuss a magnetic phase diagram as a function
cof band £illing, both for single and doubly degenerate bands.

In Part III gaects 8-10§ we show how the local moments can be intro-
duced in & translationally invariant system. It shows up under which
conditions the narrow band Hamiltonisn and s-d (s-f model are eguivalent.
The s-d model correspo?dlng to the periodic Anderson-Falicov-Eimball

c model is also derived (cf.Sect,iQ

In Part IV {Sects 11-14) we dlscuss the extended s_d model and con-
gider briefly ivs application to itinerant magnetigm Sect } to mag-
v netic semiconductors in the doyble exchange limit aech.TS s and to
mixed valence systems [Sect.14),
: Finally, in Part V zSec 5 G5 17} we first overview oux, approach,
then summarige our results {Seet,16 and conelude on what should be
done to make the approach selfcontalpecio







Part |
INTRODUCTION

Basic problems and the role of models

1. .Docal Moments in Ttinerant Magnetism
2. Band Theory versus Parsmetrized Models -

3 Aj.m and the Scope of the Work




1. Local Momenis in -Hineranf"Magneﬁsm

The theory of itinerent magnetiem may be div:.ded into :E‘our areasg of

activity: .

f i } the ground state prepertlee {type of ordering, magnetic moment per

: atem, cohesive energy, the Fermi. surface, ionie radius, ete },

(11) the elementary excitations (quasiparticlea, and collective excita-
tions: spin waves =magnons, and the Stoxner modee),

(111}the temperatire effects (magnetie eusceptibz_lity and specific heat,
the critical temperature, the temperature dependence of Stoner
exchange -8plitting, spin waves abcve T o0 ete ) . .

{ J.v} transport properties (electron and lattlee conductivities, Hall
effect and magnetoresistance,, themepower, ete.} .

_ First pr].nciples band calculations carried out  for transition metals

‘with no adgustable parameters {i‘or review see Moruzzi et al 1978, East~

‘man et al.1979, and references cited there in I:1:]) have been remarkably

‘:: succesful in o'btaining a reasohable account of the ground state proper-

ties such as magnetiaation, neutron form factor, lattice parameter, bulk

:odulua and cohesive energy: In this respect, the theory of itinerant (3:1}

erromagnetism may be regarded as even more succesful ‘than that of lo-
calleed (Hemen‘berg) ferrcmag:netl where the firet principle calenlation
ef ‘exchange constant is usually not very accurate (Prange 1979 [2] )

.. The elementary excitations (Stoner modes and magnons caleulated by

."Ceoke et al 19'78) (31 in the Tandom ‘phase approximation {RPA) and with

: 'banci and wave-vector dependence of . relevant interaction matrix elements

taken into ‘account are in good agreement with the neutron scattering

perinents of Mook et al (1973) (4] and Tymn {1975) (5], including.

he :l_:ctersection of the spin wave dispersion with the' Stoner continuum.

reover, the results had predieted the existence of an optiecal spin-

ve branch in hickel and were subsequently observed 3].

On_.the other hand, temperature effects, particularly in the para-

Bﬂﬂtic prhase, are regarded as providing a direct evidence against the
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present Dand picfure {13} . on the contrary, some results are in a quali-

sative agreement with expectations derived from the Heisenberg model, and
thus lend a support to a picture of partiaily localised electrons in a de-
generate 3d band. imong the striking effects in the high temperature re- .

gime are: ‘ .

a] Peraistence of short wavelength spin waves above T  as pbéerved
by Mook et al (1973) [ ; :

b) The Curie-Weiss susceptibility over a wide range of the temperature
e.g. for Fe (for . the matter see Wohlfarth {tos0)} (6] ;

c) Pemperature independence of the Stoner splitting, and in particu=
1ar persistence of the Stoner gap above T, [4,517 and

d} Applicability of the s-d model in explaining the temperature de-
pendence of resistivity, and, in particular, in the critical region as
shown by Balverg {1979} [77) . :

The resulls a) and,c) rise a guestion about the validity of the Stoner
-Wohlfarth theory {for recent Teview see Wonlfarth (1977) (&1, and
Shimizu (1977} E9j) , at least for some itineraht ferromzgnets, for which
local magnetic moments exist in the pavamagnetic phase, even though the
macroscopic spin polarisation vanishes. The Stoner-Wohlfarth theory as-
cumes that the exchange splitting is proporiional to magnetisation (see
Tig.1 and the comment beneath], and therefore moments dissolve in the Fer-

Tmi sea at the Curie temperature Tc’ while the resuli a) points out cle-
arly that the energy of the logal moment formation is much larger than
kBTc which characteriszes the energy of the moment-moment interactions,
Additionally, it turne owt that the exchange splitting caleulated within
the band theory (Gunnarson 1976 [107] ) is too large and gives the estimate
of TC 5-10 times larger than observed. This disagreement points out that
some essential fluctuations are missing in the band approach. Many ami-
Yhors have pointed out very recently {Hubbard 1978 E11,12] , YTou et al
1980 [13] , Hasegawa 1979 1471} that 2 part of the spin density fiuciua-
tions is beyond the band theory and have tried to incorporate the iden of
angular fluctuations into the single—particle'picture. The goal of those
efforts is to get the correct values of the moment per atoms as determined
from the Curie-Weiss susceptibility and of Tc gimultaneously, The short
range order is exp:essed either E10—14]— through the existence of dis-
ordered local moment solutions of the Hubbard (1963j model [ 151 , or
through the assumpticn that magnetisation changes slowly in space and
time (above ch and therefore the underlying band structure is affected
only weakly by the magnetic transition {Korenman et al 1977 abe [16»18]).
The latter assumption brings into existence short-wavelength spin waves
in the paramagnetic region even within a simple hydrodynsmical approach
[spazek 1979 [197], of. Supplement A) . ' -
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Fig.,1. Schematic repressntation of spin subbands of quasiparticls

states. The Stoner splitting /A  is proportional to magnetization
within the Stoner-Wohlfarth theory: a) TLT, ; bB)T2 T,
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‘While the problem of existence of the local moments has not yet been
resolved completely, the duel localised-itinerant nature of magnetic
clectrons poses a.challenge te our microscopic understanding of the
guasgiparticle states in stroﬁgly correlated systems. Obviocusly, so cal-
1ed "localised moment behaviour"t should not violate the fundamental
principle that particles in a degenerate band are equivalent and there-
fore indistinguishable., Therefore, any division into itinerant and
localised parts must be done very carefully to preserve the principle
and a transiational invariance of the system. ' :

The localisation problem in 3d metals shows itself in a fnll com-
plexity. Hence, it is desirable to.find a model system on example of
which we can observe a deloeczlisation of magnetic moments in a more

_controlled way, In this respect the studies of narrfow gap 4f semicon-
ductors under pressure [e.g, SmS,‘EuO) offer an unique opportunity be-
cause well defined 4f moments at ambient pressure are mixed with the
conduction band electrons of 5d-6s type [for recent review of the field
see Jayaraman 1979, and references therein) E20j . The semiconductor~
metal transition to the state with an, intermediate (nonintegral) valence
is observed, The electron states before and after the transition takes
place can be represented in the single-particle terms as in Fig,?2,

Trom a theoretical point of view the transition poses a guestion:
how well defined atomie moments become delocalised when mixed {hyhrid-
ised} with a wide conduction band? Obviously, an answer %o this problem
golves it only partially, namely to what extent the wide conduction
band destabilizes or delocalises the atomic moment. The principal gquest-
ion why the atomic moment iz pfesent in 2 crystal remains to be answersd

-

separately in each case.
Iet us list shortly the fundamental guestions to be answered by the
theory of itimerant mapnetism and attach relevant observed facis:

Guestion 11 VWhy the conecept of localised moment behaviour in a ftransla-
tionally invAriant metallic system is sc important?

_ Comment 1: This is because it
fi) gives a connection with atomic physics (shOWS which of the
atomic characteristics are preserved in the solid statq);
(ii) explaine the insulating behaviour of the {antiferromagneticj
Mott insulator, i.e. the insulating ground stzte of some
gystems having a half filled band;
(iii;defines the local moments in metallic magnets, namely:
-a) gives metallic state with the magnetic moment equal to the
atomic spin of &f shell (e,g. are sarth metals);
b} distinguishes between the itinerant systems with the local
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b pzp

Fig.2. -One-glectiron level structure in 4 ionic semiconductor which
exhibits the transition to the intermediate-valence state: 2} for

static pressure p’ below critical (pc) ;b e T,
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moment present (e.g.—Fe), and the others (e‘g, ZanE] for which
the magnetic moment dissclves entirely in the Fermi sea of
conduction electrons, i.e. the Stoner-Wohlfaxth theory is
gqualitatively ccrrect, : ’

Cuestion 2: Can the band el.ectrons be divided into separated itinerant

and localised parts? In order words, is the degenera
orbitals er multielectron structune essentizl for obs

the leocal moment behaviour?

Comment 2: This depends on the situation, namely

(2)

(24)

In rare earth systems the magnetiic (4f) electrons are distine
guishable from the conduction {Sd—GS) electrons and therefore
magnetic and metallic properties depend on different sets of
electrons;. ' .

In transition metals the electrons are indistinguishable and
therefore the dual natuve, if present, is an intrinsic property
of strongly correlated electrons E11~18] . Thus the degeneracy '
may. not play a principal role [12] .

Guestion 3: Can a band Hamilioniamn representing a strongly correlated

itinerant magnet be reduced to the Heisenberg Hamilicnian
repregsenting the corresponding fott insulator for the half-
filled band case? :

Comment 3: The relevance of such a guestion is supported by experim-

ents on doped Mottt inmsulators. For example, the system
Co Wiy __S, is a metal for x # 0, while for x =0 {W152,
it is a Motd 1nsu1ator (Ogawa et al 1974 , Ogawa 1970) '

[21,223 .

Question 4: To what extent atomic 4f moments dissolve in the Fexmi

sea of ¢onduction electrons in the intermediate wvalence
phase? Po they transform into the Fermi ligquid {Varma 1977
£2173 , Beal-Monod. and Lawrence 1980 E;E]) ?

. g'
Comment 4: The answer to this question clarifies at least the loeal

moment behaviour in an itinerant system composed of Two
distinguishable parts.

Question 5: Is the cénanieal (unitary) transfommation of a bare mamy-

body Hamiltonian sufficient to provide & definition of-
localised moments or do they appear only as a well defined
concept on the thermedynamic level? )

Comment 5: This gquestion suggests wvaguely a way of looking at the

probl.em, Various versions of the transformation will be
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used extensively throughout the present work but a rela-
tion to the theory of spin fluctuations as formulated by
Moriya and his coworkers {for review see Moriya 1979) EZBj
is 8t11} missing and would be desirable in view of the
successes of the latter spproach in some cases.

We have tried to arrange the basic gquestions concerning the local
moments hierarchically, frem the most géneral te concredte ones, sug-
gesting ways to get them, Full test of a succesful approach can be done
only by studying the temperature effects, because observations at
ambient temperatures are the most difficult to undewstand within the
conventional quésiparticle (or elementafy excitations) point of view.
It hag %o be pointed out that the hopes attached to the studies of
single magnetic impurities (Andérson 1961 Wolff 1961, EKrishnamurthy
et al 1980 ab} [24-273 in simple metals turned cut to be inconclusive
because the hopping or correlated scattering of eleetrons bstwesn the
magnebic centers via the conduction electron states in many impurities
cage changes qualitatively the asmalysis (cf. Part TII, mixed valence
systems). - '

It is conceivable, that a new quantum;mechanical represantation
will be needed to grasp essential features of the duality localised
vs. itinerant electrons, Wamely, untill now two representations have
been used, the Bloch (wave—vectoi' T?} and the Wammier (position ﬁ;)
ones. From the point of view of the uncertainty principle

A}Zﬂé “Apd, = ﬁAkﬁ. '°Axd- » &, d= 1,23
they ave the extremal wrealizatioms of it because:r '
a) For the Blach_(béndj representation ;’= £ % is a good guantum
 number, ‘which means that Apd, = 0 . Thus, Axd = o7
bj for the Wannier fatomic) pigture the state iz specified by tns
site on which given (atomic—like) function 1is centered,

@i =(§ (E‘"-— uﬁ;} Hence now, &Xd, =0, 31’16.&}3‘}, =00 .

One can invent an intermediate representation, with £ﬁ§}{£,= 4ﬁgx¢ -
which can prove to be partieularly important when % iz not a good
guantum nvmber even in the trevslationslly invarient system (e.g. the
Hott insulators, 4f electrons in metalsj. Such mixed x-p reprssenta-
Ticn has been considered recently by Zak (1980} (2871 basing on previ-

ous regul-t of Helrvineg and Overhauser {1959} E29j ; but, as far as we
are aware of, it has not been used for the purpose of the locslisation

problem considered here,

There iz a questlion; closely connected with the fundamentzl |
. \

foused heve, Hamely, whyv a nontrivial magnetvin

e

= |

[N

te The lncalised states? 4t T=0 The answe

)




20 _
simple. For a translationally invariant system the configurational en-
tropy must be zerc and system chooses one spin configuration. However,
the existence of the oxder for T £ 0 reguires a more detailed know-
ledge of the interactions between elecirons.

We are not interested in the localised state of core elsctrons which
energies change by a negligible amount in the solid sitate with respect
to atomie positions. Honetheless, the preserved in the solid will be
those atomic states for which the energies difference between the neas-
regt excited atomic single-particle states is larger than the band-
widths of the corresponding to them bands, Hence, the most interesting’
case is the one for which those two energies are comparable. ’



2. Band Theory. versus Parometrized Models

In the current approach to itinerant-electron magnetism two methods
can be distinguished. The older one is based on the medel Hamiltomian.
It is assumed that a magnet can be described by a model with few energy
parameters expressing the integrals of all relevant Single- and double-
particle energies weighted with electron wave funections Qb rl}
chosen 48 a basis for an expansion of the field operator ar
The dyhemicsl processes are descrlbed in terms of transitions between
the single-pariicle states @ } and pairs of them @ @M@ @

Because of their simplicity various models have been studled 1n
detail, and the results have been obtained characterizing both the
ground state and thermodynamic properties., The parameters generally
need %0 be taken as adjustable parameters when éomparihg theoretical
results with the experimental data, i :

Recently [1] , as it has been pointed out in the preceding Section
there has been a renewed interest in the electron band theory. It has
provlded a2 good account of some -of the ground state properties for
various magnetic systems, often without the need for any adjustable

parameter. However, because the band theory cannot explain or is even
in contradiction with some of the thermodynamical properties (cf tem-
perature independent part of the exchange splitting [4}, value of T
{10]) , existence of sloppy spin waves E4,5]) » We have to resort_ouq:w
gselves to the parametrized models which often gllow for an intuitive
insight in terms of quasiparticles, i.e, relatively long-lived observ-
able .single~particle states, - l
Below we 1ist the three main parametrized modéls used frequently

and’characterize shortly each of them., The are: the narrow band model,
the Zener-Vonsovskil or s-d model, and the periodiec Anderson model.
Each of them will be used in a rather non-standard form, Additionally, |
they can be written both in the Wannier {fljﬁ)} and the Bloch _

{]lk5>] representations, related ~th-rough the unitary transforma-
tion E
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116 =0 2L exp (-1 F-F ] DLTED - {2.1)
X
or its inverse
e =w 2 e (iT-Ty) - (1387 (2.2)
3

Atccordingly, the two sets of armihilation {a} and creation {a"’}
operators for the corresponding gsingle~particle states can be intro-

duced
21 46 .= .I\I"1/2 %expflk-a)alks , (235)
2’56 = e 1/2 % exp { Lk Ry o' 7 (2.4}

In (2.1)-(2.4) ¥ is the mumber of sites, 1 is the index of orbital
guantum number or band, ¥ is the wavevector within the firet Bril-
louin zone, J or‘fi’;" Jlabels the position of sites, and g/2 is
the spin quantum number of electrom, &=t 1 . Beside that {116 )=
= {13’)’5} , i.e. the spin and space parts are assumed separated.

Narrow band model

The model bases on the tight-binding approximation. This means
that the Hamiltonian is written in the Wemmier representation and only
interactiions within the same atom an between the nearest neighbours
are included. The Hamiltonizn in 2 degensrete case may written in the »

form
+
‘i.' - z: 3 a. S

gﬁ' ij ®1i6 746 T 116 %178

11 .

. LI . s

+ o5 - : . L . P
7 7y reqcee LidRn 8146 2 173631 'RE* B 06
13Rn 66" {2.5}

where ' '

= il vyl ) R (2.6
is the Bloch hopping integral with the single.particle potential Voo
of the ele(“bron5 ‘ -
o Luf v o {2.7)

iz the position of atomic level Lﬁl (for 1=1 }9 nd Ths overlap hetwean
roitals {fo;. 1 £ 1 j if they are choesen unonorthogonsl,

T G e

e
v this work we cousider two pariticular nontrivia

i

the integral of the Coulomb intersciions

R
]
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} the extended Hubbard-model [1 5:] for which there is oniy ome

orbltai“ a.nd only the 1nteractlor-s between the nearest neighbours are
included. Then, the Hamiltonian {'2.5) reduces to
. - EY
’ : + 1 J
H= Eij-g tij 25 g ajs- + UZ:_; Nip rli‘ + 3 {K - 2} % LY nigts
66"

J R ' n (a+ a +ate = )
= : T . s s - . .6
E i 3 L oE b & 17i6 =jf i& i
‘ HE :
o % i fig, T i (2.9)
whare T <1 f v { 3) is the hopping integral egual fo t for °
neares‘t nelgh‘oours ; U= 5 i,ii Vzl i,i> igs the intraatomic

Coulomb jnteraction, X = {i,j]V,| i,3> is the Coulomd
interaction between the nearest meighbours (ij}

3= £i,7 ini j,i> iem the exchange consiant and
o= L4, [Vzl i,3» Ais_the hopping induced by the Coulomb
'tera.ctlon i
Eqmn, (2 9) represents the full tight blndlng Hamiltonian for z narrow

band, with 5 paremeters W = 2zft| , U, K, J and V, and with = being
the number of nearest neighbours, For the particular case E=J=V=0 we
get the Hubbard model EiE] for which one can study in the simplest .
way the influence of electron-electron correlations on a formation of
stable magnetic phases within a single harrow s-band, as well as the
insulator to metal transition as a function of W/U ., The full model
makes possible to analyse a competition between ferromagnetic intersite
exchange (Jﬁ? O) and the kineti¢ exchange coming from correlation
and favouring an: antiferromagnetic ordering. For details we refer the
rezder to Part II,

(11) A model of a degenerate narrow band- {cf Parﬁ Ill - with the
intraatemic pair interactions only. The startzng Hamiltonian for this
case ig of the form

ijle ij ll' .
e
+U E Mid nlit +5 (€=~ %) E‘ R1i6 P1746°

P +JZ:

llili 1i

+.V :

I
11716 (n115 * nl'iﬁ" ali-s‘)al‘i-s _

Lk
B Y131 ®116 2156 * E" tlJ 3'115 23°36

alil alii 2171 2171

(2.10)

where the single-primed sums exzeclude terms with either i=j or 1=17,
while the double-primed er_le excludes the terms with bot i=j and
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1=1", Now, § is intraatomic intraérbital Coulomb . interaction, X = is

intrsatomic interorbital one, J is intraatomic exchange constant
(Hnnd's rale coupling) s and ¥ orbitals” hybridisation induced by tg%w
electrons interactions. Within this model we can study an influence of
degeneracy together with the Hund s rule coupling and the  intraatomic
correlations onto magnetiec ordering of band elecirons. It neglects
entirely the direct Helgenberg exchange between the atoms. For a de-
tailed apalvsis we refer the reader to the part two. )
In general there are two ways of analysing bare many-body Hamilton
iang like (2.2) and (2.10 R co?responding to two different physical
cituations: U» W and 04K W . The first of them corresponds 1o
strongly correlated electrons near the atomic 1imit,and the tight
binding approzimation should give a good account of underlying states
in this case, The second corresponds o the metallic region of -weakly
correlated electrons, In the latter case the Bartres-Fock approximation
ghould give gualitatively good Tesnlts in three dimensions, whereas
in the former case discussed here moTe careful treatment is desir-
able.

The s-d {s—f} model (Vonsovskii) ﬁ971) [307% , Zener {1951) £31j}1
In this model we assume the existence of_}ocalised spinsg {Eﬁ
coupled o itinerant electrons with spins Si} through the s-d or
s.f exchange, The Hamiltonianm of the system is composed of the kinetic
and Coulomb energies for conduction electrons, the s-d exchange, and

the interacti ons between the localised spins, I%¥ is of the form

= ! + } gl -
H= E. "cij cis_ejs - ZJZ,; Si 54 -;I_-Uz-;{ Nep nig

136
i gy
- R | | (2.14)

The conduction electrons are generally regarded as narrow band
© electrons {U # 0). In the cage of magnetic semiconductor or 4f metal
the conduction band is assumed wide and then UZ¥O0 e'Eqn.{2.11} de-
scribes & two-component system. In Pard III we discuss with soms length
the conditions under which the more general Hamiltonian {2.10} reduces
to {2,11}, We also show how the correlations asmong itinerant electrons
produce intersite exchange interactions bebween resulting localised
apins. _' . ’
Generslly, model (2.11} has three parameters: W, U, J. Thewefors
we cam define three well defined asymptotilc regimes
{t}] v> 7> % - called double exchange limis,
. {ii)li} W2?Jd = regime of strongly correlated electrons, and
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(iii} W2 U7 J = weakly correlated s-d system.

In Part IV we review some of our work on the model (2.1‘2} ag ap-
plied t¢ magnetie semiconductors, itinerant magnets, and fin alightly
extended form) %o the system with intermediate valence. In order words,
the attractive features of (2.11) will be shown first discussing why
does it work (Part III)and then, how does it work (Part IV').

(Extended) Periodic Anderson model,

Tt is represeﬁted by the Hamiltonian in which an atomic=like level
with energy é‘f is hydridized with a wide band. The starting point
in %this case is given by '

- / + + +
= Zijs- ¥ig %16 %86 * ?ia:é T_rirj (el ¢i5 *°i6 235)

+

6;{' E}_S Nis- + U z_: Ni'} Nif + US-{ %G' nis NiSI
: -
2d ; E:_w s

(2.12)

where Niﬁ' = a{s g is the particle-number operator for atomic-
like (f) electrons, and the whole Hamiltonian has been expressged in
the Wannier representation. It is a generalization of the periodic
tnderson model in the sense it includes the interorbital Coulomb (U,s_f)’
and exchange (J) interactions. In the Bloch representation for the

itinerant electrons, it has the usually used form

-i% - F,

A
ng 6—1?1'1_1?5 + W ;Zk; (V_}_{,e a;,::s C}-{-S +h,c)
p iy
U -~ i{x -%’)-R
g i %
S iE“,_e s <'Fer © T
) ey TP
2J 2 ilk’k)'ni.. 7 *
- TR iTE e . {E?L ?)s‘s"a}"s & g
66 (2.13)

In (2.12) Vi j for i=3 contains the intraatomic hybridisation and
is nonzero only between the states of the some parity. The guantity
vij for i # j may be called off-diagonal hopping because it trans-
fers electron between two sites and between the orbitals simuliane-
owsly. The term «vU . is so called the Falicov-Kimball 1969 223
term, It will be important whem we will discuss the mixed valence
vhenomencn in Parts ITI and IV, '

The Homiltonian [2,12) or {2,13) may be related to the s-d model
via the so called Schrieffer-Wolff transformation (1966) 337 . Ian
Part III we discuss the sghortcomings of that transformation in the
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3. Aim and the Scope of the Work

r+

The pregsent work proposes a systemati

ligted In the previous 3ectiom, in the ey o
actiong, Although our resulis concerning the ground state and

+
nroperties are not rigorous, the effective Hamilitoniasms
oFzke!

EER)

iieitly

the spin part:

2% g present some novel results within the 1listed naramet:

models with inclusicn of the derived 2arlisr magneiic inter-
actions between slectrons;
50 To show how and why various

znd, in

iewlar, how the
from purely itinerant modsls,
The plan of the paper is ag foll ows

the effective Hamilbonmian, with a proper

interactions beitween narrow-band elsc

e b . o . - N
SO {1 53,1963) kinetic exchange for the Hotd

effective Hamiltonian ig then ussd to de

rive

Tor an arbijrary bend £1illing, and %o disc
moment behaviour,
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In Part TII we turn owver to the question of relation between the
S-d model and harrow-bénd répresented by Hamiltonian (2—10){it means, we
transform both,ihé*narrow;bandrand the periodiec Anderson model (2512)
into an effective s-d model, under certain conditions.

"In Part IV we consider rather shortly a novel technigue of analysis
of the derived s-d model, applicable both for itinerant magnetism
(Sect,TQ-iB} and intermediate-valence systems (Sect.14 ). _

The present work_gives'references_only_to the work directly related
to our own and does not pretend to sexve as a review of the subject..

'Therefoxe, some of the very interesting works concerning the rigorous
results for one dimensional narrow s-band (for review see: Ovehinnikov
et a1 1973 [367] , and Coll 1974 [37]),as well as the renommalization
group approaéh (reviewed-recently by Solyom 1979 {73871, see also Chui
and Bray 1978 [35])vﬁjj.not be touched upon here.

Tet us add two additional remarks., Firsily, the present work is a
sort of summary and an overview of our papérs E19,36-BQj » The most

. important results of that work will not be, however, discussed In de-
tzil here and thersfore we have supplemented this thesis with the re-
prints of the most important of our papers (cf. Supplements A-J).
Secondly, on the basis of our previous work and the results presented
here we draw some general conclusions which may be of some help in
understanding distinet classes of mixed itinerant-locallsed types of
magnetism from a common starting point of strongly correlated electrons

“noa narrbw_band.
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4. General Remarks

In this part we concentralsz on possible magnetic i f Tongly

¢d electrons bBoth in 2 zingle end & doubl; rate narTow
i case We can study a acle Coulpinb corralations
gtable magnetic phase, whil e 1% iz
the intraatomic srchan; slactrons

5

A} ¢ or many-body perturbation and
YNy applicable and therefore the magnetic phase diagram is
vallable {Penn 1966 [687% , Cyrot 1972 {poﬁ Caron and Eemeny 1971 [ 70]]
: al 1975 [717)
siituation in the 1imit W< ¥ is more cumberseme,There swisgh,
iy

ever, the well founded resultsg nam

19 Pop half-filled case ground siate is antiferromagnetic znd
insulating {Hott 1974 [720} .

2Y Ground state for U = oo and wi
lavor is ferrvomagneiic for sc

L),

3% There exists & critical band Tilling n such that for

o

.
the ground state ie ferromagnesic {nmﬂ mori 1963 7¢:§}¢
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. ¥e 1imit ouraelves to the strong correlation limit B2e W in which
we cannot rely on the Hartree-Fock approximation (for review see Robasz-
kiewiez 1976 EéZj) . Our approach is based on a canonical transforma-
tion of the bare many-body Hamiltonians (2.9) and (2.10) after which
magnefic interactions show themselves in the effectiye Hamiltonian in

an explicit form. In such a procedure dynamical processes havipg a minor
influence onto the ground siate configuration are removed and replaced
by virtual processes of the higher order. The exchange interactions
emerging from such processes eXpresSs & renormalisation proceduvre of the
pare ground state, calculated in an invariant (cperator) form and hence,
a subseguent approximation acheme in caloulating ground stazte character-
istics jncludes correctly the principal physical processes. A procedure
of +this type has been formulated previously for a single band.{Spalek
and Oled 1976, 1977 [37,361 , Chao et al 1977, 1978 [39,53;1 ,(Spazek et
al 1980 Eég;l), for a single magnetic impurity Spaiek et. 21 1978zb
4i£§glfi and for a doubly degenerate band,(Chao et al 1977 (407, Spa-
rek and Chao 1980 [5973 ). o B
' In the presenfw;;;Zr we formulate the'theory of kinetic exchange. in
s slightly more general form than in the papers which have been just
mention—ed. Jamely, we start from the full tight-binding Hamiltonian.
This will allow us to analyse a competitive nature of direct and kinetic
exchange interactions. Beside that, we also analyse the applicability

of cur resulis to some concrste systems (cf.Sect.7,5)-'

The natural gquestion way arise whether the concept of the magnetic
Hamiltenian can be useful when considering am itinerant magnet in which
orbital and spin degrees of freedom are mutually coupled, i.e. when the
kinetic energy term is present and does not commute with the part re-
presenting gpin-spin interactions‘ . A clear answer to this question
may provide a criterion of localisation of magnetic electrons in a
translationally invariant system and, in parbicular, tec give an expla-
nation of the well know fact why some itinerant systems (e.g. Fg) behave
in some respects similarly to those described in terms of the Heisenberg
model, Unfortunately, az clear answer is not available as yet, although
‘warious variants of the theory of local moments dbehaviour exist [11-18] .
We refsr the reader to Part III for a detailed discussion of the last
problem, K

*Phg ?roblem has been psinied out o me by J. Hubbard {privete commu=-
nicatlionl. - ) .



5. Magnetic Interaction and Phases of Electrons
in a Narrow Band

The purpose of this Section is threefold:

19 T derive the form of exchange interscticons among sirongly cor-
related itinerant electrons with all nearest-neighbour initer-
actions included {full tight-binding Hamiltonian). In particular,
we discuss a competitive character of direet and kinetic exchange
interactions.

2% To draw a magnetic phase diagram for a model density of states
within a realistic description of ferro- and antiferro-magnetic
phases, and

3% 79 discuss ihe role of the derived kineitic exchange in physical
terms, and to formulate a qualitative frame of description of
magnétic ground state and border lines between variouws phaszes,
in accord with the physical insight into the problem.

The method of approach is as follows. After a short illustration of
the competitive nature of direct and kinetie exchange interecticns on
the exactly soluble two-site example in Sect. 5.1, we apply 2 cenonieal
transformation used previously by us in the particular case of the Hub-
bard model [15] and derive an effective magnetic Hamiltonian in the
second order in ¥W/U (Sect. 5.2)} The derived Hamilitonian is further
gtudied within the Green funetion approach (Sects 5.7 and 5.4, and
Appendices A-D), We make us of the two approximations: the Haritree-Forck
‘end the momeni-conserving decoupling (MCD)(Tahir-Kheli and Jarrett 1563
{747} , Roth 1969ab [75,76}) . In the latter case the mean-field %ype
and the sslf-consistent procedure due fo Roth are discussed ssparately
for para—(?), ferron{F), and antiferromagnetic (AF) phases, The sirength
and weskeess of each approximaticm under considerstion are pointed out.
The explicit phase diagram for the rectansular model density of states
is also discussed., In Seet. 5.6, based on an intuitive insight intc the
protlsm, we discuss our solutions in qualitative but general werms, not

1 i
limived %o the particulsr density of states. Finally, 3Zact, 5.6 contains
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s short summary of whole Section 5 and conelusions,

5,1, Two-site model: exact sp}qﬁio

.

The many-eicctro n Hemiltonian in the WannieT repressntation
—p = . . s . :,
{g@(r«Ri} where i lapel the lattice sites, can be expresssd in
the second guantized feoxm as

O = E + g o= ¥ * 3 s DL g
k- L ti5 256 256 *7 b Viga P16 256 0 1E 0 kb

To illustrate the significance of the wvarious hatrix elsments of tha
'transfer <i CD§ j> = ti. and Coulomb <ij é'\fzi Kip = V... intew

Hamllionlan including all neareﬂu.ne1ghoour interactions, we considex
a two-site system corresponding to (2.1) , which ecan be solved rigor-
ongly. iet these sites be labelled as 1 and 2. Then,for noneguivalant
sites H reduces %o

%- B, myg 02 (a?@ dog agS By 5) * E: Us nig nyg
(e 3) Do w55 (g ) (g

66" &
5.6 am_s) i Jf‘d;—-@ a:;, Bof Pof 7 a;é %04 *13 3'1@}

i

-

{5.1-2}

ETe Ei =% i the atomic level of i-th atom, t = t12 is the hop-

ping integral, U, =V, ., is the intrastomic Coulomb integral,

1
Eﬁm szgﬁx , Vo= Vj T and J = nggﬂ are interside Coulomb

= o
Sy By Qi o
represented by 5

i
z) is the spin opsrator vhich in

v

+ 1
= 844 aiﬁ » By ai§ azp . and Ag
Tor & system formed from ¥ atomric sibes there are (?H}
where Ne is the number of slectrons, For iwo =sites ihis éﬁv
ztates for ¥ = 1 and 2, respectively. Ye cousider thess two cases, cor-
regponding to guarter-and half-filled hends, wespectively. n case

s

W

= 1 the doubly degenerate 91geﬁ states can be obtained as

1&1,2> - [1 . (JM 27 5 ,,M,) j,n/? { SO ?;f',j_z_?-:c__f,_ﬁ_g.a;é%ig>

with eigenvalues

Ah? - 3 {E1 * EE} x ﬁ (E1 E?',) " 'tz.j e {5.1-4)

These states are the bonding and antibonding ones, degenerabte with
respect to spin orilentation 5ﬂ . For two electrons there are three de-



generate triplet states with -8% = siZ + 87

[R1,2> = alg azs [0D -

P> = g (0 sy e o) o)
with eigenvalue

By = 21.1#2’3 = 28 +K-7

(5.1-5)

where E = (E? + Ezj /2 . There are also thres singlet states, two of

them corresponding to the bonding and antibonding states, respectively

iAF> = [:133 (1} U K)] "1/2[4 (t-}-v)(a?@ a;“ +agy a;})

(D TU K) (a-;?ﬁ- a%. * aZ@ .-azé)] PO> {5 1-6)
with eigenvalues | |

71: - 2B +.J+%-(U +:K1D). - {5.1-7}

+1

+1
IE3

and the third one with doubly occupied sites
- 1 * + + + ) ’
o - 75 (s aty - o34 =3 10)
and corresponding eigensnergy '
Ay =28+ 03 : {5.1-8)

wnere U = (U +0,) /2, ana D =f{ g-x)% + 16 (ves)2 ]2 12 0 as
sutficiently large, A i, = U-E-4J4D) /2 7 0 and the ground

Jvate is a triplet if E{(_A ’_ s OF equivalently if
1 : _ }
5> 3 {D-vsk) _ . (5-1-9)

Yor strong intraatomic correlations, i.,e. for U-XK )}2(‘b+‘7) this
condition reduces to ' '

2 - .
2 {t + V)5 .
B S5.1=10
We see that the direct exchange ‘~J Zfavours the jriplet (:E‘erromagnetic}
configuration while the kinetic exchange N-—%{%— tends to stabilizs

the 'bond:‘u;g (antii_‘eri‘omagnetic} state, Hence the competition between
these two mechanisms plays a very important rale in the determination

of the magunetic ‘phases of the full narrow band tight binding Hamiltonian
.(i.en with all nearest neéighbour interactions :'mclﬁé.ed}, 88 will be seen
in the following section. We should alse note that the intersite Coulomb
interzction '~ X affects the magrstic conditions (5.2-9) or (5,240).
Comesequently, one expects to see the interplay batween the charge Fluctu-

s
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ation and spin fluctuation in narrow band systems., Also, one ocan see that
the kinetic exchange does not depend on the position of the atomie level
on given site, Therefore we expect that the same type of exchange exisis
in disordered narrow band systems or in particulam, in the narrow band

with impuritieé as it hzs been discussed in movre detall elsewhere E¢4,¢5].

e

5,2, Oanonical transformatic-n and effective exchange interections

e

Iet us now consider the Hamiltonian (5.1w1) for a translationally
invarisnt system (Ui = U and set %;; = O) gomposed of N sltes, con-
taining all interactions vetween electrons on neighbouring sites. Then
we obtzin the Hamiltenian which is a straight-forward generalizgation
of {5.1-1). -

Rt % ®je 235 * U zi“i? sy + 3 {T- é){; nig 560

R ’ +
- JZ:iE Si -—éj + VZ:_ “iws(ais a5 + 2.5 a_is)

J 2:: a.
id

4
-+
+

B
Y
°
o
i
SD'
oh
il
g
&
-

(5.2-1)

where 1t is the necarest neighbour hopping integral, and K, J and v
are defined as in the previocus section, A1l the prined sums ron over
only those sites which are nearest neighbours of each other. We have
a0 assumed that the Wannler basis {é@(?ﬁluﬁzz} is chosen in such a
way that all functious ;Pmm§;) are reals.
In this paper we are intereated in the wegime of sirong intraatomic
1 W, J end V.
into disjoined

intersctions, namely, U is much large

&

In this situation, the spescirum of H
regions called the Hott-Hubbard subbands. If B ig the mean energy

of the i-th subband then the mearn distance betwgen two adjacent Ei's
is U . The structures of the subbands depend on the values of &, %, J
and V¥ , and each of them correspends %o the svbapsce of the Eilbertd
spzce, formed Trom atomic siates with a definite number of doubly ac-
cupied sites. There is one o one correspondence belween the subbands
and the subspaces. The former zre formed from the la¥ter with the over-
lap vetween the nearest neighbours and if 2zt]&U { % = number of
nearest neighbours) the states in the subbsnds can be itreated as sub-
spaces orthogonal tc sack other. 4 thoreough anslysis of the subspaces
and subhands for the Hubhard medel has besn glven by The present author
467 (reierred to ase I}b That analysis -

%W« Ry
ized case 5,2Fi) and the reader is referred Lo 1t for details.

jes as well to the genergl-

wn
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As pointed out in I , the magnetic properiies at large U and for
the number of slectrons not exceeding number of sites N 1s dominated
ny the lowest subband which contains no doubly cceupied atoms and by
the firss excited subband which_contains one doubly occupied site., Let

P. be the projection operator corresponding to the lowest subband and

i
5 the projection operator corresponding to the other, Then we have

the projection of th@ Hamltoman (5 2—1)

Bl Fyo= 1{t 6 eis {*ri6) 256 {*ns5)
1 K'J)Lg nig (1-n5.6) ner (1-2y67)
T

+

(5.2-2 )

PH 2, = (24 7,) _?1{(t+v) aig {10 g) 235 ;s}l’
{5.2-3)
P P2 =P, {(t-ﬁ)z: 3:5’ ni.8 335 nj—S’ + Uzi n;4 n

- dJ 2::. alé alﬁ 254 a4y

ij

+
%]
—
]

1
P Ss
L
F’l
=]
[
Lo
o——
—
i3
}
o
s
2]
)
i
=1
[
-
A
tJ
A

{5.2-4]

The general rule is that fo r each sxte we decompose the single-
particle operator Ai as follows (cf I for detalls)

big =g (g glen g) =ag (1) + A5 nig

Since the higher lying subbands coﬁtaining many doubly occcupied
sites can be ignored for the interest of the present work, the Hamil-
tonizn can be approximated as follows

(§ Pi} H (Z:; .} =H_ +E | {5.25)

where :
H =Py HE, +P, "R, (5,2._,6}
and
\
E, =B HP, + P, HP, {5n2 j i

HO ‘describes the motion of electrons in either lovest or first ex-
cited subbands, while H1 gives the transitions of slecirons between
the subbands due to the nearest neighbour hopping. 3ince the zubbands
are separated by a large energy U , the Hamiltonian H1 giving riss
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to intersubband-transitions will be treated as a perturbation.
As in I , we consider the canonically transformed effective Hamil-

tonian

peeniS(m +m) e 5 8=t | {5.2-8)
'where S satisfies 7
H, + sfm,s] = o {5.2-9)

Tet us discuss with more details the solution of (5.2n9), not. included
ir I . It. is a nonsgtandard solujion, since Hj is not assumed To be
diagonal. Additionally, we want to Temove only the part of the total
hopping processes in the first ovder (those between subspaces) and thus
only part P 5P, with i £ 3 is important., Indeed, projecting (5.2m9)

we have

[Pi;:?i, pFe ] = © | {5.2-10)
j - By BySEy = 0 (5.2-11)
he first equation has solution PSP, = £ (PyF;) with £(x) Teins
an arbitrary function of x = PiHI’i . We can rewrite the second equation

= i -1 '
2 5P, = [-1 PiHP, + PHP, SENNEIY {5.2-12)
Yote that (P2HP2) =1 exists only when Z2,HP, has all eigenvalues dif-

ferent from zerc, which means that UP» W . We also assume that Lo assure
the convergence 2£ sn iteration procedure which gives rise 4o the series

(iPEP, + PSPy v PSFE

_ s / n : ~ip+>

PSP, = -1 2=o (p,ER,) ® P,ER, (BHE,) "0 (5.2-13)

where we have started from iteration P?S(O)P =0 . We see that in the
¢ - (1)

transformation {5.2-13) (P1HP1)n and (PgHPg) correspond to ihe
processes within subbands, Since we incliude these leading processes of
this type already in- Ha the siﬁplest approximation is to average over
processes within bands, This leads to the formula for P15P2 derived by
ue before [ 467, But from (5.2—13) we gee that the same result can be
recovered if we refain in it the fterms ~t/U only, Therefore
e S o (<)o (3F) o (3) O
and the effective Hamiltonian E up tc the second order (thzfﬂ—K) is

HE, - PR e, ) / {U-E) | , {5.2-15)

2
Using (5,2-2) and (5,2-14) ws have

E=H - (P,]HP
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/
2 5 -
P, EPLHE, = ($+7)% 2,4 %¢ Ve ))jﬂ, - 8] sy
r .
v oo (ot Y - v P
- o
1(#@ Ky i=g k-g 71 3 } '
(5,2-15)
where by =&, (1 CP B Yig =iy Vyy 5 2and
v + +
54 8¢ Bi.y " Pig Pi.g  °

The double-primed summation includes only thmse configurations
both the j-th and the k-th sites are nearest neighbours of the i-th

site, If we define Cig 0y o then we similarly obtain
. _ ?
PHP,HP, = (z+v)° 2 {Z_ T—nl g)(i -n,g) R Byg
+ o
TAg i-ﬁ' G55 & * itza;;r{)s Cks L5135 blﬁ' C4E

+ +
* o5 ks D35 Ci6 * °h.§ Yi-g 36 o1

+

+ + . o+ L
°i-6 k-6 "i6 °i6 +Z1<:1'6' {;—5, °k6 16 OiE'CjS'}PE

{5.2-17)

Part of the proesessss in (5 2= ?3) and (5 2~14) which involve thrse
sites correspond to the indirect hopping between more distant neigh- -
bours. For example, the ternm '%ig Vl P b;s is the indirect hopping
from the singly occupied i-th site, Such indirect hoppings have %o be
neglected Tox the sake of consistency, since we have excluded direcst
hopping processes beitween next nearest neighbours in our tight binding
Ramiltonian (5.1}. Consequently, we include only two site processes
vhich involve virtual hopping in the second order, both without and with
spin-Tlip, Ir such a situation the effeective Hamilténian, which can be
repfpspnted as '

Ra=p B2, + ?, H 2, | {5.2-18)
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(5.2~20)

L o 2 lt+V!2 : .

with U2 = E.J and J = . J . This Hamiltonianh will De
T-K

further studied in the following sections for partiplly filled lowest.

subband, i.e. for number of electrons per atom n &1 . Comparing
(5.2-—19 with the condition (5.1-!‘10)?.‘01' the triplet ground state we see
that the competitive character of E’irec‘ts _z_i'z;ld }E_iile‘tic exchange inter-
actions is c{ontained in the term J 03 Si . Sj .

5,3, Green function approach and the moment-conserving decoupling
A e

¥We are interested mainly in the guasiparticle states and the static
magnetic properties for the narroi\r band system represented by the ef-
fective Hemiltonian {5.2-19). Since we ave interesfed in fhe ghase
diagram at T = O only, we can disregard the part {3.2-20) of the ef-
fective Hamiltonian decause £pom the beginning we have limited ourselves
to the region T > W . Under these circumstances we have (\?i5>=<nie>
and tnerefore the ground state properties are determined completely in
terms of dingle~particle Green functien '<<bi5| b;fs» with the equa-
tion of motion in the form [74-76]

s ogl vy o (Ko Fis v s Y Y
' (5.3-1)

or in explicit form .
g &bss | b;6>> = '511? (1 - <“i~6>) 8y
* t %)<bm5 (1"ni-5) * g SES lb;5>>

Z <S'€ +
: b - g V vt >
m(i) O i-6 i® m—Si ;;5>
)
. + '
" %} s Vot 7567
n {5.3-2)

As ususl, the main problem of the equation of motion method is how o
decouple the higher-order Green functions on r.h.s. of (5,3-1). e have

) —— o
chosen the moment-conserving decoupling [:74-‘763 Tor the following
reasons. Firstly, the decoupled Gresn Funotions which vsplace the r.h.s.

14

&

of (5.5-2) are found in a selfconsistent way. Sscondly, the averajse

seiative shift of the spin subbadns in the Ferromegnetic phase lg dre~

produced exactly, which makeg this method particularly sitractive, sines
for exanple, there is no obvious reason wihy for the Hubbard madel (i.ev



G) there is a stable
75 and Fanamori {74
the gimplest decon

oximaticn, Those resuli

ing ones from the moment-

correlatlon, which iz missi

tion 1s essential in & more refined approach

]

the mcmertmcoﬂS“fv1ng decoupling we azsuue §n3t

[% . PiﬁPé] -7 Mip b5 {5,3,5>

1
whers Hii is the self-ensrzy part of the mass operator which is
determined from the conservation of the first moment of

funetion <{bi5 (t) , g o)}) , namely |
z; Ty <_{b16 A <{E’iﬁ' ’ TEHD‘!] "bg5}> (z->-4)
or in sxplicit form |
iy = Y nzd;;“" [ & 516+ {(-n1.6) SEY)
R - UZSE:) v dy ai_gf &> -5t <{“11j._6\)(‘fm5
b RESD - G ves]]

ot e

where J = J/% U, = U,/t and the pairs oi subscripis (i,1) or
3 2 2 i By 8

&

in the two-particle correlaticon funcitions are those of nearsst n
tours. Hence, substituiing (5.3—5) into'(5,3—1) we get the

equaticn , which for the traﬂulationallv invariant systems

(u—n <<'b b35'>> < l_6> ) %) <<10m51

2 Tr

where M, =M.,  , and M, = M. for 14 j . Even though
(5.3w§1 is disgonalized in the K soaﬂe, we still need to
two-particie corrslation funchions '5:> zand
This goal can be achieved with the help of the selfconsist
proposed by Roth [75] for the Hubbard medel or, in more

by Falashnikov and Fraq cin 771 . We vefer the reader %o

threngh the one-particle ones determined from the Green functil

+ .
. . a 2 i n.{3.%3.1} i3 3 raelly,
<§b35 b3g2> and henceforth egn {, 3 ) clved Formally _
ouf there alse certain ambiguiiies contained in the Roth method and

provese how te vesolve them in the simplest way. Furthermere, 1% is
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chown there that the decomposit1on (S.Bmﬁ)'of higﬂe: ord
ton <<Eb s F I—l’JE’1 ; bt })’ conserve firet

density functlon { 5 (t b; (0)})- . Thi

Oubbard subband ‘splits further into two subbands, then The total number
of states within those subbsnds znd the average relative positl

them are reproduced exzctly. Since in the case of ferremagnetiszm the
aystem. composed of the lowest Hubbard subband splite into two sgpin-sub-

ot
=
O
9
=1
I
&+ b

bands, and in the case of antifervemagnetism into two-8p n-indspendent
gubbadns due Fo the formation of superlatiice, we think that our method

describes properly the most imporbtent factors ariging from the electron-

elechron interactions in the strong correlation limit W U

ur

ever, this approach is appiied in the wreglon ¥ T, it can predi

correctly the metal-nomnetal trangition point, ab which the detal

cuasiparticle band siructurs of the merging Su

tant. Below, we combine the results 55n3~2 - §.3~5) and those
1

pendizes B and € to calculate the QuaﬂiQaLuiC

atate properties fox the ferw

respectively.

b

Perro- &id para-mnagr

In the transliaticns

ce - our

Lorg | vhsd

imed taliing the

1

ang the bandenarrowing
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‘apprdximation one can notice-two differences. Firstly, two-particle
terms determine both W1S and WES' and secondly, the band-shift and
band narrowing factors are multiplied by the factor '(1*3,6)‘-1 which
is very imporiant when n-*1 , The former fact reflecis the process of
“dressing” of a gquasi-particle by‘the other particles present in the
system, while the latter cne takes into account the conditional proba-
bility that the "dressing" process of a partiele with spin &  takes
Place, provided there is a hole with the opposite spin bound to it,
This conditional probability is absent in the Hartres-Feck approxima-
tion. Substituting elther formulas (B.12), (B.13) ana (B.15) or (8.16)
and (B.w) o {5.3-10) and {5.3-11) we have the solution closed formal-
ly. In the rest of this section we will digseuss the formulas for ground
state properties within the Roth-scheme, which will be discussed further
.in the next szetion for model density of states. We refer the reader teo
the Appendix D for discussion of simpler approach sxpressed through
(8.16) and (13.17), The explicit form of band-chift {5.3-10) and band-
narrowing (5.3-11) factors is : f .
Vg =S - dng (tng) - 88 -—'1':;—55- - I8¢ S_g + Upn (1-n_g)

: g2 n
-& .8 :
- U, i rUyng n_g (1 + R)_

(5.3-12)
“and

W, (en_g) = =(tn)" [—st (1-n_g)+ 85 5 g |
+ (1-n) (1s_g + U, 56)] . (5.56-13)_

where R = )2 5% n g and Sg = <b;;5, bigy with m and
being the pair of nearest neighbours, These results reduce to the
derived by Roth in the 1limit J = UE = 0 , which corresponds to the
limit U = @0 in the Hobbard model. Applying +o (5,3-8) the fluctua-
tion-dissipation theorem S

+ - 1 + P _
<b1_€,6 b_}?,s) - QJ; Im <<1‘3‘i;’sa b‘l}"5> w+ ig f(w( u)jd)w
' 5.3-14

where £ @&J- uQ is the FermifDirac distribution, and using the pro-
perty of the inverse space Fourier transform which reads

Z<b+ . -i¥ 'fi?lﬂ-_Ri_i}= ng  for m=i
T ks’ Sg

for (m,i) = n.n,

{5.3-13)
3

.
: %
¥We have the expression for mean occupation number of electrons per

s

aite




g = (1on_g) § ; ¢ (s, -p) (5.3-18)

6
and ]
S = (‘l_n_s) % % ﬁ_?:f.' (EI:S -.}1) ) . (5.3—_17)

Bqns. (5 3-—16) and (5.3-17) can be rewritten in the integral form which
for T = 0 are

. g ‘ 7
(1-11_6) j gw) aew (5.3-18)
-z |t} ' L
and . .
2485 = (1—11_6.) _{ﬂ g (w)iw (5.3-19)
-5
where o ‘ ’
p - oy
ws‘z i-n_ g 1526’ (5°3-29)
and

(wj- z: § (cu 5_,)

in the demsity of states of the bare band /without interactions .
Uging the formula ¢.7 fTrom Appendiz C we wave the szpressicn foT
she ground state energy

eq = T = Zﬁ?wnws} +W,g) 56 * g oy

Wz {4 5 (5&“21}

sntiferromagnetic solution

We decompose nOw e84, iS B 6} into two reflecting the presence of
twe impeneireble but squivalent sub”lattlceg 1u glled A and B. The Sj tem

is described bWy two Green fU“lC“LlO"lS <<b~.-w h@ﬁ.;% «b\ 5 ! owm&;}
I3

and <<¢,;5’ hA ;}t} <<»-p > which are oblbained by the
: dure Ire -

plastel= ‘T”cni.":‘f" ~.‘.A ta that In bhe ?:m ons subsection. Hemely, from
the Fourier % e }Jq, a .,,»=6;} in this ¢
¥ o b B et £
o AT At
Bzt ) B > = v & (1 i
{‘ 5] S T ﬁ@} 0T T &
¥ - ;
B - 2 - HB i LS P o e
.- M} LA 3@:}? (5.3-22)
et i ﬂé
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6_1:{__ (1-11_._5- +

LS N
Y A
F{3 i bi—.’s»

{5.3-23)
whers now

(1-n.g) Wig = -s-mp + U2-(0 "T) <nn15' wygy + 1sE° 518>
- 0y (g g | (5.5-24
<nm5 16> - Ngh g + éﬁs S?'F) - (5+0,) = {5.3-25)

and <n15> < -E> s we have the following solutions

<<bi_,s [ >> dadd N (5.3-26)

(-2 2 E-2, 1)

| 2
BopheNy L > ¥ -
<<b%’5 b?6>> " Tw G (z-2, -f{—) {e-B, ) = @

where the quasiDIaT"ticle subbaiids are given by the dispesrsion relation
By o %z’cz ot VA {5.3-28)
with' , , . a2 s Wz 5
AE"’: (zt/2} (’%5’ Vgl € (w-;mw) {5549})

Yor the particular case U2 = § , which corresponds to the Hubbard model,
our results reduce ’co those calculated previously E:43:] Applying

{5 )m-]ld-) and {5 B 15 to (5 3-26), and (5 B 27 ) we obtain mesn QCCUna-
tio n number per site =n and nearest-neighbour hopping corrslstion
function 8§ = <bm5 biﬁ> sy Tespectively:

e .
50 5§ & (e tm)- 6% (Teng)b D

(E.-ztw_l). | <<‘b§,6 | b%5>>“

and

Wﬁ ' (5 v D= 50)
" .

A

1;
|

g
Er
I
1Y
%\l\)
3
J!

5

{
8

5.3-31)

5 - Z v f .

where  F s w T 8% = - o= i T iz now
There Ty, = *{E‘!ﬁk }1) , & (1 n_Ej i‘} n_ﬁ) and [ iz now
the number of sites in ome sublattice. The procesd further we decompose

5.3-30! into two s i e evee] BZ ceeed both of
(} }1 inte two summing over %{ } = % 6’( ) cth o

tts sides, respectively.




- (f;s Wig) £ % . Kk (5.3-33)

Trom these equations we can derive the eguation for the chemiczl poten-
tial . _
1y 2. [x{ ny_ {s” QJ )
o f + f = e = L 5] > 5:5"‘34
S ( % 2?) a? L7 ( ) ( )
- st tigatd zn L L Lo
and for sublattice magnetizaiion <S > = %5 (nf - né) ¥ 0 in the

form . :
fan) /2% = 5 2B f - L f]f S
, (12 CTETUE R VR 1'1?) D ( /
with 23 (SZ> =2 EW,g - To Tind expression Tor B we use the
eqns.(‘B,19} -(B.Q‘i for the two-particle correlation functions. The

explicit form of W, and W, is therefore

(-8 sf(-%) teng
W5 = E:Uz T - T e ] i -{(3-9,) mg
Y (““%‘f‘ﬁ' -1) Sl B :‘;;5,, i (s-3-39
and g2 (2 - n)
| Wy = - ———— e (s - {5.3-57)
Furthermore o . 7
g = 552 {2 .8 g2 1 - BY _
B:-‘—‘-é-{s+ ( 2)_-02 ( Z)m(J—U2) 8’
a et =1L '

4
v 1, (M-fﬁ--—-“ - 1) + U, [22 + <SZ> : T (1 - %)}% | )
_ 5,338

inalogically, as in the previous subsection, we can write the eguna-
tions for the sublattice magnetization snd the horping correlations

. o 1 ; .
whish for ©n 2 % and at T=l £¥e



a1

z-% .
n ) =1 d &
(‘] - E) hl;" = ZtBa[ g(w) -—W . (5;3-?9)
sl 5

o)

o 7% I
zta:-a-;-‘.*J)jg((,O}—u-—»—-—————
2 .
. V A(w)
+W 1/2
viere A (u)) [(ztB <SZ>) 2 + 4L 2 ( 2) J , and the lower
limit of the integrals is deftermined from the eguation

. j— th e TVA{e)-p =0 ‘ {5.73-47}

The Cﬂemlcal potential » is determined from the integral ecuation cor-
ponding to (5 B ;;4), which reads

auw (5.3-40)

)
l5i
oW

() ¢ el
(4]
‘['()<Zi}fﬂ-——-5"" - B
el 1 -8 8 —Eo e et + dear
a2 {e) g Vales)
' 5.3-42)

n what follows we will solve the eguations (5 B 39) {5 Do 412} for the
moGel dansity of states and compare the results with those from the
simplified approsch presented in Appendices A and D, This will allow .
us alse e draw certain genewal conclusions about magnetic phases for a
ciass of nodel Hamiltonians lmown under the name of the exbtended Hubbard

The gromnd state eﬂergy can be found from (Cw :1} Appendix C

Sq = mw;ﬁmm = =8 - »é- {%:T:I,Igj E { 2? £ ) o

el
j _
SR | ; Voo (z o+ 5} {5,543
izftl 7 R S TP

or, in eguivalent form,

z %
en = - {E S } & “___,.1,.,,..,_‘ jgm%ﬂ{@gj 4 ded
0

2zt
o 4l
ety ¥a e o oo (5.2-42)
& o :
For wn -==1 {he main cor‘z’trilggétio:a comes freom the last terr ince in
this limit 3 === 0 and i{c{} =0

daz




4] otherwise

Cyith W os ZZiti . The same form of g(aﬂ #na been chosen 30 the Apw-
pendices A and o, whers the simplified solutions ar iven. dhe

{an is twofold. Firstly, to calculate expliclty the
sements in the ground gtate and the boundary iines between various
ma.gnetic phases, Secondly, to compare to what extent the results con-
cerning the AF and ¥ phases depend on the employed decoupling scheme and
thaTefore to cotablish a simple but gensral description of magnetle

theses, mocephable also o1l intuitive groends. Yo chow alsd

L
renge of existence of the solutions depends only VﬂaVly cn J in ouy
1imit, but the role played by cinetic sxchange te 12 ecrucisl for The

i)

tahility of AF vhease &as n—=71 .

(5.,4“2)

on the other hand from (5.4~ ) we have
N _
CJE ('1..

Symming this

&
(5.3-12) and (5.3
the eguation Tox

) ® T (5“’;&)

gquation with res snech
S
o

o spin index b  and substituting

T
for ¥ g and ”25 regpectively, we will et
t  <8%>  of {the form

25::5[236 (1"11‘6' + ”26) + W, s] 3]

ind the correlation functi Gpo <; %
) LA L‘ atlion Lun O 6 mg J:LE:
mouDS Wa Nave 1T0n'(5a3w19) and : ?=55) Lm

the magmgtic hillalntevel

Fe1
ig = ng wf« _ {5.4-5)
1 -wﬁm 6 .

Sbetituting this eypression Into {5 a—ﬂ) we set ths

{0

explicit FTorm of

e
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2 (1-3) v &F (1n)[5, (1- B) - 27 (1-n)]

+ a2 bnnjz (7n2 - 170 + 7)‘ S (5.4-6)
¢ 6Ué (in}? {1 - %) -
with a (? - ~ 2. {:SZ 2. For the pértieular case J = U2 = 0

which uOlfﬂSpOndS to the Hubbard meodel at U =82 , we obizin the
analytic solution '

- (1) (112 - ma® - 7) /2 | (5-4-7)

walch gives <9?> 2 = n -2 (1-1’1) and we have no complete fer-
romagnetic solution for any n # 1 , - This is in contradiction with the
previous solution presented in Appendix D and it also illustrates to
what extent the ferromagastic solution is sensitive to the details of
approximatio n scheme involved. We will return %o this guestion in the
next secticn, where we estimate the energy of various.magnetic phages
and discuss possible solutions on physieal grounds,

To complete the solution we have to calculate the energy of the
fruuﬂi state., Substituting (5 4*5) into (5 3»12) and (5 3,13) and next
the re%u1t3 into (5 3—21) we get the reduced energy per site

2% (1-n)(1- )

E : =
ﬁr_ - da (1) - () SRR

£ (- 2 ) e (o ) [-0-8) 2]
Pt fa- e v e (0-3)" ]

i (1 ')‘-ﬂ”{[ (- §)(1-2) + 3n-s
va(i-3)2 g0 1-2)}

. i«fg—{@ ~%)E 1-8) 2] (B )

s (& 2o (1-3)% - <) o

For complete ferromagnetic state and U2 = 3 we recover the Drevious
result (l.4} obtained within the simpler approach and presented in
Appendix D,
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intiferromagnetic soluticn and phase diagran

w3

The general solution presented in Section 5.% Tor the model density
of =ztates (5.4-—1) gives ns the equation for magnetination (5,%39) .
nearest neighbour corvrelations (5;3-40), and ground siate snergy
(5,3-—:“’;-4) in an explicit form. Namely, we have reppectively

-1

s [1+(p {5 2 /o 2_]‘/2 + 1 (50529

L}

= e e 1N

87 20 [ «(p <% 2/a)° ]V + &3

- %{[02+(B <Sz>)1aj‘i_/’2 _%[(05)2 +(B<SZ_>) 2J'ij2
+ 12% (1 n) _E.ﬁ;@géaw_ﬂi} (5.4_10)7

2

and
E

AF ot 5] (%"'5‘16) (1_&‘5} %{[(B <52>)2

2lzf % |

o0

c ] LB <7 P (@BeP]
1 3¢s? ® o fln sl P12 Ml L5 PG T 2ede
BT ¢

(2<s%) |
(5.4-11)
where B is given by (5,3-38) and '

2 n
O sa - —?-—-(—2-—1—?-2_ - (J+U2) 2 (5.4—12)
7 a(’i-n) 2 , .
The eqns, (5.4-9) and (5.4—10) form the systém oi“ two coupled self-
consietent equations for <S%> and § . To first but still ouite
realistic approximatio n the tém ~J and U2 should not influence
the rearest neighbour hopping expressed via (5.4—10}. From this we can
infer that § in the strong coupling limit for the AF and parsmagnetic
phases shovuld coineide. Furthermore, as will be shoim from a general
physical pleture presented in the next section, the antiferromagnetism
is stable only for n-s1 and we expect that 5 o2 (‘lnn) + O ((1—n)2).
The same result can ke obltained from- (5.4—10) if we substitute
<SZ> =0 . This expression for S can help us alsc fo see a gqualita-
tive difference between the Hartree-Fock and the moment-consefving de=-

ceuplings. Hamely from (5,4—»'! 2) we have
; 3 _l=n : 1=
t>a-5 —3 "(J+U2) a

while from (5,3~38) and for U

B --—1:—121—(1+%J)--J
2

=0
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For any nongzero temperature and as n -1 we have 3 = .J and
O 2 a5, which gives the Hartree-Fock reaults (AQ?TJ presented in 4p-
pendix A, Therefore, we conclude that for nearly half-filled band the
antiferromagnetism can be deseribed by the mean field type apvroxima-
tion of the effective Hamiltonian (5,2»19), while the onset of ferro-
magnetisn is determined by a more realistic account of bandshift factors
for the guasiparticle subbands E_p . The border line between ferro-
and antiferro-magnetic phases is kghown schematically in Fig.%. For
comparison, the result of Hagaoka 73] is also plotted.

5.5. Discussion: Influence of kinetic exchange on magnetic

ground state

In the l.-ast two sections we have discussed mainly the ferro- and
antiferrcmagnetic solutions within twe approximation schemes: the Har-
tres-Fock and the moment-conserving decouplings. We have shown that
wille the latter is not particularly sensitive to an approximation
scheme involved, the former one éppears only after inclusion of the
band-shift (_BS) and band-narrowing (BN) factors in a selfconsigtent
manner, The selfconsistent procedure represented by Eqs.(5.3 3) and
(5.)m4) Provides the expression for BN and BS through the two-particle
correlation funcliions between nearest neighbours <S; 55> and
<:nm5 . nosw;> - Hence any subseguent reduction of them to the single-
vartiele correlation func‘tions 55 <bm5 05> and ng <b15 15>
(egg. by mean-field type decoupling or the Roth procedurg) intreduces
tvwo new unphysical ingredients: part of epin-flip fluctwations, inherent
in the Heisenberg type of intersctions, and part of two-particle mul;
tiple scatfering amplitude without spin-flip, are disregerded. This
approach therefore can be viewed as an interpolation solution of the
mean field ¥ype both from the péint of view of Kanamori approach as
n—0 [747] and of the Heisenberg model as n -1 [43] The same type
o-f interpolation scheme is provided by the Tyabllkov decounllng for
the Heisenberg model [78] , which reduces 4o spin-wave approximation
(without Dyson correction, hawaver) in the low temperaturs région, and
te the mean field approximation as T -’53 . In this section we discuss
our interpolation solution on ph reical grounds. This seems to De partic-
nlarly useful; because of the differences bebtween Terromzgnetic scolution
from fppendix T and the corresponding one from Sesction 5.4 for our model
density of states,

Let us consider the influence of the kinetic exchange only {K=J=O)
on the magnetic phases, It lowe$s thﬁzground state energy of an AF phase

o \

(ver site) by amount tﬁEm & n® and of P sate by
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Fig.3.. Schema"t.io representation of the vhage boundsry bebtween complete,
ferrvomagnetic {OF) and antiferromegnetic (AF) phases for the model

" density of states. Memn~-field approximation is ussd. Dashed line:! the
Nagaoka [147] result {cf, also Sect.5.5). .



ﬂEr;l Al %'A Em . The band energy {per site) of AF andé T states is

roughly Ey = - — n (1—11) W, and for the complete ferromagnetism (CF)
EB = - W (1 n) n . These last formulas can be derived as followa.
E‘irstly, the mean fieid AF solution is given by <S > =n /4 —(1-11)%

50 for n ~wi the moment is almost saturated So 3P to order ~{1.n)

W p
Az Jz<S . Eg;‘; n g an,}“‘ =z —— h° . Secondly, the

probablllty of hopnlng between the nearsst neighbours (ore site oco-
cupied, the second one emp’cy) is Z ng (1 n) =n (1-31) So the cor-
respond:l.ng energy per site in the P or AF phase will be 3—- 2z t n(‘i-n)
'(2 comes from the average over the states in lowest Mott Hubbard sub-
ba_nd). For the conplete ferromagnetism (CF] however, the gquasiparticle
states in the lowest subband represented in (5.2-19) by the temm

tzg b:?:&" bjﬁ' are the same ag those in the full sfband

£ . . :
t aTs a.e (i.e. without the doubly occupied sites having pro-
ij o d : .
jected out) sinee the Pauli princ:iple automatically excludes a conitribu-
tion from all upper subbands, So the bandwidth of the gquasiparticle
states is W = 2zlt rather than . W/2 as in the other cases. Therg-
fore, EBP’AF 1 n ( 1-n) while E_‘.Bc'F = - ; win { T—-n). Hence the
transition from tl_le AF to CF state as ' n decreases from 1 is caused

by the competition between the kinetic exchange and the band energy

and is determine by the condition eGCF = eGAF which yields
mmoa. =f1s2 ¥)1T L
o= g ‘(1 tz u) ‘ : : (5.5-1)

For (W/U) &1, ny, —=1 and therefore from (5.5-1) we have that
the boundary line OF-AF is given by (|t /U)ﬁ «25(1-n) ., The same
result can be obtained if we take from Appendix D as renormalization
factor of band energy in the AF phase % instead of =% 1 and compars it
to the energy in AF phase in the mean field 2PProx. AE -—4—-—- T . ng,
and is quite close to the result of Nagaoka [73] (Lt} /U)- .246 (1-n).
-However, our simple picture fails to predict properly the behaviour.

in the limit n 0 . Indeed, the boundary line P-CF determined from

P cr ;
the condition &g = eg gives n—n-cz 2‘- I'VU’, (5.5-2)

and {-'or Usen , = 0 while Eanamor: [[74] predicted that nj, 2 ,271
for rectangular densi’cy of states. His result is in accord with the
intuitive expectation that a ferromagnetism can appear only when the
band filling 'n is larger than 2/z s reflecting ine faect that on
average there are at least two electrons on the neighbouring sites.
This gives n, = % and % fqr_sc and bee, respectively. Our pii;‘t-ure
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leading to (5.5«2} is valid only asbove this concentration becauss ef-
fectively only sbove this concentration the correlaticns limit the hop-

ping process, So (5.5—2) is modified
v & o, = "2‘ {1+ %) (5-5-3)

The pumerical solution of Roth [[75.] for so structure and U = gives
close result n,, = 36 . _
From our simple solutions both for = ferromnagnet (cf‘ Appendix D),

‘and an antiferromagnet (qf. Appendix A) #he pmagnetic moment near n=T
is saturated. This means that for nearly half-filled band the glectrons
are localized from & "magnetic™ point of view., Quantitatively, the
eriterion of localization can be fermulated in a followlng way. The time
uncertainty connected with the formation of & guasiparticle CF band is
of the order )

Z‘B ~ '#I. ﬁ

. 2 A%, Wn (1-n)

while the spin-flip lifetime in the AF phase

(5.5-4)

o~ B _ 7 U, im -
Lo 28 E S TB |3 om ' (5.5-5)

" For n=—1, Z'm & TB and we arrive at the region with slow hopping
modulated by fast collective spin fluctuations (induced oy virtual hop-
ping hetween the subbands). Hence the electrons in nearly helf-filled
band'(in the whole region 20 1-n z<Z\@) zre described essentially by
the Heisenberg Hamiltonian, Thersfore, to the first approximailon, .
the Mott insulator may be viewed as the Helsenberg antiferromagnet with
the renormalized band parameters by the virtusl hopping betwesn sub-
bands. In particular, as can be =sesn from (5.2»14) and (5.2—20) that

vt mved A vl (§) 0 (550
So the simplest generalization (5.5~6) extends the region of validivy
of our resulis, since even for WS U the renovmsliization factor in
(3.5~6) is o - & 1 ., The masnetic part of energy for the HMott

2z
insulator is now
2 .
o 1 e g
Aahm T 2 1 e (5°5"7)
LU —'"2-2:- W

T% is interesting to note that the last formule gives also gualitatively
corveet behaviour when interpolated to the region U& YW wvhere we have
élEm ~ U , Which is the standard Hartree~Fock result for the Hubbard
mnodel [ 6% ] . The corrected Formula (5.5~7) can thus be used to estimate
the condition for the clogure of the gap between two lowest subband
metal-nommetsl transition
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U+ 2dE = (5.5-2)
where factor 2 in QE comes from the increase of quasiparticls energy
in the upper subband -l:he lower one 1s pulled downm, Eqn. 5.5=8 has solu-

tion approximately at

v = 3[1-(1-4)"7] (5:5-9) ‘

or more accurately at (W/U) 21,09 and 1,067 for sc and bee
structures, respectively. Hubbard (1964) L79] obtained ( /U) = 1,15 |

for elliptic density of statas. Additionally, Egn. (3.5 9) predicts the ‘
metal-nonmetal transition for planar square lattice, but it is abseent |
in the one dimensional chain, in agreement with the e.cact result of
Lieb and Wu (1968) [807] .

Hitherto we have turhed over the pround state of the systenm compos
of one magnetic phase. We would like to diseouss now a Possibility of
a formation of the mixed phase considered by Visscher (1974) [s13 .
For n-=1 +tight blnding density of states is-

g ()= v —yeo ' {5.5-10)

417 2 B5/7

where = ]tl a2 and ¢ Itl a2 for sc and bee, respectively, and a
is the lattice constant. The work done to compress holes from the velu-
me V to V -AV ig

| | Moy =2/
AL ='-1~«15B 65/3 174/3 (1_11}5/3 NR-; - ._é_E) 213 1_] (5 5_11)

whaere AV/a is ‘the number of lattice sites free of holes
(num‘oe:c of spin ordered antlferromagnetically) The total energy of -
the mized state is therefore

- Ar 1 w? W : '
Eto‘t/N = -z [t’ n (1—n) 5 - % T F (5-5—12)
Trom the condition aEtot/al‘I =0 we get the portion of sites in
the AF phase . '
N, o ~ L '
AP _a 5/3 473\ 3/5¢ W y3/5
= = i _.( 6 ) ( ) (1-11) (5,5——13)

cwith B = 1 22 for se and bcc, regpectively. Therefore, the border line
between mixzed end CF phases is given by the condition NAF = 0, or
equivalentl y,

5/397 4/3 |

g -— - ;

§ - S T () G514 :

or explicity |t] /U = .5(1-:1)5/3 for se¢ structure. This condition
replaces the Nagaoka condition (5.5—1). There are minor differences
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(of factor .5) with the Viseher oripginal veeult {817} due to the fact
that we have assumed that enersgy of AT state is given by anztE/U) Mg
rather than the mean-field value (~zh2/U) NAF . Subetituting (5.5a1f3
into (5.5—12) we have the Tinal expression for mround shatz energy of
the mixed state

E . . I

G ‘ 1 4 1w 5/%ey 4/3 5/%
@ = = anlijen) = = = + = a I wT 4wty

G Nzt (. ) =z U 10z : ( ‘)

+

L) (E T )
R (R ST )

The main results of the previevs sections together with thoss from
sppendix D enabled us to draw the conceptual phase diagram pletured

in Fig.4 for J = U2 = (O , Furthermore, wilh the help of ﬁhe renoTHeli-

zation (5.5—6) of U we can draw it on ‘the whole plane % T N .
~This vhase diagram illustrates and summarizes the main physical remulis

obtained quite esasily when the concept of kinetic exchange is enployed

to & partially filled narrow g-band.

5.6. Short summary sndé conclusions

In this Section our main task was to conatreet the effective
magnetic Hamilionian from the full tight-binding Hamiltonian (5.2—1),
and to prove its usefulness applying it 4o the description of magnetls
phases composed of sirongly correlated electrons in a partially filled
narrow s-band, We use the egquation of motion method for the commutator
Green functions and subsequently utilize both the Hartree-Fock end the
moment-conserving decouplings (cf. fppendix A and Zection 5.3 for
details). The latter method reproduces rigorously the average shift .
of the spin subbands (5.3-4) and hence provides us with a realistic
description of ferromagnetbism. HoweveX, the pand skift (BS and band
narrowing (BN) factors (5.3—9)'and (5.3~10) contain still nearest neigh-
bour twoparticle correlation functions which have to be caleulated in-
dependently. To grasp this task Roth [757] nas proposed s self-consist-
ent procedure and has expressed the two pariticle correlations through
the single particle omes. This procedure has after 21l two fundamental
defects. Firstly, it violates the .spin rotational invariance (ef, the
diseussion in Appendix B). Secondly, it fails To include the shoxrt--
range order effects in the nearest neighbour correlations and therefore
is of limited importance when generalized to finite temperatures., In
Appendix T we have studied a simpler decoupling of two~particle cor-
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CF~AF phase ircluded. For details see Seet.5.5. The parameders
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relation functions which dees preserve the spin rotation invariance and

gives the sclution for =n-—=1 in agreement with the intuitive_insight
into ihe nature of single-particle motion of strongly correlated elec-

- trons, presented in Sect. 5.5. For a nearly khalf filled band the ferro-
magnetism is complete (CF) and there is ne band narrowing in this case.
This is easy to understand if we notice that in the dynamies of oy phase
the correlations are included automatically through the Paulil exclusion
prineiple, We believe that ﬁhe'diéagreemeht between the results of Ap-
vendix D and those from Sect. 5.3 which are based on the Rotk scheme,
is due tc the violation of the spin rolation invariance mentioned ear-
lier in the lstter case, Unfortunately, &ur whole approach fails in the
limit n—=0 (Roth 1969) [32]] . This is due to the fact that in the
strong corrslation regime the two-particle scattering amplitude ETA]

2 is not small even for relatively low concentrations.

411 approximations produce the solution for the sublattice magneti-

zation <522 in the antiferromagnetic phase of the same type which

can be approximated by the analyticel solution <Sz> 22:-"(1-— %)(% n-‘l) =
= n?/4 - 1~n)2. This is caused by the smallness of the prelogarithmic

Ffactor in (A.TT) or (3.9) since <SZ> — n/2 as n —= 1 [:431.

However, as it is shown in Section 6, antiferromagnetism is unstable

against the formation of the mized CP-AT phase [813 . We think thet fer-

romagnetic polarons in the AF phase considered by Brinkman and Rice EBB]
and the others [84] may be considered as on excited state of the mixed
phasea. ' ;

In the paper we have limited our consgiderstions to the sero

& Un

" temperature cadSe only., An exitension to nonzero temperatures does nob
show principal difficulties. In faet, 2 ferromagnetic solution at finite
temperatures and for U =e0 , and ¥=J=0 has been considered already
by Sekoloff (1970-71) [85] . It would be interesting %o extend his
results to the case with J # 0 . Wevertheless, it seems to be clear

" that the complete ferromagnetic phase does exist, even though the cdr—
relations produce the antiferromagnetic exchange in the second order
in t/U . '



."Appendix A: Hartree-Fock Approximation

-Among the simplest decouplings of equa‘tlon of hotion . (5 3-2) seems
‘%0 be the one of a mean=-field type -

Cyg (1'11- s) % b (1 <ny_g) |
bg < 5'> b6- 5'5'5’41’;6 %67 q (A.V‘I)
& 51 -'(* 1-6 *a6) Pi6 T S big
Substituting (4.1) into (5.3-2) we et

.(Er+_z1:S ) +JZ <\? 5) -U Z <95’>)<<blslb5>>

: m(i )
= —“i’is—” ZRISS s>> g0 T oushie?
. (2. 2)

CAfter space Fourier transform this equation can be rewritten as

1-n_ 5 ) 1
ké'lh"b» : E-E_!_(,S : : ) 3)

 with ' - :

B - .-z‘t( 5—6‘ +n o -. Upn) + €~ (1-n_g) (2.2)
Applying fluctuation»diséipation theorem we get the expressions fer.
ng and Sg  which can be written down as are (5.3-18) and (5.3-19)
with S .

GJE'—“ :’?f} = 1—n_. 7'1[}1 - (S + J:n - UQD)J (A.S)

For the model dens;ty of states (5 4—1) this glves the solution for
the magnetlc moment

' /2 .
2 _ n ( -n! . :
<% - :[(1_ - 2) i - (r.6)
This gives physically meanlngfal solution for n &J or for n=1 .

The case n=1 corresponds to the Heisenberg magnet and ferromagnetic
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splution is steble for J > O . The second solution exists only if
I > 0 vwhich again means that the direct exchange dominates over the

kinetic exchange. In particular, thers iz no ferromagnetic soivtion fox

any n # 1 in the Hubbard medel (J = 25/U < O) in thia approxin
which is in disagreement with the resulis both of gacka [ 73] and Fa-
namori [ 747} . Therefore we conclude thal this azpr
vropriate for the description of ferromagaetien for n i 1 . In Szction
5.3 we discuss the above results within the more 5yute:1atic method of

wmhicn

yAimaticn is dnap-
1

- appreximation, _
For the sake of completeness we reproduce below alesc the results
Tor the antiferromagnetic case, Egn.(5 B 2) with (A ‘I) wien decompoged
into two sublaittices labelled A and B "‘B.:PGC'LIVE‘:LV (for details see
Section 5, 3) and after the Fourier transformm to the X-—gpzce has the Torm

+ _ 1-n_.o.. E + zt8 + =dn E> m“mz_;im

'<<bi’5 ]b?f? ST )(E.—-}:. e _ (1)

and.
1-n ' 1
<<b3 le:- = -6 {+.8)
. T - B
k6 e 2 ( Eﬁ:) (z Ez,l_{p

whers

By o = -EtE 4 .ngn - 12 3,?31 + [E.-»a + (T7< 2>)?Jj/? (A'éj '

Applying fluctuation-dissipation theorem we obtain,- respectively

..m._.... = 1 Z . - =T z ' ] o 2
| - _E,[(fj?‘» f2_1?_)_ VSJ_Z {s _>(f1f-‘fé,§) /1/,_3?_
| ' ' (4.70)

and -2 Z 62 .
- & = ' _
ats = A & Az (f : (2.11)

vhere 52 G—ns) '(‘i-n_s) PR 2k = :E‘(Iﬂli 2‘1—{'«)1) g and

B P (3 ) " (1)

and now N is the number of sites within the sublaitice. Surunlng Eqn.

(A.m) over & and ZB’() ~ we obtain two irdependent eguaticns
for F and <Sz> s regpectl_vely. The eguation fox SZ> can he

' separated from the cor regponding one for P in the following way. For

the rectangular density of states we have that

& 2 (s o+ fz_}_(,).= 14 ..2?“’“ : | o (ra3)

o



'5'1'.:'.
and . :
LT, o [GE0)2 + (0/e)?] 1% - a

R ("?? f.Q—I?)= " [&JE + bfa 2_7 2w (.A'M)

= 403 ) e
w"wzt = a"1 {Et (S +'32- Jin - Uen) +)1]2 —'(JZ(SZ))ZJ 172
iy 7
and b = Jz <59 . Substituting (4.13) and (4.14) into the equatione
for p and <S_Z) -we obtain twe equations from which one can determine

W Y ' 2
@ S [ -3)- <55 7 (17)
and the selfconeistent equation for <SZ> -at T=0

pil
1 = L (1 + ""‘2 w‘ ) + ’:1:’2'(JI - Il.)_l... In E(zt).,2+(b/a) J 1/2- i
2 ki 2 JasW [w2+ (b/a_)ej 1/2+w
' o _ (s.16)
Sincg we have neglected in the effective Hamiltonian (5.2-19) the higher
ordexr temms in +/U , so to a first approximetion we can retain in the
last eguatio n the term ~J only. Thus finia.lly, the equation for

(SZ> is
2(1-n)= 92 1 &5 (2.17)
with "‘JE'C«)/(Z lt]). If the kinetic exchange is deminating, then JL0

and solution exists., Furthermore, sinece in this case J((?({t[& U)
“then to a good app'roxima‘tion the (A.1'{) has the soclution

(s = (201 - 2 n2) 1/2 &ﬁ - (1-m)2 ]2 (£.18)

and its nonzeré for n > n, = £ . One can thus see that, in the strong

Wi 1

intraatomic interaction limit, the antiferromagnetic solution depends
-weakly on 3’ and exists also for ? = 0 . The stable solution is given
by the minimum of the relative free enerpgy par .gite which in the present
case has the form ' '

‘AR ’ EAF o = ‘
T R Gl R 3 [ LCP AR CS)

3 +L-% (1 f-%)-_-<.s-z> ?J[J<$Z>'2 + (i - %)(S—Uz.n + %— Jn)l}&@)
ca 3(1 ._5-2) i (1 - ;21)5_ (1-2) 1_.;%:) | (5.20)

For the ferromagnetic case the corresponding quantity is




= | NI I
2NzG|tI ) %n (1-n) i %121 [ 2-'(1-11) (1_' 5)-}— % ?Zna

B YE D) (F DY) (-2
These formulag are used in Sect. 5.4 to draw border linss between AR
and P phases for 33>‘O (cf. Fig.3). In particular case of n=1 , which
'oorresponds to the Mott insulator, the expressions (A.QQ) and (A.EE)
.. reduce %o those for the Heisenberg magnet in the mean-field approxima-
“tion. Namely, EXT e NZ(UZ—J) while for the ferromagnetic ome Bg =
= Nz Ug . Therefore; one .¢can.see that for =n=1. the kinetic exchange
lowers the ground state energy of an antiferromagnetic state and does

F_
BG_-

‘not contribute to the ensrgy of a ferromagnetic state, while the direct
_exchange acts in the oppesite way!t lowers the ground state enargy for
ferro state and does'ﬂqt controbute to the ensrgy of AF state,



- Appendix B: Moment-Conserving Decoupling

Ferromagnetic case

To calculate statie czrzglat-i:c;a functions <ni+m6' nig> 3
<ni+m5 0 5>_ , and Siwm 51 > between nearest neighbours
(i, itm) we proceed the Roth procedure [767] . Wamely, define Green

funetions <<‘b?5 | B :LE’G'>> whers

B =2 L exp (4T F )6 bie (5.9)
1 .
-1/2 ‘ Rl ' .

Bore =8 / iZ exp (-1% W) 0, 6 o6 (2.2)
e=1/2 T Ty oF

331-{‘-6 = X} / ; exp (-3_ k -_Ri) Si-!-mgbI-G (3.3)

Therefore the unknown correlation function may be expressed through -
these operators in the follewing way

<nm6' n0>. = 3
Fnog 6N T g g : &.5)
GF -1 LD ()

To obtain the correlation function on r.h,s. of (8.4)-(B.6) from the
filuctuation-dissipation theorem we have %o solve the sguations of mo-
tion for the corresponding Green functions, which are

& N :
_E @k"é' | e P - <f°fc’€__' Bﬂ:’&'}> i <<b§;’6’ | "zed
| | (2.7)

(3.4)

B

ANy
}
¢
4

==

S > o e -
where I\%{: % Mlm exp Ei K (Rm" Ri)], or e-plicity
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<{b1?6'  Bisl> 1 ¢.5)

<<bi<’6 S | 2T -~

writing the fluctuation-dissipation theorem as contour intepgral inciwvcl-
ing real axis of E and including the poles of retarded Green funcltion
snd using the notation (767}

E-E
wE

~ 1 4 ) 1
Fea & = - f(ed) —2= 3.9
“ re 2T, f “? T w-E_,,5+ie @-9)
E k .

we vaiil have
1 DI Y {E % ‘} 5,10
N 21;<81}’5 b‘ﬁ'6'> T T e g < 176 W6 > 619)
Using %the faet that .
+ [ "4
Feo <<b1?5' {vie? = (1-n_g) Feo o G.1)
and evaluating 2ll summations over ﬂ}? explicity we get for i=0

: 5% {(1-n
Cong Tos> = 16 S 2 S — } (.12)

- 5S¢t 5.
GE - . 6.13)
& n_g | (B.14)

1-n

%

<n3115 n0_5> = Dge B g +

We see that for ferromzgnetic phase les- L 5-) depends explicity
on & , which means that it viclates the rotajtional invariance in spin
gpsce. It is cansed by the fact that the procedure of calculation the
Oreen functions

lz—:: @1?5‘31?5>>= Ko | Himzf b6

from the eguation of nmotion (B.?) involves only processes in which we

havs hopping from the i-th site and a frazen configuration on’ {i+m) -th
site, Such 3 procedure does not violate the symmetzy - if the
spin  § is the same on both sites Ei # Ei+m
correct results if 5 # Sam because if we want to have the dynamics

inciuded correctly in a ferromagnetic case we have to consider simuliane--

« But it gives in-

ously the dynamics for ecach 6- to have the same degree of approximatiom.
This means that instead of congidering Green function <~bi€ 'nid—m—sbi@
we should ecaleculate

%'(<<biﬁ Ini-l-m—-s' b;5>> +.<<~Di-—6' ]niamﬁ'.'b;—5'>>)

which gives the symmetrized correlation funciion



o
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Ve wonld Tike to mention 'the same defect appears also in the original
Roth paper [[767] if one calculates explicity correlation funetion

<m6‘ g 6'> appearing in calculation as.intemmediate step. The ori-
gin of thﬁs defect is caused by the decouplmg of the part [biﬁ"P1§Efj
of the Green funct:.on @E)ls » By T P1:” B ) vhile leaving

w:.thout change B = which is of the same kind.. This remark leads us

also to the conclusion that the si mplest approximation for the static
twa~particle correlation functions_

<nm6' nog> ¥ ns.nst ' _‘ (B.‘is)
Gr 55D o o e

Both approxma‘cmns will be used furth.er in Sectione 5.4 and 5.5. It

ghiould be emphasized, however, that the simplest decoupling (B 16) (B 1'7)
does not violate the rotational invariance in spin space.

2. Antli‘erromagnetlc case -

How we have two sublzttices [A,B} and correspondingly, two. sets
of operators B4y B . Singe we calculate nearest neighbours two-part- -
iecle correlatlo;i_’qvla Reth procedure one can expect that' the general
results will be formally the same apart from that now we haye that
Gl =ng, &lg) =ng and Sg =S_g = 5. This is indeed the
case, as can be easily proved within the Roth procedure (76] when e

chooss the set of operators A } ( .A;S-’ bT(’E . _Thé' results are -
5 -ns) ) _

CRs mhed =5 g - — . ey

B_ 4 2 2 _ ,
<¥1m6' ng-ﬁ'> = n%— * 1§n _ . T & . (3'19)
<Sm6' si-8y > - ""'Tf_j' | - (.20)

(mces more again, correlatibn function <nﬁs n%b') ag given dy
(8.18) violates tne symmetry =~ §'—s~§ . This is also not surprising,
since calculatlng the Green funct:.on < g lB 5> and decoupling -

it aftervacds we have broken the symmetry between the neighbouring sites.
The re'taln it we have to average it over and hence we get

: 82 (1 - . o
411116’ n06'> =:n6- ng - E)_ ' | . (3.21)

1-n -
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ks in previous case we will discuss also the mean field approximation
for the second moment :

G g nigY = ng n_ g : (B.22)
& 4Hao o)




:Appendi'x-c; Exrpression' for the Ground State Energy -

R Ferromagnetic phasé.

The Hamiltonian (5 2-20)can 'be rewr:.tten in the fom-

-H=EZE big [bisr'v]"‘f’“;' RCAITE (0-1)

B
" or after space Fourier transfo:r:m ' o o
1 b T
H=-2~__,["5[ ,HJ+6 'b ks} (02)
‘From equation of motion for the single—par*icle Green functlon '

Cre e - “FE - by T @-32*

‘we have the statlc correlation i‘unction

where

)

So the ground state energy E <H T is . T

R-3d € <bk5b>+§Z 'E<< |

i/

k5>>}

k )
_or substituting explj.c:.t fom of ‘
1-n-§ 17
5’> 29T . E-E_,
- k6

;(E CeMnd g-r) 6

~ This is 2 starting formula %o caleulate E; at 1= O for the ferro-
magnetic phase, )

_,5[___5 HJ> 1«"‘,,{ <‘bs_lb >>} (04)
o _{(b -,h:’6>>}'=‘ ' Jm< lb 6>w+’mw f(w ) dw
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2, Antiferromagnetic phase

In this case we decompose the Hamiltonian (5 2-1-9) into two sublat-
" tices with summations over 1 and Jj restricted only to one sublat-
fice. The formula which corresponds to (A ‘l) is _

“}'I’=% bi%fni J-!- 15’ ‘] t:(bs-bg+h.c)'
e

Agsuming that the sublattme g;we an equivalen't contribu‘tlon, ‘we can
write

E» = 22650 { & ,b } © e
where N = is the number of sites within given sublattice, and

= <b§;*f5- b?5> with m being.the nearest neighbour of i . The
general form of single-particle Green function is E

I S Sy o)
e : 277 i ) -
ReIEES T gl T

1,% = L:YD-
We have fmally,
H> Z[ : _._E‘].E_i._ f(E_'}J.)-l-E Q?A

E_, - Eoe

11: %k ) s

'f'.(EZE;;;) + 22%SK i'-._. - o (C-“).

where

B



Appendux D: Mean Fleld Approxumahon
~ for First Moment

i

In this Appendix we will discuss more systematically the mean-field
type approximation of the first moment (5.3.4) of the spectral density
functio n or, equivalently, of mass operator 5.3-5 . It is constituted
from eons.(B,16),(B:17} and (B.22),(B.23} from Appendix B, for the fer-

ro- and antiferromagnetic phases, pespectively. This approximation is
the simple spproach which truncates the chain of Green’s functions and
does not cause the principal difficulties present in the Roth scheme,
as it was shown in Appendix B, Beside that, it gives us comparison of
various approximatlon schemes (see Sect. Se 4) and additionally, unlike
the mean-field type appruximation for the Green. function,” it yields,'
o us the ferramagnetic solution, and in analytical form.

A Fen'omagetic case - . : :
- The¢ band-shift and band—uanowing factors (5 3-9) (5 3-10) have
now the . fom i -

Vg = ..s (1..n 5.) - Jn + Uzn R . (D 1)
o ‘“(1"15) ' (ss_g "Uzss)' .  (pe2)
"Substi'buting these expressions to general formulas (5. 3—18} (5 3-20) +
for ns ws- s ond 55- we obtain the solution for the magnetization
Sz> = -,2- <nﬂ - nio ' in the closed form which for J<€ 0 and for

S 1=0 18
' AR,
2y 2 2. 2. n?

D (-3)te (1-n) L ey (T-n)(cr- 2) (. s)
This solution exists only for K-2(t+v)2/(u_x)< 0 which means that’
either X< 2(5+7)2/0 or K> U.2(t+7)2/U . 1In th: particular case.
4 =T, = 0 ve obtain the solution < 5Z> =t § .vhich corresponds to
the complete ferromagnetism, This particular result can be interpreted

as follows. Since o = 0 corresponds to.the exact cancellation between
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the kmetlc and direct par'cs of exchange interactions, the system will
‘pehave as a paramagnet for n=1 which becomes ordered at T=0 . This
solution is stable againsi paramagnetism, smce applying formula (5 3-2‘9
in this case we have ground state energy for ferromagnet

\ (sen0) - () ReD)

. gnd for paramag,net . . L .
{-n 2 Cten

¥ -:‘._ i, ten ot T o.
eG. .= n (1 n) ron/? + 4 (1-—!1/2)2 (:D 5)

'F F
g0 'the dlfference e - e
G &

it

n (1_n) /(1-n/2)? < 0 .

The obtained resul‘bs are a.lso in agreement with the conclusionsg of
.Nagaoka about complete ferromag;netism for n-%1 at the 'atc':mic limit.
They are, however, in disagreement with the results of Kanamorl EM]
that ag n-»=0 the ferromagnetism becomes unstable below o =N, =
= 0.271 . But since the aifference between energies of these two states
ia small and ~n3_ , our result as an approximate one should not be
taken ser:.ously in this region (ci‘. also [‘763)
“In general case, J, Uy # 0 the ground state energy is

: _ei (mz_o) +J(_____<Sz>2) ci(i-3 L-_n..( -<sz>)
+ U, (1 -3)%. L‘B'L[ 3“<SZ>2 (- 2)('2“ v SZ) 2)]
o <Sz>2 .(.__)_[ (sz>2 +3 (1- 2)(‘“‘ *< >2)]( )

"‘herefm"e the energy. of ferromagne‘clc state iz almost without change
ef (J— —0) n + 0 (32) A ; (13.7)
while the dlfference be'\;weﬂn the energles of ferromagne‘hlc and para-
magnetic phases is . ) )
e - e S <l _..____...--.—- - J -—-— [1 + L’il_)_] (D.B)"
¢ G ® p-1) o
3o the paramagne‘tlsm is stable if J( o for n-.{_- N = 4]7] and for
npng =1 -IJ] Again the result can be simply interpreted. -The

stability . of paramagnetlsm above "R.p is caused by the kinetie exchange
term - ~™~J n /4 which is absent in the ferro case and which does not

b

vanish a8 n—"l . Al other terms vanish. Hence we expect thal the
antlf‘erromagnetlc phase will be the most stable one as. n-— because
the kinetie exchange contribution to eg. =¥ 2eq - '
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2 Ant iferromagnetic c¢ase

The band-shift and narrowing factors have the sa.me form as (D 1)
and (D 2) respectively, apart from the fact that now SB" 3 5' =3

and ng = <n19 = <n -6'> . The solutions for the sublattlce

magneil:?‘.zatior; l<SZ> = 32-(<ni’> <n1P) and for the nea:est
" peighbour hopping correlation S = <bm6’ 'bl& ' '

o 2
2 (1—1’1) = Ja~ S . a. mw _ . . (D.Q)
. ' . .‘...S(J-t-Uz) : : -
and o B o
| o-z)--nE-(ﬂ-% —-—] - 0.19)
where _ _ _ o . .
63 =1-2 (’1 --n-) lﬂ . ) 7 (D.11)—

_and we have assumed the same model gensity of states for a bare hand
as in sect.5 . In {D. 9) and (p.10) we have included only term ~J.
gince the higher order ones have been neglected already in the start-
" ing effectlve Hamiltonian (5 2—19) They have no solution for any
n# 1 if ¥ - U, =0 ., In fact, the results derived here are a gener-
alization of those of Sokoloff (1970) EBG:] and Meyer and Schweitzer
(1973) [87] for the case J and U, #0 ..

Using the eqn.(c 11) derived in- Appendix ¢ we get the ground state
energy per site : )

AF Eg i n 2?- s(J+U2)
e T oNz |4} ,=' . 3[1' ' (1. ) E) ]

(1- “) (S”)

':'.(1’- 2)[2 -$m-(1-3) ]
. (J._ 2) < z>2 3 (‘_'"E)'(S) '

| _ (J._+. 2) (1 . 2) (s”)z 1-n -.
J- 2)[;1_ In - (1.-- —-—] <s>21'n ___.1._.._

s

a2

(p.12)

D4

R
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For the particular case of paramagnet &8°)» = 0, and this formula
ig in agreemén‘b with '(D.GJ, derived for the ferremagnetic case, Unfor-
tunately, the final results (eqn., 0.9 and D.‘i2) are difficult to
compare with (D.'.’) analytically and therefors we analyze in further
numerically in Sect. 5.4 to draw & border line detween ihe ferro- and
sntiferromagnetic phases as n -=1 , for various J . '




6. Dynamics of a Single Hole in the Mott Insulator

In Section 5 we have developped a singie-particle approach to the
_extendéd dubbard model., This approach gives an overall picture of
magnetism as a function of band filling. Here, following the work of
Brinkmen and Rice (1970) [83] and of Héritier and Iederer (1977) [847]
we consider in detail a propagation of a single hole in the(ﬁott insu-
imtor, We are interested in the formation of the self-trapped state
called large magnetic polaron Hott 1974 [72]-) which is believed %o be
formed -in some iransition metal oxides such as Ni0 or Co0 when doped
with e.g. Li. )

Usually the many-body methods used do not yield the bound stafes.
3c, the authors resort themselves tc a phenomenclogical picture to
inelnde the self-trapped states as complementary to the guasiparticle
ones. '

In such a discussion two assumptions are usually made. Firstiy,
the polaron extends over many lattice sites, so it can be treated within
the continuocus medium approximation, and secondly, that the spin polari-
zation of the medium surrounding the hole is either completely CTE]
or almost completely saturated (Héritier (1975), [85]). The first as-
sumption is plausiblerin the asymptotic reglon W& U, while the second
should be verified, particularly in the finite temperature region when
the binding energy of polaron is comparable to kBT .

The purpose of this Section is twofold. Firstly, we show under which
zssumptions we can derive microscopically the phenomenological resulis
of Mottt {727] . Wext, we show how to extend the approach to the case with
nonsaturated magnetic moment. .

The approach we use is the gingle~particle cne and it iz discussed
in dstail first, Then, we show the correspondence with previous results
of Mett [[727] which enables us to turn over to the dynemics. of the larsge
polaren in the preéence of magnetic field,




4.4, Fonlinear SchrBdinger equation for the hole

The stérting point of cur discussion is +the Hubbard Hemilionian (c:t’.

Ecn.(2u9) for J=K=V=0) in the strong correlation limit which is from

(z.1~19) _
4= % Z azs (1"ni-6') ajs‘(%njr_ﬁ)

ii8
2 LA _,.g,;
! %’" Z‘ 5yt @ 1Z nig (1-04.6) 236" (*"ﬂj,s')
o &¢" (.11

the overlap integral beitween the nearest neighbours i3y , ¥hile

the spin operators { } are ag previocusly

={s% Si+1 Si‘) = «?if ’.nif) /2, ai$ eqp ai; aif)

¢ of Tactors @—ni_s) in (6.1~1) rules out the double oo~
v on sach site and hence describes the dynamics of a hole in the
dott-Hutbard subband (ng 1

ez been shown by Hagacks (1 66) 75 that for alternant iattices
U =00 the grouﬂd state iz thet of saturaited fervomagnet. There-
that t Ij? £2/0 we san ewpect that in the ground
ded in spsce clond of spin
ealenlate the spacial
ed the polaron radius,

0w

will be surrounded by an exben
n which decays slowly with dist o
the oloud, represcnted Ty radiuz R call

d as follows,

fefine the hole state

. F(O{-)IJF:, az.‘gj IO> (6.1—2)

, B, 6 &) is the U-particls
plitude for this configura-

vrobabil
nrobability %o find the hele on site =n

[PSsle))® 5

igle configuratlon 5};:..;

insalator

nat 7’

cicn in the Form of & hound state for
Tt has to reduce to the extended

the Ffres hole for T = ¢2 , Thus, the
but

the hole In such a situ-

vave funciion will not be reproduced properly

at ko eztablich the connection with the



75
phenomenological approach [727] , before resorting %o a more refined
analysis. _ . 5

The hole amplitudes {(pnsj fulfill the conditicn z = (Lpns! =1,
; n

To make single-partiele approach selfcontained we use the mean-field
version of (6.1-—1) , namely we decouple the spin-svin correlations

_s’;"s’; =57 %0+ L8, 5.7 - 5D (5D (6.1-3)

Heglecting in (6,1-1) the charge fluctuation we get the Schrddinger

squation 1% Gp|¥>= E[¥P in the form
52 ?
!Pns" —ZTJl}onS % (hﬁb’!

5 U Pus et 2 s e

_ _ _ (6.1-4)
The first term is the hole kinetic energy'(we have changed +t-= -1t and
hence have assumed that the lattice under eonsideration is al%ernant:
~sC or bcc), while the second and third are the losses of +the kinetic
exchange energy due to presence of the hole in the system. e have also
used the fact that therprobability of finding electron on site n is

(1 _g I‘Fns'”e , ané that
sz =%‘Z H’jﬁlz .

Assuming furéier that
fos = S51¥n o (- 115/ 1)

we geit the stationary equation

6o B o =t I (0 P -Ho P, T faf
, (6.1-3)

In Eqn.(6;1-5) E is not the whole energy of the polaron beecause is doces
not c_ontain the exchange energy loss of the cloud surrounding hole,
To take into account this effect we procesds as follows. Firstly, we uss
the continuum medium version of-(6.1-5). Thig gives for so structure

2 3 2 4
Bewn e 2o a? forgly o0 n B (o[t o

2U.
ta” J’ 2ew2 1ol 2 0
T 2u !"ﬂ v I"Pi 4 x (6.1-6)
where a is the lattice constant. Additionally, the wave function of =a

bound -state will be assumed in the form &P: HO(I‘/R) whers R ig the
variational psrameter, The normalized Tunction is
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(7). @ Rd) V2 ¢ (21)

wnere ‘j}(x) adx=1, and cid = .26;2 is the d-dimensional
vg1ume factor (ﬁ or 3) The energy E in aimen51on1ess unlts of
(R'ﬁDBJa) is then P N . ) _
¢, Wl iz £ md 1 ‘
E =zt + E—- - g = : . 6.1-7
R el g et ) (6.1-7)
with I

a2 (e

Tax x4 ‘f'( x)l 4 | @;1w70)

liow, the exchange energy loss assocliated with a ferromagnetic clusiex

oo
J

o Fe ol
]

surrounding the nole is

( 2 2 % = y ) :
1 - PP - — 6.1-8a
(x) '
where G is the interior of polaron (of volume OLd Rd) , for which

# 0 . If we zszume again again that the medium is continous polaren

ig large ther it is

;} N Y i -5 {5.1-8v)
whnere oo .
j.ay &1 g ! _f ( %E 1fi 2) 2 4% ax (6,1~8c)
)

Thersefore the total energy of hole + cluster is

B = w;-;q-;‘i s "t (g+0" 1) + "'“’g“ T N - (6.1-9)

A
Sﬂ e , aad J X

~he dazt formula; apart. for the irrelevant constent colricides with
dovt [7727) . It gives the polaron radius fron the condition .

5,110

S



7
and the corresponding energy

ﬁt._= ~z| %] +_(3- T”) - (...._ d+2 [(d d+2 ( )d-a-QJ

: . 6,111
S0, the variational method applled to Bqn.(6 1= 6) that the hgje is )
locally surrounded by the entirely aligned spins yields the ‘previous
formulation. It is only valid when the polaron is so large that the
boundary region of it with the antiferromagnetic phasa gives a neglig-
ivle contribution to the . energy.

6.2, Finite magnetic field

Eqn.(6.1-5) can be eésily genaralized %o the case with the statie
magnetic field 'H =long the 2 axis. The wave function is Then
governed'by’the equation:

(-5t )‘?~th (Z5)% (2t ]ip - £ loly -
*Pv 2 ()2
(6.2-1)

" The variational function appropriate"to the three-dimensional case

(a=3) is

2 1 2
(-—P - (X + ¥ ) / 4 )
‘io R.L ? R
snd it gives the total energy of polarcn
E : : " -
. o) 2 1 2 52 - 2
E't = "?5'*“' (T + ""-E'é-) +h R‘J_ + J & RH R..L (6.2-2)
o~ L [}
with J7 == J (1 cog 9) P (1»cos 9/2) and © Tbeing the angle

hetween tqe n.n. egpins in antiferromagnetic phase. liinimalization with

resgpect to Rap glves

1/2 (
e . _ 6.2-3
£3 T w3 of,w /
% .
and with respect vo Ry , after substitution of (6.2«3}
a7 2 ’
% Wm“wﬁmuﬁm Rg - R _-ﬁ::_ﬁw.__ =0 (6.7-4)
SRS “o N _
. 2 3
o 2 _
where hS = it} ( Y g , and

o -
¢ = {cm S Fd

The linit R”‘“ﬁ’gﬁa defines the Field at which the polaron trane-
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forms into free vacancies. We can solve (6.2—4) neal this value of the
field noticing that R is always finite. Hence, neglecting in (6.2-4)
the term ~ Ry  we get the value of the field,‘pBHC =23, i.e. at
the transition from antiferromagnetic to fully aligned phase.

6,%, Inclusion of partial polarization of ihe polaron

guyer (1978) [89]] has calculabeq the band narrowing (B5) factor
which depends on the magnetization 5A per spin, His result for the
position of the lawer band edge € fg) of the hole moving in the homo-
geneously magnetzsed medlum is given by the interpolation formulg

e(s) 25 g (6) B )

n

with .
”

- _ 4,282 _ 1 pe, 2 p6 -

g6) =556 -5 6 +75 b )

This result bases on the first ten momenis of the density of sitates and

contains the closed paths involving few (2~3) spheres of cpordination

of a given site (bf a“so (! ), Eence, if the polaron is large (REP'ﬂ

we can aSsume that (6) degoribes the band edgg&for the Lrauvped

l‘)

hole within the region of constant magnetisation & « dhis means we
represent the polaron by a partially zaturated cloud which ig spzce

honogeneous within it. Thusg, instead of (6.1—9) we have

. B A .
E, = -_zit! go(g) + g(,}(g) Rg + I acd 361 g ° (6-3—-3)

The polaron is formed at the expence of the antiferromegnetic
ordering of the electrons in the, Mott insulator surrounding the hole.

Thus, the polaron is stable if -E. < EAF » Where EAF is given by
‘ pd . 2 :
2, p -...z[-{;,g1( n)-3% oL, & m | (6.3-2)
with m being the sublattice magnetimation, and [8%]
_ 4 12 -
&4 (m) = % - 55 @ : (6.3-5)

Tor finite temperature T we have to replace energles (6,3—3) and
(6.3—4} by free energies '

A
o elil ,(8) » ¢
A A A
T(1+ﬂ5 1n 1+E'+1_.§ lnLS)

- 2 2

+};B

{5.3-6)




.FAF = -z]t] gyn) - % v o 472 + ?BT(%@' m 1
+ 1§E i i;& '
(5.3-7)

Therefore, we minimize the differsnce F = Ft - FBF . The quantity can
be determined selfconsistently introducing the effective Iield acting
on aligned spins ’

. L 1 1 ) 1 _ . . L0
PB, Fer = oy O T- oLy B [ [t} &o(6)
E

-3 g(f) - &, 6]

(6.7-g)

§= tam (f_i_f.ii._) o | (6.3-9)

while minimalization with respect to R yields
8 - 7
ATy
16,(6) 1 ~(5.3-10)
S f{Re | 2 ° )
(6 +m)_+ 2T s X4

In parsmagnetic phase m=0 , g, m = % s, and

B A
an.(6.5-9) leads %o the important conclusiont for T=0 , § =1

1d hance our results reduce %o those of prssented previougly [72,883
P}

and rederived in Jeet. 6.1. To estimate the dependsnce 6= S(T) we

can sz instead of (6.3—2) of folleowing interpcolation formula for =

A A
= P 1 2 7_4
5 (8)=2 <5 8 (6.5-11)
’\.
Hoticing that for Y g (and for m=0) ve have
2 - 2
S T
154 of 4 I e kgl

P
& =0 R will grow as L-JVTD ; where T is the temperw
which pelarcon disappesars. Bui then its toizl momsnt

i diverges for d&=3 as B —=0 . Thgrefore, the only pos-

iz that polaron disappears at finite and K , when fthere

iz only ome solution of Eqn,(ﬁ.?—g). This ig indeed the case, It can be
seen substituiing (6.3-12) inta {6.3-9) =nd noticing that the eifective

field acting on spins within colaxrcon is

‘

. 79ii:
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: : E. A
5 ait ! A Bd+i 2 o Ao B
FBHef = g ———— E 42 - .5_. —— 6 -
. o, B ey B

(6313
is zero Ifor nonzero 5' » Expand;ng ﬁhe last eguation and making use of
approximation tawh ¥ = x we gel the value RP‘_of the radivs R at

=7
’ )
-2 & .
Ro=& —; ! _ , — {8.3-14)
P d + kpT ch. ;
Bp ‘ A A _
which, when subsiituited to 6,3-10 gives the value 6- EP at T:TP

16 B d+2 4r2
5 - I ) B sy s )
» 5d oy 37+ kgl o ozl

(5.3-15)

The value of TP can be obtained from the condition
dtanh (/SP:BHef) JaB -1, vhich leads %o

ER T (d+2 + 1) N ZT;G - (5.3-1¢)

The situation is drawn schematlcally in Tig.5.
We rTeach the conclusion that the critieal value of magnetic moment
5',0 and radius R, may be estimated analyticzally and are given by
Eqsi{é.%—?&) and {6.3-15) vespectively. Bound or self-trapped states
disappear at semperature Tp of the order of banduzdth C'/QTT) , and
its magnitude justifies a posteriorl the assumbtilon (5'4{.‘1) we have

nade To derive Sp and P‘p . However, our estimzte of Rp within

the corntinous medium epproximation is only sualitative since R_~ i
23 can be seen after substituting {6.3—16) to (6.5—?4).
The results of the 3ect, & are complementary to those from Sect.

5.5 conecerning the phase. separation. Such & separation due to condensa-
%ion of holes in the lowest Mott-Hubbard eubband is possible if the
concentration of them is high enough to be treated as a Fermion £aS.
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7. Kinetic Exchange Inferaction in o Doubly
Degenerate MNarrow Band

7.1, Introduction

The magnetic properties of a narrow nondegenerate band are largely
termined by the eleciron correlation ( Hubbard 1963 [15]] , Kanamori
1863 [”4] Hagzoka 1964 E?%:]) due %o the fact that the b%qq narrowing
fa vin-configuration-dependent. Hear the metal-insulator transi-
‘ rd 1964 9], HOQt 1974 Lﬂ?] )the electron corrvelation also

omic exch

counscvion fo the Hund 8 Tule, as as the intra-

stion between parallel 35 in electrons ceocupying different
ls (Van Vieek 1955 {907}, Inzgaki and Favo 1973 [91]) .
T the ;tro:g ﬂorrelatloa re glme, the above men+iowed interactions

Jart-.¢nreza&twon) either contribute collecmxvely o1 compete with each
-sther, depending cn the band filling, However, explicit forms of the

inetie and the itinersnt double exchange contributions are known only
Far the varticulay cazes (ﬁ el and EKhomekii 1973 EQZ] s Cyroet and Tyon-
Caen 1975 {837] , Iregaki 1975 [(947 , Chso et al 1977 40 referred te
a5 l). In %his papsr we will derive the proper form_g?w$iz kinetic ex~

"
S

-

nge starting from the degenerate Fubberd Hamilitonian in rotationalliy
invariant form. We will then obtain the effective magnetic interactions
in terms of the global spin and particle number operators. Our results
reduce to those obiained by Tnagaki (?975) [=47] for one electron per
tom and $0 an appropriste form of the'Heisenberg Hamiltonian in the

o}

o]

ase of the Hott insulator. The present work is an extension of our

previous work on & nondegensvate nerrow band in strong corxrelation limit
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(5patek and Oled 1977 |'_'36] - Chao et al 1977 (390, 1978 [761] , Spatek
et al 1980 ES@]) Since transition metal disulfides can be described by
the doubly degenerate e, .Subband, we will discuss .the main featurs of

-suck system in conmection to our theoretieal analyeis,

_7.2. Subband structure and eannonical transformation

Ve start from the model Hamlltonlan in Vennier representation (ef
also Eqn, (2-10)) )
' (I

- + o
H =L ti51 2156 236 *

£T2 + a.s
16 ij #1i6 #1 ;16_

1311‘5
3d

- J E Sy, 8-, +°0 : alip al'if.al’i} a,ﬂi/l‘

117 O Ld 14

+.UZ nyi4 Mys +-2-( ) 116-5" Mif nl’iﬁ"

(7.1)

where the single-primed sums exclude terms with either 3i=j or 1=17,
while the double-primed sum excludes. terms with both i=3j and 1=1".
This Hamiltonian includes the intraatemic intraorbital Coulomb, the

~intraatomic interorbital Coulem®t and the intraatomic interorbltal ex-

change interactions, as well as the intraatomic hopping of two electrons

from cne orbital to the ether (1—1 %) The only intraatomic interaction
neglected in (1) is

v Zl:——g [(‘1116 *ny56) aIi—E 817326 “h'c'} v (72)
which corresponds to the intrasiomic hopping of only one electren at
- the presence of another electron. If one atom is doubly ocecupied, the
ground state is a triplet according to the Fund’s rule. The energy '
separation between the ground state trlplet and the first excited- ginglet
will be large if -J  is much larger than 2y° /(U-ﬁ) Under this condi-
tion, the term (T 2) and the last term in (? 1) contribute neg 1g1blj
~ %Yo the thermodynamic propertles.' .

4
We assume that U and X are much larger th %, :

Cand tl
5

ok i\'}

11}

ot 1~J

: iz
Therefore, the energy structure of the many-electron system consi of

=8

many subbands. The hoppings within a subband are the primary processe
‘while those between sutbands are the sgecondary ones. We can remove *he
latter fron (7 1) by an anpﬁonrlate cannonical transformation snd re-
rlace them by higher order virtual hoppings, 3imilar problem has been
treated previously both for a single band (e; Sect. 5) and fo* a doubly
degeherate band (Chao et a1 1Q77 E40]) Here we will brle”‘y sutline
the analysis, -




84

We first diagonalize the atomic part of (’? ‘i) tc obtain the elgen—
states {i\?}li>} for the ith atom containing electrons and then

construct the projection operators Y . For ‘)?= 0  the projection

pi
operator is simply )
Po; = ;2: (tny:6) . ‘ (7-_3)
For one-slectrons. W= 1, we have
g 1:5. a3 (tmy;_g) (1-np 1) (1"“1’”) . (7.4)

with the corresponding eigenenergy 7l.1x 0 . The eigenstates of a
doubly occupied atom consists of one tripiet and three singlets. Por
the trivlet, ’

Py = 3 6;6" P116 1736 (1“111.-6‘)_("““% 5) & 3 51y

(7.5)

with 7\"‘0 = E-J , The projection operators for the -three singlets are
o _ i ' ’ - ' g
Fai =7 5;5" {nlis 56 (1-ny;_g) -y 5 g7~ Sy 5173

(7.6a)
2 § + + .
Foi =7 — (P1if i (1“n1'ii)(1'n1'il') x alifalihal'iial,i*}
' ' ‘ ' (7.60)
with the respective eigenenergies ls = K+J and 7l.+ =0+ J,
There is only one projection operator for V- 3 as

di Z: n11f Dy B 1 .‘LE (1"111 i- 5) | o (7'7)

and the ei venen‘ergy is - 7"(1 = U+2E-J ., F:Lnally, if the atom is fully
cccupled by four electreons, we have '

= T g S - e

16
ang 7\.4 = 2 UsZE~7 , In’ (’Z 4) (7 '.1') we have zssumed that 17= 1.
In terms of P‘i we can construect the projection operator P
corresponding Jso th}g Jth subband, Since:. 7 'P =1 , we can decompose
the Hamilionian as H = (Z P.) H (Z ) Z P HT’ + Z_ P HP

v
While PjHPj descrlbes the physical pz‘opertles of the Jth subha.nd,

faﬂ?_{ represents ihe hopping of electron from the kth to the jth sub-
bands. Since we are interested in the case that U and K are much




iarger, than - tijl and 12 - only the few low lying subbands are
important If we define

‘ _ 12 _+ .
Hij116 = tis1 2156 2116 0117 ¢ tij %136 21716 -»- Them the rele-
vant low lying subbands are

: 4 T 1
ByHEy = % i1 Th (E» Hp7) P13 Pn‘ (7.)
for the electron density n <<1 , and

2 2
[’tl tj 115— 13115) Pta t1 * Ps:.?sg nEg Hijll‘)

»2 P2 }+ 1 (K- 17) '

8j s Z 2 ) DysH B17i6" (1"111-6') (1'n1’i-5')
. :
L S..+ S
. iZl H (7.10)

for the electron density 1<n&?2 . By the same _taken,gthe relevant
1nter-—subband hoppings are :

PEHP 5 =

- Bt Uy ), ) )
(7.11)

for n&€%, and

. / ' .
BpfiPs = Z ‘ P;’l P? :J(%s' 13116’ ?ia 1" (P3HP2) '(7.1-2) |

133"?
for 1<n€2.
With a can.nonlcal transi‘ormatlon, we can derive am effective
Hamiltonian H- exp (—}_D)H exp (iS) ' (7.15)

Ey a proper choice of * § y the Tirst order inter-subband hovping can be
removed. The detailled mathematical manipulation has been demonstrated
" earlier {Chac et al 1978 {:453) To +he second order in inter-subband
hopping, the effective Ha.miltonian has the form

o)

L S S s

= PyERy- | g'r{P“P”( Hiju’s) Pﬁ Po; }:T—’E B
A 21, 11 I \

/ 5r 3"1 DJ (116‘ 15118 F1if (11’6' Hjill'ﬁ')

PO P;"l /8% 2} {FQHPZ %g[? T (11’6‘ 1311’5') P1i%
R Y p2 p2 32, 53 p
(-11'6')1%3'11_1'5) P?'}Pfi /AE "t 13 ()1_;':5' 11116‘)1}1 2i
4
(gs' s )P” i MEQB ]} (1)

where 0(3{) =1 if x)O and @{x}) =0 1if T_X.<O_.

3111

(7:.14)'
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The energy denominator E?—t or E%}. measures the change of
energy from the initial state to the intermediate state in the virtual
_hopping process, (7 14) is similar to that derived in I but is improved
by taking into account the correct local atomic conflgura‘slon. '

7.5, Bffective magnetic Hamiltonian

The caldulation of the effective Hamiltonian reduces %o the calcula-
tion of the second order matrix elements of (7 ‘%4) We will Dresenb '

"the results for various cases.

7.%.1. Case 4t n £ 1

Iet us introduce +the global operators representation of Kugel and
Fhomskii (1973)E23 generalized to the case of partially fllled band
We define the orbital orderlng operator -

g(r ral 6 217i6 17'341 '(’?-—1—5)--
the'globa'l spin operator
' :: =3 ZS'F! 56" 211§ #116" 1 646 C (7-16)
ané the globzl number operator ' .
1-:.=E_-_ plom e B (7-17)
iT 9 i MiE T e - ! .

—m

where T is the Pauli matrices . T= (Tx’ ‘[’y, TZ) « Then it is
easy to show that : . . ’

. Fa— 1 .;_. + 1 N 4 - :
Tt P18 %218 Fiy = Ti,.('é"*‘ 6s7) v, - - (7-18)
o - z '
11 %216 %146 =17+ ES A
_-'t’. ot . -} . =6' it
T11 %6 feal b Tra ¢Sy Ty o ( )
At s o & . . | 7-19
Yo %16 116 1T M. ' o
=1 . ‘ 1 ._ 1 Z 4 % . . . . L
SRERSEY P1i"(§+:i) w (7 + B5%) - (7-20)
ot e el 1 e of o
P8y Ery = (b en) sl ow (1-21)
- where we havre ased tatio -'_"’ = * " g2 1T

#here we have used the nofation o= AT ’li s li) with 1=t cor-

ornding to &=+ *—md 1=2 corresponding to = ~ -, YWhen “\’ =1,

]
-\3 \D
'(_J

8) (r—a‘l) reduce to the same results of Kugel and Khomekii (1973)




If we defing S,.. =2 + 5.. 5 7, a2+ E-T and
- ij+ 4 i T ij- = 4 i 7]
T, =4+ T .., ond assume 4... = ... =t - then the effect
192 =T 2T 0 Ty, end assume %4y = biap = %y, then the effect.

ive Hamiltonian can be given explicity as

~ (4 !
S e (5 )l e
H Pe. Py Hyiqqn Po. By,
73 1i 1”(11’5' 1j11%67 T s

/ W ? o - Lo 2BaZ Y . <)
izj ﬂiﬂj[tij [sij+ vy AEe3) w75, - 2052%) /(xs3)
. Cn =2 2 212y 2 pE X o
208, Ty /{0 )]+ (uij) [Sij+(Tij+— 2% 1 .’) / (k-3)

3 Y oy R 7
Syg0 (s 2 ) J(es) w5y, vy, /(0-9)
“ Z Z .
R TOI COPE Tj)-/'(U-:-J)J}
: - (7-22)

Thig effective Hamiltonian is a generalization of thoss derived
by Tugel and Ehomskii (1973'), {927, Cyrot and Lyon-Caen (1275) Cs3]
and Insgaki (1975} [e4] for n#1 . It also leads to the ssme form

obtained by Roth (1966) {{95] for the case of a two-site system. Al=
though (7_22) locks rather complieated, it is a straightforward matter

i1

+

~to analyse it, The dominating terms which are “--'(K—J)_‘I yield a fer-
ronagnetic spin and alternant (or antiferromagnetic) orbital ovrdering
in the ground state. But the antiferromagnetic orbital ordering is’
only possible if the system can be divided into two interpenetfating

- sublatiices. We motice that the first sum in (7—22) vanishesg if W,= 1,
'ﬁince this sum represents the intra-subband hovping which is the oil&
chargg-transfer procéss in this case, the system becomes am insulator
for 'Ni= 1 for temperature below Ty ~ (Eed-w)}/ ky , vhere Y i

m

“the width of the lowest sudbband., We will return to this discussion
“in next section,

7.5.2, Cage B: 1&n<?2

Tn the ground state some atéms will be singly cccupied and some
atoms will be doubly occcupied. We assume that the Hund s rule is obeved
and so the atomiec configuration will ve s triplet if it is doubly no=
cupiled,, The global operators for a singly occupied site have been
given by gT-?E}—(7117).7N0w we introduce the global cverators
E;é = (512, SEZ’ 8?2 s Yjo - and ;2 for a doubl: occupied-aiﬁe via
the following equations according to the Hund s rule

io = § niib’(‘f“ﬁ-b’) 2:6 (1‘1121,_.“5) | (7~23)

by
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B ® %_—- nys 6 (1-n, i_S) gy g (1-np1-8) {7-24)
i 8P 25 - g, 52 : ' (7-23)
Plings g B = S, (1+ 657) + 3 ¥, (7-26)

In terms of these operators, we have the effective Hamiltonian
E = eoxpression given by equation (7_22)

I e A (L 20 8

116 il E)Pt‘ 61 " Foi's; (11’5’ 1311 6')‘

} . E Z B, (LuJ)Z Hy 123 {t-‘%j

éj il
" /3 -

+ (r,;;)ﬁ} (% - Si‘ 532) LI /{U+K) - % {t;j

¥ (H?)E} (-850 550 ) Ty Ty /(049)
: _ (7-27)

It iz helpful to voint outb hers that Ni2 angd N;E are the number
spevators for the doubly occupied site with fotal S840 and S=0
rzansetively.
To summarize, we have exvresged the second order inter-subband
hopping contribution to the effective Hamilto nian (7 ??) anit (7 27)
in terms of the global charge variahles ﬁl, “1? io s the global
variables Si and S, ;o » and the global orbital ordering variable

and

; « However, the 1ntram5ubbana hopping terma in (7 Ec) and (Z 27) are
35ill expressed in terms of - the non-global variables. Yet in the nexd
szetion we will show that this form of the effeciive Hamiltonian can

Te easlily analyred by decoupling the charge and the spin fluctuations.

7.4. General features of the magnetic ground sta te

To deseribe the magnetic vhases of strongly cofrelaﬁed electrons

using the sffective Hamiltonian, we notlce that there are three para?
meters eszential %o a degenerate band: the bare band width % , the

 intraatomic Coulomb energy U (we assume ¥ the same order of magai-
tide ae U) and the intraatomic exchange constant J . Therefore,
there are three regimes in-the parameter space (W!U,J): (a) WPU>J
for the weakly correlated regime, {(b) U>W3»J for the strongly
correlated regime, and (c) U> I3>»Y for the double exchange regime.
In this paper we will only treat (b) and (c).
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7.4.1,. Case 4t n£1 .
tlg = 0 and decouple the charge and the c—sﬁin-flv_ctu.'.'
ations as well as the orbital and the spin degrees of freedom in (7—2?)',
then we have ferromagnetic spin and antiferromagnetic orbital ordering,
in agreement with the findings of Inagaki (1975)[947] znc Cyrot ane
Lyon-—Caen (10-7’=) [93]) for n=1 . However, since

I ~|tla}? ) 132 /{E~3} , the orbital ordering will be destroyed

by the interorbital hopping. Without such long-range orbital orde
(7 22) ¢an be simplified as

7 =§5— b1 alié‘(“"nli-e') 256 (1ny5.) (=m0 3 )0-217 3071 5)
’ 13116 tl? 'aIiﬁ(hnli- 5') al’;_f’ (1ﬁ.'j—5)6'nl‘if)ﬁ“nl' ii)
'] [ sinn | l'_'l
_ _(l'nl'j!) (T'ni"jf) - % Tig g "O0y s (e
where Ei = Ni_s'i and TIJ.J. = %{ ) ][J/(K2 2) T*/(U2 )J

1T we decouple again the spin and the charge variabvles <
p i l.-l
<1I > <S > = n/2 (’7 28) can be diagonalized as

Z (1;‘4' d.*‘ - E; ﬁg’ ﬂ?) ?1 . (.7..29)
whare _':_ (aﬂ{’ - az-l';i) /]/—', /3; = (a;'?c’? + a;k*) /‘/? and

If we assume

k

+
o + 7] .
__ (6___ 6_‘)/1/—1 with alk5 , 6_}2, and 6_}_{, being ths
. + ) 12 5
Fourier transforms of alig . tij' and tlJ respectively.

7.4.7. Case Bt 1< ng? and W&RJ

Singe we have assumed that the Hund’s rule is obeyed af the doubly
occupied sites, the quantity -8'3'.2 is well defined and so the decoup-
ling of the spin and the charge degrees of freedom in (?—27)_ is mean-
ingful, Since we have assumed ‘(K-J) PW , +there is one electron
localized at each site while the rest of the electrons ars itinerant.
In this case we can use the formalism of double exchangs dr—;veloned
recently by Cieplak (‘1978) [967] to obitain frem (7-27) the effective
gpin Hamiltonian




a0

~ ‘. oy ra L 1 e a5 e
E(’ P (E-n) (']_n) g (‘cij + t.Lj (:éi £ 'é uia c;j) _:(2..)1) Z{_E_ J.'LJ‘SIL SL
2 1232 2ln-}{on) T T
+ Zij {tij + (+'2) } L S Tap
(p-1)® = .= |
v AR 50 3y,

U+Jd

(7-30)

Tor the case of half-filled band n=2 , this effective Hamiltonian
reduces 1o the Heipenberg antiferrcmagnet representing the Hott Insu-
jater, as it sheuld be., Por n £ ? and in the mezn Tield apyproxima-~

tion, the intersite spin antiferromagnsetic phase becones slable when

Z’ [(2—31) (1-n) ItiW L?EI (2_}1)2 "id ) tfj
. 2}[__2_(_1}:__1(___1’1_)4_ . _(11_1)2]}

T+K JIETY)

(7 51)

+ e
In tight-binding epproximaition with nearest hopping + apﬂ *1

< -CCJ_ﬂ'ﬁ‘.’;l'thll reduces UO

o (21H*f-'i+J) EGZ‘+ ( 12 ?J / [t* 14[(”Lu{) U+J == ?...n{{ (7——3/)-

_= = .0 (7 52) 8 just 'Lhe Fa m (196n) E’rsj verut

Ly we can not I‘ule the ﬂoagiblllt_j of he onsot of oL‘ieI
phases. Byt such i uua’nmr\ will no‘t 1730‘De3ﬂ 50 th? re_gﬂ_'l

Fohh, Gase o ‘i< ag 2 and "')} J

it'ié}wmbortapt to note. tnat in tnls casge the role of siﬂéigt f
—st?tés‘is no 1cn ger nerilng]e, evan. thou3h'the atoﬂlc 5uate'i5'a
plgt} Thus we -can Q°V1dﬁ the otrong]v cor*olaued 1t1nnfant mAgnets
into two “laShec" S : B .
(1) > 3z Lol noment ex1sﬁ and’ the TOW 1J1ng inzghetic
' DXCltaflor is pJn wave, ihlﬂ ig probably the situation.: for
‘ome traﬁcltwcn metals oxides (iatt 1974). 721 .
i(?) T2V 2 J1 There ;g—no local moment and the lov 1y3ﬁg mnagnetic
excitation ts spin fiuctuations, i.e., the -flusciuation of
total spin.length from site to site (Moriya 1979) 1017 .

Jow the decouplind of E, into the spin and the charge variahles
doss not help vhe analysis of (7a27). The sitandard appréach is to use
the fAartree-Fock approximation for the Indraatomic exchange (Inagaki
and Eubo 19?3) [217] and 4o use the mesn field approximation for the




kinetic exchange terms. Then .the ferromagnetic ordering compets with B
the antiferromagneti ¢ ordering, However, the Hartree-Fock approxima-
tion iz valid only if J&K v (2-11) (n-'-'1) /2, and so it. breaks down as

nes2 .,

7.4.4, Insulator-metal {transitions

The insulator %o metal transition can oceur when either W~ ¥-J _
(for h=1) 6 r We~r U-J the Mott transition, n=2 . 3ince we have dssumed
U v , a direct investipation of the insulator-metal transition is
possivle. However, we can estimate the conditions under which such
transitions take place, Tollowing the similar argumeht for the case of
a nondegenerate band (cf. Sect, 5.5) )

Ve conamider first the case n&1 . The band energy per site Tor the
anvifervonagnetic anc_i the paramagnetic states is roughly mB= -n (‘1-—-n)‘v.’/4.,
while for the complete ferromagnetic {CF) state is Eé:: —n(1-n) ¥
The energy in the CF state is further lowered by the kinetic exchange
with an amount AEB = 2ZJ 2 47 (E-7) . The time uncertainty connected
with the formation of a guasiparticle CF band is

Ty =n /25,228 /in (tm) | (7—33).

while the spin-{lip 1J_fe‘s.uue in the same phase is
U, o=n/28%8 = U, 2t (1-n)(x-7) /v o (7-34)

For n=-=1, 'Z"m e 2 indicating a slow inti‘a-subband electron
hopping modulated by a fast colleetive spin fluctuation due to the
virtual inter-subband transition. Herce, electi'on’s in nearly guarter-
£illed band with (&-J) (‘I-n) u« W are deseribed by a Heloenberg-uype
Hamiltonian. .

In such picture it can be shown that the virtual hopping energy
should be renormaliszed as

BE = WP (1.7) /_[42(K-J)2 * zwz} (7-35)
It is interesting to see that (7-35} also glves thﬂ oua"‘_lm‘tlvely coT-
rect behaviour at the other limit W U where we should have
Aﬁ' ~ (K-J) n? « We can then estimate the insulator-metal tranczition
DO"lQlthn from the mergence of the twolowast uubands wher '
T{.-J-l-EAE . ¥e thus oblzin the condition as

0/ (keg) - Z{z- (1-42)V2} /2, (7-36)
which is approximately 1.1 for cubic systems, This condition can be
satisfied by a squaie lattice, but not by linear chain. '
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Using U-J+2.A Eé =W we can estimste the condition for Mottt

transition as .
W U-T = z{@- (1-4/2) 1/2} /2 . (7-37)

igain there is no Mottt trensition to the metallic state for linear
chain, Our conclusion thus extends the Iieb and Wu (1968) exact solution
result, whi ch predicte this type of behaviour for one dimensional non-

degenerate bands.

7.5, Analysis o# the data for Fe1_KCoX82_ and 001”yN1y82=m

The dbove derived results can be directly applied 1o the transition
metal disulfides FeSZ, 0082 and-NiSE, since these mabterials can be de-
seribed by the doubly degenerate e, subband with O, % and 2 eléetrons
per atom respectively Jarrett et al 1968 E97] , Cgawa et al 1974 E21j s
Ggawa 1979 [227] . Therefors, the solid solutions - T1e1 yOo “L and
Co, ,Ni S, =as well as CoS, _5 ey (Adanhl et 21 1979 {92]] , Yasuoka et
al 1979 E94j) are ideal systems for siudying the megnetism of a partisl-
ly filled doubly degenerate band. Here we should mention that Sokeloff
(1971)[e50 , Abito and Schweitzer {1975)[1007 , Horiya{(1372)[1017] , Ina-
gaki (1979) [1027] and iabatan et 2l (1980)[105] have investigated such
gystems, but using only 2 single nondegenerate hand.

Jince CoS‘2 is a metal, we can not assume W & (K—J) and =zo the
way that the
renormalized kinetic exchange interaction must be uss . From the de—
scription Jr Jeet, Tid.4, the T defined in dect. 7.%.1 (nom i%ﬁ‘

result derived in Ject. T7.3.1 Dhould be modified in such =

1.
ia the dan tlng term is ?enormallved as
i 2 2 w
R & ) }/4{? ~J+2% [t + {13 J/( u)} ¥ith this.
renornzl 1 ed kinetic éxchange 1nteractlon, (7 22} can be applied to

COSQ . ¥e should notice that the ferromagnetlc interaction in (7 29)
dominates enly if there -is AT orhital orderlﬁg. Poweve;, the catﬁons
in Gp&, have FCC structure. Therefore, as  n=1. the AR orbltal ordering—.'
i %estroyeu by frustration (Alexander'and Pincus 1980) [[1037} . In this |
case, (T 2°)predlc+0'a state with ferromagnetic ofbltal ordering and
antjfe“rowagnetmc z2pin ordering.rﬂonséqueﬁtly, the low magnetic moment
state of Co atoms is céused at least pariially by frustration effect on
WecmulmM‘moomlm10mMrH@&

29 the addition of Se atoms broadenu the band
without changing the intraatomic interaction, we expect W > X for

Qo (8,8e4_, ,)}. Under this situation, there is finite probability to

since W2 K=& for CoS

have singlet atomic configuration with two antiparallel spin electrens




‘on the same atom. Such singlet pairs of electrons have been seen as nonm-

magnetic Co atoms in the recent MR experiments (YaSuoka et al 1979
'E9§J) . The presence of the singlet state is one of fhe reasons causing
the disappearance of the magnetic moments in Co (ste1-x 2) fo: x< 0.88,
The possibility %o have singlet-trivlet transiiions alsc provides a
physical picture for the locel spin fluctuations déveloped by rloriya
(1978,1979) {1017 . Finally, the possibility of having singlet componernts
should give rise to a high temperature Curie-Weiss susceptibility.

Tﬁe bandwidth in the paramagnetic rhase is narrower than that in
the complete ferromagnetic phase by a factor 1 (Brinkman and Rice 1970
(83}, Guyer 1978 [[847] , Spakek et al 1980 E59§).ﬂmérefore, the gain
of band energy in the ferromagnetic phase {vaﬁ”(n-nc}(1—n) /8 , whers
n.= 0.05 is the upper limit of n- Dbelow which ferromagnetism is sbsent:.
The temperature dependence of the magnetization can thus be derived =s

mn =~2.<Siz> = n tanh {ﬂ(n-nc:)[% () W:E?Jm} , (7—38)
vhere J - is the nearest neighbour value of Jij-' Sueh magnetization
yields a Curie-vWeiss susceptibility with the Curie temperature

T, = (v-n,) [ 1 (1-n) mz'&'] Mg -~ (7-39)
. ; ~ -
The correction terms 2J in (7438) and (7—39) are essential in ordex
to fit the experimentsl data (Sokoloff 1971 EBSJ). Using the maximum
value of Ec at  n=0,85 (Ogawa et al 1974) [21] we can estimate
T = 0,05 . R ' _

However, there are fwo sources of error in our estimation (7—38} and
(7-39).5Firstly; as mn=—1 the frustration effects will reduce the é&éf-
feetive exchange constant and sc the magnetic moment. Jecondly, since
W> KL the first excited subband will overlap with the lowest lying

_ subband and therefore will also contribute to m and Tc . Taking these

_ two factors intc account, we can conclude that while = increases, TC
will reach its maximum value before m does. Thim is due to the fact
'that as n increases, more itriplet states will be occeupied when double
occupaney is allowed. The decrease of m  above n=0,95 puggsste 2
saturated singliet state occupancy and the frustration works very eifect-
ivély to desfroy the magnetic order. If this is true, the system.
Niy001_y32 shonld éxhibit ﬁypical spin glass suscepfihility cusp for
y>o.t . ' - : :
If we again assume U> W3 K-J , the overiap of the two lowest sub-
tands can explain the band filling variation of the 1inear specific
heat coefficient 7’ (Inagalki 1978 [102]). Condition U» W  is neces-
sary for the existence of the Fett-Hubbard gap in HiSz. The frusiration

i
|
!
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gffects in the insulating phase will lead to a weak fET"OWaPﬂDuWQU, or

more gererally, %to the noncollinear structure obasrved (Ogawa et &

1974 [217]) . The metamagnetic behaviour of i for O, 1< v<
C.B strongly suggesis the importance of single
energy dominates the dintrestemic exchange and so destroys the m@gnetic
ordering-(ogawa 1979_E22]). But further gtudies on this problem are

necessary.

7.6. Conclusions

In Section 7 we have formulated a& more gensral Treatment o the
problem of narrow band systems as compered to the existing worke in .
this area, Here we smphasize that earlier works considered eith
a nondegenerzte band (OokﬂlﬂLf 1971, {{98]] , Abito and Schweits 975
[100] , toriya 1978 [101] , Inagaks 1978 [1027} Jor only ihe T
of the intraatomic exchanpe in a doubly degenerate band (Cﬂao
1977 E40]) Our purnoge is to explain the observed ma
of tran51t10n mefal disulfides ?e1_XCoX32 and Co}

Te
: Myﬁ'u .« The inter-
vretation presented in sec. 7.5 formg the basis for a more guantitative
znalygis, The frustration effects and the presence of singled electron
pairg complicate such an analysis encrmously.

inejuded in the

o
G
=
[N
T

Egsentially new features appear when devnnar

Hubbard modsl, imong them are the Lollowing on

19 The predominant contribution to thz kinetlc exchange for the
guarter filled band (1“1) is 1ervonagﬁehwc;

2° The ground state is orb;tally ordered and the siruciure is
alternant in this care;

30 The 'gtate for n=1 is insulating when W <_(Umﬂ

AD.There are spin fluctvations (singlet“triplet transitions)
present ever for strongly correlated electrons (1L> W) if J&L W and
n>1;
59 The intrastomis gxchange. can induce an indirect ax chenge between
electrons.

The Drobiems-1° : 4° have been analysed in this Seclion

The last one will be on of the bubgects of the ne xt ’ﬂrt.
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Introduction: Systems with Localised Moments

- Tnere are Bwro phv31ca11y distrinet classes of itinerant magnetic
oystems for:- which the covcept of locallsed (atomlc) magnetic moment
is relevant, namely:

&) 4f systems for whick the p031tion of the atomic level of 4f
cleetrons is well Dbelow the conduction band edge (usually of 5d-6g
ebaractpr) and .

b] 3d or 4f systems for which the States of magnetlc glectrons

overlap considerably with the’ states in a much wider conduction band.
In other words, the systems in which the magnetic electrons contribute
to the Fermi surface of a metal, -

In the former case the magneiic. (atomic-like) states are'distin-
~guishable from the conduction states because of the different character
of the wave function in each of these states. The conduction-bang
electrons having quasiparticle energies larger than those of 4f elec-
trons leave “them unpaired because the energy of the doubly accupled of
orbital exceeds the bandwidth W of the conduction electrons,

Un the other hand, the local-moment behaviour in the case b) Ais not
at all obvious since the d or f electrons form a band by themselves
which is partially filled, We are particularly interested in this case

ince it is nontrivial and attracted a considerable amourt of att tention
recently [[11-167 .

There are two klnds‘of'sﬁstems belonging, to class b , namely some
itinerant magnets (e . Fe) and intermediate valence sysitems. Bach of
them has been shortly discussed in Section 1 together with the relevant
phenomena,. On the side of theory the 1ocallsed moments have been intro-~
duced as a'sepa“ate solutiongexistence of which has been proved on an
example of narrow s-band electrons. in the Iimit eof sufficiently dtrong
correlations (Hesegawa 1979 [147] , Evenson et al 1970 [104] , Cyrot
1970,1972 [105,697) , Roth 1977 1067 , Pettifor 1980 [1073) Such a
soiuhlop characterized by the moment pyo= 2 1 on each site (for half-
filled band) cannot be obtained withinastandard band theory.




a8

Tn +this work we consider an easier to analyse problem of localisa-
tion of a part of electrons filling a degenerate bend. The number of elec-
trons on average is not less than one per atom. A11 electroms in ithe nav-
row band are equivalent (Sect.g) or mixed with a wide coaduction band
GSect‘icﬂe In e=eh case we prove that the oystem under comsideration may

2
LR

be regarded a5 = form of g-& model which we devrive explicii




9 Localised-Moment Behavuour of Narrow-Band -
Elecirons

The elmnlest model of - degenerate rarrGthana electrons is based on
the parametriaed Hamlltonlan of ldentical degenerate orbitals

U’ _ -
Zg i;alls' 138 + U z Pyid Puig T3 Z nli&' 116

_JE "S-li S o (91')

He have ‘agsumed - that orbltals la'belled ¥y 1= 1 2,...,d are equivalent
so the overlap integral (ti ), intracrbital (U) interorbital {U°)
Counlomb interactions, as Well as the intraatomi¢ exchange cons-bant {7 )

do rot depend on the Dartlcular choice of" orbitals. Also, = U=J/2 .
'ouppose we have p+x electrons per atom, where p is iirb‘eger
(p ), and 0<& x{ 1 . Then, if elecirons are strongly. correlated

i, U>W the p electrons on each s:Lte witl be always present
because the hopping brocesses J.nvolv;.ng transition p -e-(p-1) requlre
the encrgy loss exeeeding the bare bandwidth W . - .
The decomposition onto p “losalised and x itinerant. ones 1ls in
_accord with the fact that the partJ.cles are indistinguishable if the
time unceriain connected with the band motion which is of the order
5/ L-"x (1~x ]J (cf. Sect. 5.5) is much smaller than the time #4/U°
crequired to rearrange and reach a stable atomic configuration after the
“hopping with formation of doubly occupied orbital (_leatmg the Hund's
rule) has +taken place. However, the corresponding V1rtual hopping
Processes are taking place on the time scale HU/2%%%° {cf. Sect. 7.3)
which can bs comparadble with the hopping (nar’c:.mm rly if x-=» 0 and
x==1) . Hence, the kinetic exchange must be incorporated into the
" description. 1='Iore formally, we represen‘t the Coulomb terms through the
gpin fisld Sl Schrieffer 1969 [(1087] , Gomes and Ledeyer 1377 [109

: - - 1o :
; nys ¢ nlii. = % Z;g: 535 - % u E (Sli) - | (9"‘2._). |
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T | _
. o _ - ' ’ 0 {e-3)”
while The exchange part _ :
g —r - - = -
2 E. S ={l_ 3 Z:( D (9-4
121 1i 14, (l 14 ) _ 7 11) B .
How, .employiilg the Hu_n;i's rule we can deline the itinsrant —é';-} and
localised : {Si} parte _ _
. . o
TECEE : )
with S- =(p/2)(p/2 + ‘1) while the primeiple of minimam nolerity
[en] yields ' -

aniﬁ' = p Yo, g : : _ (9—6)

Eqs.(Q—S} and [9-—6) may be regarded as definitions of siﬁ-z_md. Ly
Hence : -

(125 515 B =71 (p+"|‘) "'_-?_‘i £ 25, ¢ 'é:

1
2 8. = oot 8.
T T 4-?’_ i

Thus, the in‘hraatémic part of (9 1] reduces to -
R _ E‘ . .
g E '*'1.5 “ii 23 5 Sl * ccmat
The band ‘part of (9 ‘i) can be 'Eremsf'e'l*ne'd ﬁ:‘tt‘oducirs the project-

ion operators -{Pni} - specdfyl ng toe conflguraumﬂ with p perticles
on given site i, The are acf:mea throngh the m@atlty .

[smlla o (o 5) - ?: By

whers ¥y 'is an ar‘bl*urary var:.able,_, 4. is |
cdongideration. ‘P4 Drojects atemie state . |
' |

‘with n  singly occupied orbitals, In.our camé w: have either p o
(p'-r-“i) ele'ctrcms on given site only, Cthers (e £, with dou‘oly vegupied
or'blta.ls} are accessible only in v1rtual p**ocesses Bequ_e that, we
‘can write =

Ppn"i'.“P Z :5(1“11' 5)

*4e do not discuss hev’a the conditions wader whic i‘,he tumd s rile
and winimum polarity prlnvlnies hold, Tuli micresgco p theory reguires
-a gustlflcatlon of thoqe two Lactq 28 well. . ’ i




‘The projector . P restricts the change of the number of electrons

pi
HNi = Z 1‘111 on given site to one, s0 we put

3.6’ iy (T_nl SJ (1-1'13 5)_ Pm. pa(Zallg 3135') pi p;}

and thus . .
+ - B E + ' .
%6: alis aljs = a. (1~ni_5)ajs-(1-nj sﬁ)‘f‘ H.. .
where Hi. contains the hopyings with the formation of- dounly occupxed
orbltals, etc. Therefore, in new representatlon we have :
s

B=l_ %y alp oe (1'211-5‘)(1"%-6)‘ & le 5+ F

i3 N '
ot Ey {s. +-s.} | | o (=8
where H {} expressed the kinetic exchange mteract:cons for d-;.old
deuenera{,e band with n electrons per atom, The explicit calculations
of R, for doudbly degenerate ‘band are given in Sect. 7.

For n( 1 the localised part. S. is absent, Therefore, our

- theory is anpllca‘ble only for n>-1 ., For less than half-fllled band
we have then-

_Hexz.-z,'_..—il—[‘l— i(s +s)J Z: U+J [1 S+s (Sa-sjﬂ

1)
. . (9_9)
CF s the Heisenberg spin /2, and 8N, = ¥ 15 the itinerant
3 elect*on .;pm In B qn.(g 9) we have antlferramagnetm interaction’ both
between the splns helonging to the same and different subsystems. A1l
coupllngs are of equal strength, For n=2 (half-f::_'tled banc!) D44+ 0y ‘-1
. i?_ =1, E’i— 0, and -He-x' reduces to the Hamiltonian of the Heisenberg
antiferromagnet with' S=1, as 1t sheuld be, '
It is 2 tedious task to construct the Ham:.ltoman H fci' higher

"degeneracies {a > 2} tut, in principle, method is stralghtfomard. Some

remarks on the kinetic exchange Tor an ar‘bitrary d the reader can find -

in Part V.
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| 10. Réldﬁon Between the Periodic
Anderson-Falicov-Kimball Model of Intermediate
Valence and the s-d Model

10.1 « Intrednction

There have been various attempis %o deseribe cys‘sam with space-
homogeneous intermediate valence {IV}). Falicov and Kimball (s969) 2]
introduced a two-band model, ome of finite width ¥, and the other one
-of zero width and thus represented by the atomic - level € £ .. The two
subgystens, carriers and the 1ocalised electrons (hnrain referred to
as £ electrons ) interact with one another -through the intraatomie
Couionmb interac{ions. The role of this intercorbital imterection is %o
‘provide o gain in energy due io a'red.j atribution of elactrong between
the subsysitems. The Hamiltomian of such system is

'='§ &-ﬁ_. +5 Z "“‘“srz 26 Tigt .(104-‘1)

where the first term de scrﬁ.beq ccmcmc"t}.arl glectron
b

parriers  with
energy Con whils the second d@scrlbes the “‘electrons, The third

term is the intererbiial Coulo,nb interaction on the same sitve. The
ground state of (‘IO 1) is nommagnetic and the last term can drive a
tronsition frozr an inuular,mg vhase {with H, = Z Niﬁ' =, 1) Yo oz
metallic one with num‘ner of carriers n, o 1\1’12_;_ (r > L1, In the
limit of zevo band-width =0 +the model com be'solved exac tly (aua}ad
186G ES‘%] , ¢f. Gupplesment "')

| Fhe second model considersd as a more bLasie iz the pericdle Lnder-
som model (Teder and Miblschlogel 1978 [1100]. b o2l 1980
{:’“.]) It is represented by ‘“}JF'PaJm:etr"zm(’ Man!Tionien ‘

" =Z € n. 4 5 Z H,p + U Z
¥6 1T I 16 e e
ooy -ik R KR
/e Z(v 2 1 .60_, +V e ic:_, a, ) )
T 6 5gT 75 pp 16/ (02

where the Tirst 4we terms have the same meaning as in (‘I 0-1); the third
one repregents t_he short-range intraatomic.- Coulowb interaction betwe-
en £ electronse (Nis- = a{g aig) s while the J2st one the single-




, , _ 103
particle hybridization introduced by Anderson (1 961) to express the
nonorthogonality between the conduction band and f states.-’n‘hen hybrid-
ization is of intrmatomic nature, it takes place between the stateg of -

the pame parity only amd V_ =7V ,

—

_ Lpars from these -two Hzmiltonians, some authors start from the par-
iodic Kondo Hamiltonian (Jullien 2t al 1979 |:11_2:] s laecroix and Cyrot
1979 [1437]) | _ ' .

H_=;‘e;n.__, +JZ?§;-'§;‘ ‘ ' (i0-3)
X k k6 i ST
b —
wiere {S } are the localized (a“tomic_:) spins, and {si} are the itin-

i
erant carriers spin in the Wannier representation

Fom (o o o) =3 iy egg-eyoy) ohpesy s <l 3t ]
. : o o ) : 70_4)

© It should be pstablished to what extent the spin.coupling (JZ+3)
between the subsysbens can exhibit the Kondo lattiee behavieur and IV

- propex_?ties.'Howe;ver, in view of the fact that in the mixed valence 1limit

- €f —= 0. the Sehrieffer-Wolff (1'966) [1140 transformation is nct

- directly spplicable to (2), the meaning of the Hamiltonian (3} is not
“obvicus, It has been proved very recently’ {Krishna_—murthy et al 1980ab
~{es, 27:]) With the help of the renormalization group approach that the

- Anderson Hamiltonian (2) for a single f level can be mapped onto the

Xondo Hamiltonian even in the mixzed valence limit vnder the condibion

UV 2 Q(ag) , whexe Q{Ep) is the demsity of states at the

1._:Fe_rn'li energy Ep . AR R S :

oo The purpose of this paper is to show how a general model which is
-a combination of (1) and (2}, namely one with the Hamiltonian

H‘—-Z €_ + efw;&' Ni fUZi 211' N ¢

6 T K&
: - —
-q-1/2 z mHeeRy 4 :
+ X YV _e A, e G + h.c,
T ('k'_ . i6 FE ) :
) - . . . .
I . . 1(k-x} T S
+ —S4 . N'S’ C_’ ] & . < :
T Y OTe T (10-5)

can be transfogmeﬁ into an effective s-f Hamiltenian which shows the
Fermi-liquid nature of the f electrons. This will enatle us to discuss
the jutual relations among the models '(1 O-T‘)'— (1 G—S) nnd, in particular,
the vand nature of f electrons. - : : -
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for V.. = 0 . It can be calculated geing back to the Bioch representa-
- is .
-

+iop for the conduction electrons which gives

e
Era
. . ; Ve g
T aP i k
&

25T A Te

oo -
gl g c_i_? h,c.)

(10-13)

In calculating the denominator of (13) we have neglected the contribvu-
T

¥ U -TUgr - €

ion of the ¢onduction electron Coulomb seattering (laS'i; fexrn of (5)
with T # -1}"} to the guasiparticle states. The inclusicn of the terms
7, in (%), as well as of the Coulomb scatlering onto (the guesiparticle
sl‘aten the denominator in (‘iB))would extend the region of validity of
Jur results and thus make possidle a comparison with the renormalization
sroup Tesults [26,27] but this problem will not he discussed ony
further here,

Taking into account the electrons from the Fermi level only
{ef. schrieffer and Wolff 1966 [114] , Jparek et &l 1978ab a4 45;]) we

gevt
5 e N E ( V;',L,j a1 o .h (.) (10 14)
Pab, = | et et S g e : N, : L ~ 14
e T Gy Neé vu.u, 16 -6 76 - ke
Ten the effective Hamiltonian up %o second order is S
T=H() +Flg) 5 ¢ Ty + By o {10-15)
where , . ' - : ) :
: z . -6 .
HOE cl ['t.. - E Vo, V5 ———»—mm—_—wh} o
A1 ib i3 T il iy ,ef S U~ U, 16

+

€; ; Y6 (1"Ni-5) ¥ % 5 (5‘;6‘ °i6 * |

wt 1, - 1. T -3 )
STy ais)'(i'l 1—5) * Ugr 125'6" “1.6' Iris._ (-5, 67) {io-152)

déescribes the dynamics of the lewest subband B, , including hopping
within the bard and onto singly cccupied £ level,

L ¥() =>; {2 €, 41+ 5 2 - Z‘; [vlnlz Ny g g

4

- £ ¥t U= US
co 2 mg i -
et G HE it i (i0-150) .
corresponds to the subspace ?2 of doubly cccupied L levels, with a
shifted energy,



fox = €, +U- T, ;'Vlﬂl (* % Z o iE(LK‘i_s) Ty '}
(0-15)

contains the s-T (klneulc) exchange and Coulomd intersctions batween

the zubsystems of conduction and F electrmns,
; . . ;

i E,+U-U, 118 Vi EE Sjg D;E'E 18 (o-150)
repreéents gpin-flip scattering of conduction electrons on T electrons
- and -
By = - e——— [ GV el N e asl
' €+ U-T, 1316 I =t
' 'é_:h_ 1316‘ R

f “gf

(1o~ Se)

reflects the hopping between the doubly ccecupied £ levels on neigh-
bouring atoms, without and with the spin-flip respectively. We have
neglected nixing between the subspaces in the second order because it
lzads to the renormalization of the subbands Pi in the higher orders.
The results obtained may be interpreted as follows., We have assumed
tnat U is large. Hence, the only relevant contributions to (10~15)
are given by (j0—153) and QO-150d) In other words only the subspace
of- P1PP1 ig imporbant, This is mede out of the conduction band still
mizxed with the renormalized but =tomic F states through the temm
% ;s (25 cjs- * olg aig) (1-5,_g) (r0-18)
Besides, the suhsystems are exchange and Coulomb coupled throu”ﬂ

(1 0-15¢).

16.2.2, becond transformatlon. Gomple+e ellmlna+1on of mixing up to

the second order

Let us assume that together with [é + U= U, _,!>>,vl3

we have alac ’6 - U - 6._,,’» lvi,]] . Then defming the. project-

_1on operztors
=_7(1-Ni*) (1_Nﬁ) i Py, =§wis (1-v; g) » and Puy= Wy iy

we can rewrite our Hamiltonian (10—5) as E = H + H; , where now
hl .

= el T T E Cmt]

Hy = P HP, + PyHP  + P HF, + D OF, (10-17)

n
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The term (P WP + I’ :IP.]] has been removad by thn firat traa;:;ormetm
Tow, we would hke to ge't rid of the texm (P I’P ¥ I’Jﬂ, ) ags well,

Hoting that

| =L %, cip oy EBEE = V., alp o (-1,
TR N . (ﬂma)
PP '.=_.'_1>'OHPO,;_~_‘ 6fz s 16 (1_.;}Iim5-) P U 2 o 16 g

* (wﬂ@) '

we 5ee -‘ch‘,a“h the whole’ prooedure is s;.mllar to Lﬂat from Secticn 10.2.7,

where now e LT e
o . -1 kR,

e - - o
L2 [ - - el
SPO_W_ o _ef_U —6.... 5(1 11"5) hc_
ey Zl'—;——vi' - a5(1 X, 6) ¢ ,.th (10 20)

ijb €. -U

. ; gf
Therefore, the effective Hamiltonian up o tha cecond order in Vij is
Ainally _ .

H=E(0) +H(1) + H(Z) + B +Hy v H - {1o-21)

where . o C : o '
~ / ' iw n : 1B
§ . 1-6 1-6
H(O) = Z: afs {t - v & + A
3 i 1j 3 i1 13 LTT T - ;&
: & €Uy EpUgp o

i Z;h”]z 5 7 '_ B ,.(_10;'213)

deseribes the renorm 1xzed honpmg w:_th*n uhe barn Dnd the shift of the.
reference level of the canductlon band (can be taken as zero) s

?;(1‘) = ; [Ef- E“:m lvl“%\ J le (1 ~Hy 5) V(m"zﬂj)

ig the renoramslized posrtlcn oi‘ the B‘tD"Ulc ( ) level ‘hen “l‘{lﬂ"ﬁ.:‘]'

e &bl m y

0+

’ oceunled

3(z) Z{zé + U

iznlsﬂem o ot

corresponds to effective electrcn—electron'in‘be.ractikons vhan £ level
‘iz doubly occupied (ca.n‘ be neglet:’c'ed),




R ZU- - | .‘ ,
Boxe = - ;/vijlz -é’:i’.'—’

E
(ef - Usi‘) (gi" Ugs * U) :

 Ue2E, -2ri : _
+[Usi:.— 2(6;-—U }Z lfla‘ n, g 35 (1-J_a

(E +0.U f)

. . 10—21d
are the exchange and Couloub :Lnteract:.on-s ag before,
Hpw = = Vi V8] i e ¢
f1 7. e 1 i i-5-Vi8
! (ei"Usf) (éfi-UwUsf)‘ iilb . j :
: (10-21e)
1s the hopplng in the ccnductlon band wrhh simultaneous spm flip, and
= o el z VE, v ate (1on a.g(t-1 1n,g)
5 €. -0, 476 1 16( 1-6’) 16( i—s)( 36)
- £ sf - . _ .
1 o . - . 5'.
+ ——— - v, V.. & 1=XN 1-N, B3 .
6f’Usf ; A8 11 1—5( 15') 15' ( i-& ) i 2

(ro-21£)
whlch represents the hopplng be'l:ween 'the singly occupied neighibouring
£ orbitale, without and with spin-flip respectively. The first temrm
of (10-21f) changes the atomic levels imto a narrow band. Thus, the
system is composed of two Bands. The hopping between the f{  slectroms
ia nonzeroc only -if the mlxj_n.g"between the nearest neighbours is not
vanishingly small. Hence, the model with intraatomic mixing only (Leder
‘and Mihlschegel 1978 [110], Feglio and Falicow 1979 [115]) does not
yvield the 1t1nerant £ electrons in any order of _Vll alone. It can
leand only finite £ bend-width in the third order, involving proces-
ses  ~V b, 1574y - The Dend-vidth of the £ states is of the seme
order or 1ess than the effective s-f exchange coupling constant (_ci‘ 214
and (1 0—21f)) and hence we can regard the f-f magnetic interactions as
due to double exchange (Gleplak 1978 [[967} , Varma 1979 [116]) However,
in a true 4f system situation, the doubl e exchange takes place between
{ne localised electrons and 1z medlated by strongly exchange coupled '
to them itineran’ electrons. Sinee in all practical cases less than one
electron is transferred ‘to’ the conductlon band (Jaya.raman 1979 [-10:])
then (n—T)f.‘ electrons present on f shell both in - semiconducting and
) metallic thases form essentially 1ocallzed moments coupleu viz Hund s
rle exchange with the 77 electrons which are deloealized in IV state..
Then, the double excha.nge will be operative if only the Hund's rule.
intraatomic excha:nge J exceeds. the f pandwidth. The double exchange
competes with the Kondo efi‘ects caused by the klnetlc exchange (10-21&)
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When

(6"' sf) (é - U *U)

then the system may condense ‘into the Eondo lattice, while in the oppo-
site 1imit the transition into the ferrvomagnetic IV state may ocour

(providéd the concentration of itinerant f electrons is large enough
so the double exchange can dominate the antiferronsgnelic kinetic and
indirect exchange interactions).

The hopping term (10-21f) may be ealculsted in the Bloch representa-
tion :

e =y
’ . 'H}%FI'" Z IVT{_IE ell"{(Ri"le a.Is (‘I-I@i—s)ajs

6 f si‘ ijKe

(-7,_g) (_1_-11_}{,6_)- ai g (1-7i6) 255 (1-95_g) ST;‘; o2
which means that the hopping without spin-flip between the neighbouring
L “states is nmonzero only at the Femmi level. Two kinds of electrons are
present in the system: ordinary carrviers and the extremely narrow hand
‘compdsec‘i of the lattice of resonant states located atb P’F (Kaplan et al
1978, in particular the remark by P.VW.Anderson during the discussion).
Summarizing, the simplest neontrivial model which in the Limiks

u>w> Usf>> “F. ‘ and T, + 6f>> “fi.\ represents the same

E ]
properties as the periodic Anderson model ( Si, is of the form

-2 en a’fZK 5 (o g) s 2 1(FT)

76 “Tive

N oskre 66"
- == %) K : >y
(S ) )5 ot . 1(1«: k) A L Z: 2 (E,%)




) ﬁ-x-‘.Z €f - QUSf
2 (€, -U;) (€ + 0 -T)

k(% K') = Uyp -

oy

Thus, neglecting the 3 dependence and J and ¥, our model in the non-
magnetic phase is a generalized version of the Falicov-Zimball (1969)
[(37] mo del. additionally, (23) reduces to the Xondo lattice Bamilton-
ian (10—3) exactly if the number of f eliectrons on each site is con-
served, i.e. Ni"+ Nii =1 ., Therefore, the Kondec lattice Hamiltonian
00-3) ig rather inappropriate as 2 starting model Hamiltonian of diz-
cussing the intermediate-valence phase.

Beside that, our canomical transformation introduces two new in-
gredients to curreant models of mixed wvalence. Firstly, the ztomic
characteristic of the bare Hamiltonian (10—5) are rencrmalized by the
virtuel hopping processes (cf. Eq. 10-23a). Secondly, what is more
important, the £ electrons formm a narrow band (true lattice of reso~
nznt state). The hopping integral for this tand is of the order

D e 75T
T e R

(1 o-iz‘;e)' |

hich 1s nonzero only near the Fermi surface. A% T=0 <ﬁl, :)
= Q-[kf—— k)- and f electrqns may be still regarder as at%%%c.
The hopping (10—24).gives the bendwidth of f cstates not larger
than' tha valuwe of the s~ exchange constant @ﬂh WO—QBb). Therefore,
it yields the contributien to the double exchange if more than one I
'electrons are pregent (cf. Ciepiak 1978 E96:]). The vzlue of exchange
constant is .
’ ‘p.= Z tijg np ,(T-nf)

J(1)6
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. Old versus New Problems in the s-d Model

“In the last two sections we have shown how %o decompose an ltinerant

gystem inte localised moments and carriers coupled to them through %he
 s-d exchange interaction, In the next Sections we show how %o extract
from it physically relevent information concerning itinerant magnetism:

ouasipartidle stateg E , the otoner Spllttlng A , and for an inter-

o

mediate-valence phase, g degree of. mixing for the ground state.

In this Seoction we characierize rather briefly the magor problems
which are Suudled within the ‘model.’ They correspond to three physical
51tuatlons, namely: -

.10
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d or £ electrons are well localised in the magnetiecally
ordered phase. The conduction electrons are of a different fype
(s or s-d) and their bandwidth does not exceed the magnitude
6}+U‘ whers éif is the position of d (pr f) atomic. level
and U ‘the magnitude of intrastomic f-f (d-d) Coulemb inter-

.action on them, To avoid the direet influence of the s-d or s-f

hybrldlsatlon it is assumed that é:f lies deeply below the
Fermi level EF =p-. :

The f-electrons atomic level is close to the Femmi lével but

the correlations on £ level are strong anough, sc the ‘hybri-
dised model Hamiltonlan can be still trensformed inte the s-d
ﬁadel'(fox example sce Sect.10 and Refs, C26,27]).

The electrons in a degenerate (or not [11- 14:l)tmnd are stronsly
correlated and we have more than one electron psr atom (c

;uect 9) » The residual itinerant electrons are then strongly

cuorrelated and ultimately form a magmetic Fermi liguid.

The sifuation 1° describes the magnetism of the heavy rare-eaxrth

- metals (cf Sinha 1979 [11{])bau1ng on the indirect (&ﬂﬁ) type of ax~
- change. Such - an pnaly51s is possiblie if the sid exchange constant . J  is
mueh smaller than tne ca rlers bandwidth ¥ .
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The situvation 2° bvears its origin from the paper of Schrieffer andr
wolfs (1966) [33] who transformed the Anderson (1961) model of magnetis
impurity 247 -into the Eondo Hamiltonian, i.e. the s-d Hamiltonian for
single magnetie impurity in = simple metal, and with the antiferromag- _
netic s-d coupling. The aimplest generalization of the Hondo problem is
the Xondo lattice, i;e. a lattice of loealised spins coupled antiferro-
magnetically to free electrong [112,113] » The realistic solution of
the Eondo lattice Hamiltonian OC%B) iz net availabls 2z y2t &8 well aa
its relation 1o the intermediate.valsnce Phenomenon,

The situation 3° is regarded- as the one reflecting an itineran?
magret with both the Hund = rule and the ninimam polarity principle ful-
filled. In the asymptotic regime J2> WV it yield the double exchange'
betwéen the localised moments (4nderson and Hasegswa 1955 {1187 , e
Gennes 1961 [115] , Cieplak 1978 [967) , - S o

The special. class of materials form magnetic gemiconductors in which
magnetie;4f or 3d electrons are weli localised but can be'thermally
excited to conduction band.(e.g. Bu0:Eu, and HgTe:MQ). 4 simple model
fer suech materials together with an application to BuliEn has been given
by Spatek et =21 1977 [54] end by Spazek and Tarnaweii 1979 (=87 . vwe
refer the reader to §G§g§gments H and I resjectively, wherewgﬁgwéetails
of_this work have beén rgprodﬂced;k Here we present only some new re-
sults_fdcusing‘mainly on a role of itinerant elgctrons in czse 3° and;
on the ‘role of s-d interactiion in formation of a magnatic phage of &
system. with the nen-integral valence (gaae 20)'.- '

x o , o g o oL
S In supplement J we have presented some results eoncerning .
- the polarchic effects for the ocase of a shallow denor level.,




12. Thé Zener;Vonso'\_/ﬂskii.quel: U>W2)

‘Let us start from the effective Hamiltonian (9-—7) representing
uhe uraHQfomeu degenerate - narrow—*oand model

E iy 3.5' %6 (1-n1 5)(1-113 5) - Z Sy°

ijg

ex{" 3 D (m)

. We group together tne re51dua1 hopplng, the s-d term and the part of
th.e Lane'tlc exchange representmg 1t1nera.nt electrons

H1= ; i3 15' 35' (Lni 5)(1"113 5)” 2JZ: -é.i T?’-i

‘Z ‘ [-' j . ong, 5) 6 (1-m, 5)

6‘ 6"
: : (12-2)
The first term can be regarded as the Hubbax'd model at U =po [ 86,
- 85 82] It has. a ferromagne't:x,c solution in 'a wide concentration range
" even if (the kinetie exchange (the last term in (1 2‘2) is included

(cf. Sect. 5.3) . Ve rewri‘te ‘down (‘12—9) in the dlagonal form with
respect to correla‘blons T _ T o b

Hy = Z ‘B % 2 Z T A "(12_3)

¥ ¥ ¥ Tt F
er'%er@t_ .(cf.. Egs. (5-3"9)-(5.5—1 1) o g.l;_.s =.bé];6- b_}?s »

5 (g +iog) € +ovig (6
| and ng U—n 0,3 N‘1 Z'. f(]._zku') .‘with. £ LEL?'« pei_ng the

" Fermi- Elrac dis-tmbut_gcn. .
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" IText, we *transform splns H; in the "s—d term te the Bloch :fepre—

sen'tatlon . ' _' ‘ .
._J Z . _.1‘%.'1?? (Si'r)s‘r;’ '8%5',&';?’5" exp[i(kfk) Rg,

i 66 : . . . : .

and d1v1de it into two parts: the dlagoral Hd containing the _te‘rms

with k k cnly, and the nondlagonal H d.- contzining all others,

with . k # k " Binecs we are 1n‘cerestﬂa in tke qufzuparrwle mtahf‘b only

we Temove the part Hnd conta:;q.mg scattaring m‘ocesses 1{—@'1{ "R

-and reylace it by terms with the virtuwal trans.ltlon., k-‘*’}c k*' = l{

in the second order.t This can be done with the help of tranzformation

presented in Sect, 5.2 provided the eigenvalues A - 5 2lgenstates-

I > » and . the co‘r‘resnandmg progectlon one%"‘gor

= > < © of the Ha.mlltonlan
d'-kﬁ' : .

i’a*
-k;-_ +'H

e ‘1:'5 _

kb

(1 2 5)

Q

.are glven .

"12.1, Diagonal part of s-d model

oy diagonalise {1 2-_5) ﬁe proceed as ‘LO:}.].O\*TS We consider only.

- 8ingly occupied states ‘ B > Thevefore we can replace
'H by n = g la CS;Lnd rewrite H 5
) . £ a
TE ™6 W6 TB o
1 z o
= N™ H
° i s
" where the summations over i and i ‘are over quésipar‘ticle .(iti.n-
erant) and atomic (S ~ ptates, respectively. Because
H s H, .l =0 'we have
AT R .
H_,, . Ho] =. 9]

a:ﬂa 'thus dlagonallz_mg H, we get the eigenvalues of Ho + The lo- -
™ ' o :

x:est elgenvalues of H .. are
o

* Strict ¥y speaklng, anh an approach g:Lves mﬂanlﬂgful ‘Fesn‘tts
anly for EF .



; ..:‘ca,rr;l.er s, states. Nemely, fthe Hamlltonz.an H can be written as

—t—

<)

+

=

+
+ ‘
naf-a

(o -yt o]

. ., - 7( . E - J(S—‘l) _ etc._ . . o ST
oA k R o (12-6)
”_'whlle the correspondlng eigenstates of H ) : S :

-I SE’Q i l°> e
An) O ain e o
n} > cos’ 92 3 0> (as_)?fél _}%- s Io} o (_?2...7)..

.___1-,\2_{, 5

- .V'where the reference state :, 0> l OT{’> ’a.nd Coe
e nin TR T T:’f“ J(S-'!) 71, 237 RO R SO

.:.-“For S -% ‘bhe sets (12 6) and (12-7) are eomplete. Othemlse, the are
" the. characteristics of the states with given. X cand 8% =8 or (s-1).
‘ ;For 'l:he particular case of the s—d model (U-O) 5 = _'_‘ ’ and

_.(12;9)__

: x«hich is the sta.ndard result 1n the first order. Beside tha't Eqs (1 2-'7)
and (12-8) com‘nined together supply e.n attractlve mterpreta’clon oi‘ the

H°=}1RZG : 1};}{5 P#g | ', .; | (12 10).._ D |

PPY'&: QI s> <7‘ k6’ -"QZ"”) _
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is composed of = 2 (2S+'I)' subbands labeiled by FoEnd, even when the
corduction band is uncorrelated (U;O) s the transition ’
corresponding to gpin.flip of the condaction
— =
M1k-g>""?‘zk;> _

electro.n has a gep A=7 (23+1)‘. In the case of & correlated magnet
(U#O) A= A_ - A e o and tne transition provides the Stoner split.
2 1k

ting for wavevedtor . 1ts value A= 7 (2S+‘I) in the paramagnetic
rhase is nonzera (even in- the Paremagnetic phase!) i.e. for g,

= B

. BT

This ie due to the faot +that the spin.flip siate 515"; iU> of the car-

rier.is coherently mixed with the state : oL, Sy a]:_{ . iO> , thich
: : n : < .

is the state Aon-magnon with waveveotor km = (0 in the subsysten of

loecalised moments ¥ The temperature dependent part of the Stoner split.
ting is: given by the difference ®. . B » The eigenvalues A _

BOOR »EE
the many-body nature of the ground state of Efo . Thie can be caslily
Seen if we rewrite Ho Jin the form

H =£ E -JTN"TZ 'SZE).n -JN"IZ&"‘ a 576
© 3] -('12'6' n %7 TE 6 TE s O
_ 7 _ (12-12)
and thus only the magnons with -k';] = 0 influence the dynsnics of the
itinerant eiec‘crons. If we replace in. the brackett W~ Snz by the
thermodynamiocal average < SZ> and neglect the last term then (72—-?23)
gives the Stoner-Wohlfarth or the Hartree-Foek model. However, sugh an
abproximation in unjustifieq because the total megnetic moment within
the subsystems ig not conserved and the quantum flictuations in the

state a%_‘ [o>  proauce coupling %o the state %E s ad"* IO>
' : T n k

with-unit change of Spin quantum number in heoth Subsystems. The con-
served quantity is the total spin : ) :

)

and the greund state is with totsl spin either Ws & m, /2 or Nsniiefz.

The former correaponds te J> o0 { ferromagnatic s.q exchange), while
the latfer 4o ik 0 {éntiferrcmagnetic Sed é}:change). For numbar of
carriers Ne= ¥ we have either totally aligned ground state or the

x . } s
The eoherent nixture of +the states Conaidered he
&

eTe bears g close
resemblance 4o the zero-point motion in antiferromzanet, .

t
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Fonde lattice, i,e. the state with total spin S‘t =0 .

=N

12.2. Indirect exchange

The nondiagonal part I d influences both the iﬁuahipar‘sicles states
and the magnetic interactions in higher orders. Applying the canonical
transformation of the type dexrived in Sect. 5.3 for the nondiagonal

part we obtain in the sscond order

q(z) = E _ 5 g B Faa Fa
. E - E «
- B 2R
which in our case is
—p-wsﬂ"
H 4
- E E % 5%’&(&) )uk P1k5’{nd5' 1}11ﬁ§'
i AT I e :
wE R, 2 & L&
Faky 57; & . 52 ks
(G213
where _
B, = z: } o {12-14)
naé e : [ g@v: d ",
We are interestsd in Lhe seccmd oldet contribution. Hence, we put
~ Fa i o
Ay = :“’ﬁ,_ﬁ = E‘fﬂ , and 2 = ?E.L,_r = m}@ , and {in §K2,3§%}}‘0" @295
£ - ) .
= ¢ ard 1 respechively. The effective Hamiltonlan of the whole systen
becones C
el ! . B
H o= Wi- A P o ¥ H@ - {12415)
pEDB  m kg Bk
with ‘
?--(3) p E T )
ul exp{ ig - Pz
" n,mf k& FHO ( “iim"
P ' Ll P
n 1.1 . 1 14 : : “;
[ "1?’6'( “'i'ﬂqg) 5% g% . "1?5{ Y«ff—ﬁ) o o€
z B 7 mn g . E : m nj
K6 TE %5 keg-B

{12-18}
This expression reduced to the ordinary HEEY interacticn f?udeman and
Kittel 1954 {12071 , Fasuya 1956 [ 1211 , Yosida 1957 [ 1 223 Ven ¥isck
te62 1 25:}} in case UsD , d.e. Efg- = & end if we average over

carriers’ degrees of Ffrzedem., To order W’Jz ‘we can aasume that




i3 Q.

g () <s; 52 - (g (1.?%@5) {52765

Decoupling anslogously the Lerm

'} o o€

we get finally

s (M

H:émm o P +H.(2~3+Hf2)+1—1‘{m8¢in%'
nkE ;.1](.5“ P& * 1 e 1

I

b4

7 e g
i3 Yobig e

T O ) S S 2dE (L > o

{12-17)

{12-18)

{12-19)
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Our effective Hamiltenian (12#18) contains the anisotropic BKEY.
type and kinetic exchange 1nteraetlons amorg the 100a1ised spins, as
well a8 the ILandaw Fermi 1iqu1d picture for ;tlnerant electrons. The
Ferni liguid is ferromagnetic with the coupling‘paeameters ﬁ;}f which
depend ¢n spin correlationm functions., Conversely, the exchange constant
—ci(aj depends on the distribution of carriers through the averages

<n’ > o (1 -n_s) £ (E ) . Hence, the Zener-Voﬁeovskii- model is more

Pl 4] .
complicated than both the REEY and the Fermi liquid theories. Except,
the funetion f_fﬂ is given explicitly, and thus solving the problem,
a number of the éhenomenological Fermi 1liquid parameters need not to de
introduced. We would like to emphasize once more again that our result
(12-18), which is a transformed version of the Zener—Vensovskii model
(12-1), is obtained under the assumption we know the quasipartiele '
energies E of the Hubbard Hamilton_ien.- Thigs is because we iransform
(2.1) in %two steps. Firstly, the itineran‘t part is wi‘iﬁen a8 & guasi-
pariicle ﬂamxltorllan, ‘and then the s=-d model progected onto the sub- ~
space of singly occupied sites.

There are two wellw known results which are reproduced also correctly.
Famcly, for uncorrelated conduction band electrons (1 €, U*O) interact-
iong between the loealised spins. are ordinary REEY 1nterac;10n, and in
the second .order the contrlbutlon to the guasiparticle states given by
spin-spin correlation functiom’ (Rys et al 1967 [1251) However, there is
one principal difference w1th respect to the perturbation theory. The
Hamiltonian H . composed of kinetic energy : 6. 5 and of
the dlageral part Hd glves rige to the elgenstates (12-6) vhich differ
remarkably from the spin-split subband picture 7\..,. = 8 - 5<S_Z>5
[121,125] . This effect can give rise to the partlal pelarxeatla of
the carriers even at T=0 , but th1s problem which has a direct relation
to the photoemission resulis, will be d;scussed in detail separately
(cf@-diécussion of recent reeults given by NWolting 1379 E?EE]) .

The finzl I'ema::'k concerns the universality of our resulis. Simece it
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it possidle to represent the itinerant part;through the'quasiparticle

Hamiltonian for sny U we can say that results obtained 'in this Sect~-
ion nold fer an arbitrary U if only 4 Q;W'.

Of course, our resulis nsed furthér analysis to estimate relaiive
contritvutions of kingtic and direct exchange %o the value of the Curie
temperaturé- Tc for an itinersnt magnet. Bub, even witheut 2 detziled
‘analysis: we can draw a conclusion that there is no direct relation -
between the values of the Stoner splitting.ﬁﬁ and ic ._Ifrindirect
‘exchange dominates the kinetic exchange than AP T, » since, as qgl
have showh, £y ==J | while the indirect exchange gives 'kBTc ﬁJJQ/EF‘g

‘where EF is the Fermi energy. This is in agreement with what is

cbserved for- 3d metals Fe, Co and Wi [17] .



13. The '"Zener?\ionsovskii Model: U=J>W.

_ low we would 1ik,e +to ‘mrn over to-the double—exchange llmrt The

-patural s-ha.rting point af analys:.s in this limit is the dlagonalmamlcn
. of the s«-d par‘t in the atomie 1irnlt (U-O} Then the only ;meorta.nt atomic
states are those ‘with one 1tineran‘t ele;:‘tron per srte The corresponding.

Celgemvlues sz T LU o

LA 27‘ ”."JS.:,. Ay 3{‘5&)’,' '._j&é_'?_»gﬁ-f)s‘l e‘tce-_ (13-9).
thile %he cumspanding eigenvalues o _ R o
g&w} Q} o o o | Gy
g%m> {25#1391/2 (a‘ié =5 "‘1@} o> . o -'(.“3";3}'.
g Esﬁewﬂm (3 - = é-@ / ﬁ} ao> 9

| %ﬁi}> = aig s /ﬁ? io} o (13-,5)7' '_
' rnherefore we get result {:12«-6} foz‘ E 5, = 0. and the atomic ground

s.»a-te ;1.5_ a coherent mixture of. ;?& } ]?& ;}

e J.n'troduce also the pro;ectmn opera‘hors P Eﬁ (i)> (ﬁ. (l}i

. Thelr exvlmr&; i‘orm is

| " = “1: (“’%g} E = s} <s - s-g, - Lo - (13-6)
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34 ""Z‘Zi {['51“ (§: EEH Sf) Ty (“nf]lf = st = 5‘

—Jzi—s D4 (j."nii)r S‘:{ 'SJZ: = S> <§JZ- = S‘ S: (*;5-8)

+

By gy Qongg) I8 = 51> 8T = 1], et (13-2)
The =zigenstate '7\.4> is onlv approvinate since for &2 % it
ghould conizin also a term ai (Si—),zl S; = S;> » It is easy to

correct it but we will not consider it here since 1t does not influence
our conclusions,

The l.owest manifold is characterized by the projee

Cr
ok
o}
[
iz
i
Hd

Since the distance on enersy scale bebween this menifold end tha naxt
&y

one exceeds bandwidth YV we have to project hopping onte ihe loweat

EFSRN

physically accessible menifold. This neans that the restricted hopping

term plays the role of the effective Hamiltonian of the sy sten

-
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T b by oip (7 6) B g 60 (1"“?5")4“ Z;? ?L:J ip

In case we include in P‘Ii + P')j_ only the states with }S? = S) We
2

nave (Kubo and Ohata 1972 [1277] )

T D= 1
177 (s ?®
+ (S+1) 2_]

and (1 31 ‘l)

25+1 [—' T s+1)$gg‘_] (13-12)

[E; %56'6" + (E‘:-»%);[t 1+ 1(?/\%2)?

tenperature LD LW

ith formation of
lamildonian in Seel




yhere mi":(i’x, Ty, Z) are Pawvli matrices (7..'"‘)

ence level (tii -_'J»S,/2) we reduce Q13-10) to

‘ : - o ‘ , : -
H = %53 b5 alg (rny ) (%) 93}555 2, (1fnj_5,) o (s-13)

Thersfore, the double exchange may bes viewed as 2 band nerrowing pfobess
for the itinerant electroms. For &=0 we recover the Hubbard model for
U = go (cf, Sect, 5}. In general, {13-13} should be supplemented with

' the kinetic exchange psrt as it is shown in Sect. 9. Thus, the tobal
double exchange Hamilionian W Q'J for doubly dege;nera*ce band with
a1 or s-d system with iocelized spin 8 = 4+ is

2
§

. » .
”%ga g tis [1on, 5}{ E, }55%5 (1-n,_ g,}m gex{s., A

] {15-14}

where H is given by ocm (9 8} . ¥We would like %o ‘emphasife that ouw

regerves the guantuwn nature of ‘Dem carriers and

e, 1t can be regardsd as a microscopic version of
4 T 3 o
ek £.9(8§E9 and Earpenko £1976) 128 whe

For spin 8 = % the progoc‘sor (13-‘1?) is exact. ff‘akmg as a rei‘er- 2
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i4. s-d Model of Intermediaie-Yalence Systems
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> well as the oceupsation of the locslised orbitsel

n. = W Z;;, <1\Ti§>

L
z




and N"1 §<Siz> = nf‘ <sz> s where Siz =0, i% i"s'.thfe-: snin
guentum number at site 1 . ' A

The first term of (111 1) represenis the cor\duc tion band energy,
the other ones give the position of f level (E f) interorbital
7 (Usf) » Aintraorbital ( U) and  s-f (J) Goulomb interactions within
the same atom, as well as intersite exchange (~ Ji )] vetwsen f
eleetrans. '

Ve assume the following hlerarchy of parameters

US> >vJ>J:LJ end |é l(U - (-14-2):

~where W is the carriers bandwidth. Hence, we can say that we approach
the 1imit U-» oo and thus the intraatomic correlations on the £
level must be treated carefully, whereas the other intrzatomic terms
to the first-order of a.'p'proximation' can be treated within the mean-
fleld approxmatmn. The mean-field version of. (14—1) for the case

“with the longitudinal spin density wave

&> - ,cz <S£ 7 B ex (’i < '-Ei)

is : _
i - 2o [(€ Tat f) g~ 7 <5 z> iz 1?6' '1':;5'5]
9
+ R€f+Usfnc-J<s }l; W(T)e )Nis-
+ 'g Nigl Nii]_” (14_3):
- vhere ' !

- z 7 L R - =
_J(Q)-— n:.<5f P % -'Tij expEJ.Q (R.j_- Ri)] .
We se’é that the spin denéity wa.#e induces a gimilar wave in the

conduction 'band i.e.

GO <,>ex?(Q’Ri)

We are interested in +he antiferrc- and para-msgnetic solutions only.

. g .
and thus Z‘?: T/2 or O respectively. In the former case we can.
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iﬁtz:.oduce the reduced Brillouin-zone scheme: the original zone is halved

in the presence of the antiferromegnetic structure. The procedure is

rather standard and the canonical transformation

cos @ » =gin § - eC

C . . -,
k& 41 T X6 .
= _ (14-44)

g e sin g . eoe 8. —

T+ 06 6. " r6 \ L
with ' L

z _
3.£8:%> no6

d..
B

B\ )
©
[

ET.TT €y

gives the guasiparticle energiss in the form of -the slater s spiit-sub;-

_;Dands - o _
- 2 -
E = U . n, + €Y+€?+? + /6}? €?+§) o
i, et M » - k 2 .
L
RN 2J 172
HCRCPES. (14-5)
For a@;’ﬂ ?/2 R 6” = s and J(?)a --J(O).
T LT -

The carriers’ polarisation <sz> ig determined From the eouation

(25 = Z_ 6’< e exp {1 % - Ri) (14-82)

6' TLTE
which is of the form :
z 5 5.5 g iy '
; = L L 14~6b
<? - FE [€§+(J<sfz> nf)z__r/z ( )

where

(o [z )} AR

ig the Fermi-Dirac dlstrlbutlon for the quasiparticles.
‘The system of £ electrons in (_?4—3) is essenf*ally a two-sub- .
lattice entiferromagret in- the moleculaf-f‘ield appro:umauloa. The equa-

tion for <” z> is therefore given by

<e 2> = 5: tanh (-—-- g Pr Heff) .' ) (‘?4—751)



wWhere the effective magnetic.field ac:tJ.ng or the spine of tha sublat-
5 5 3 --D v—c— -
tice A (1.9‘ the one wiiin exp ( » R, )~ +1) ia

R ADEN Z Jij} 25 {s,” > ‘ (14;_7‘9) R

T 0, Sia v g4 ki
and <5P> » To zel the condi
navs o osleulats the occumation prebability g of *he
sgpwre that we have one elept“on per atom, so n = 1
iparticle energles of f elecirons on the atom belonging %

2. L are

Iy

- e o1 o
24,2 €+ Uymy & 38 pPp Teps
.

E.j,' = E(Gf + sf‘,nc)—*' u
B, = O ) . :
znd correspond Lo the atomie ﬁ:‘bat@s at site 1 : [ 1?) : }> l u)

e"’l10> respeotively. Therefore, the partition funection Z can
calewdated exactly, even though the intrastomic Coulemb interactions
are present. The average number of F - electronsg is’ '

hf=221{com(ﬁ o efié 63{?[/3(6 "‘U “EF)J
exp[ -2p (Ef,-s» 5+ Ugp I_lc - EF).?] ) (14_8)

= 4#2 cosh (fBg P:B Hops/2) expfﬁ(pf * Uggfe - EF)J
el b ] e

~ Tn particular and interesting us case vhen U= OO we get the

.

‘where

esult for the cccupaticn of a single elsctron donor in the magnetic
sdemiconductor (c‘ Appendix G). The carrier concentration is then

n, -_f( 1+2 cosh (ﬁg Prlare/2) exp[—ﬂ(ef + Usefe '_EF)J}-1
. (14..10)

’JJ

Eence as temperature T —® O ﬂ*w)we approach the lmit

(if_ (sj} #0)

Tfor  Ep K

0 E £z
1 w = 1d-
nc = = for b = EE ("{‘-l 11) |
1 for By > B, ‘
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Therefore the ration of mixing ir the ground state with mixed Talence

is 50:50. From {14-8) we get also the dsgree of mixing in the para-
pagnetic state at T=0 ne: n, = 67:33 . Obviously the change of valence
ig connected with the change of the number of holes on the £ level .
Corresponding to (14—11) changs of holes can be found from Eqn.@4—8)
treating the creation of electron as an annihilation of a hole with

4
. el
state correspondes To change of the hole mumber n, = 1~nc mE
s s b : S :
instead of ¢ fov the sasge of eleectrons. Thic is ths ratio obsarved

i T
- £ ", - 07 .
for some nommagnetic systems(see e.g., Jayaraman 19793 EQ#])" Aleo, the

reewlts for mixed-valent antiferromagnet smatch with the experimental
resulte of Heen et al. 1975 [[1297] , vho have chserved i

tivity is divergent for TmXSs
Yaimit. In our spproach the

ater subband is filled

rrowr band

this band is




situatio-n encountered in TmSe. Then, the paranagnetic Curi

rure changes only a little with change el né .

In conclusions, the Dreuented attractive features of our mean-fleldJ
version of the s-T model represented by (j4—1) follow from the hybri-.

dised Hamiltonian for Usf sufficiently large. It gilves rise 4o the
nopping between neighbouring f orbitals with the hopping (Bloch)

integral

N L L mET

. = . == :

136 T T &2 c - 6?_ 0 (n,k,6>. e
A

wt1911j nonzero only Tor carriers near the Femmi surface.
or (1u (};p )) the hODplﬂg petween the f states can be

5 perty L%auloq of the atomic part of (j4 1} and thus caxn he
7 the Hsisenberg Hamiltonian of the double exchange.
= in {1} has therefors a ferromagnetic part in-

ration L through the faclor tlg% e {1~nf}

it wowrld be interesting 4o construet a more Trealistic
veglectron neture of £ electrons. The local-
ig then comnosed of two partss One of them

experimentally
mile, The situztlion
it iz a2 model of
etrons, and with inclusion of
hand. In gach

differenoe with the megnatise of 34 metals is dus o

of £ apins and add.uionallyy now U.»% . The Honds

when n, = 1 o o
et T 8y
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15. An Overview of the Approach

The diseovery of insulating properties of transition-meital oxides
with odd number of 33 electrons posed a chalenge to the band theory
for 2 long time. Two alternative explanations of the fact have been
proposed by lott and Slater respectively.

The first of them stresses the role of electron-electren interact-
iens. Tt is these interactions which_pféven‘h a formation of a stable
metallic ground state 1f the band erergy gi‘éin due to delecalization of
-ele_ctron-is émaller than the less in the Coulomb energy. Quarntitatively,
Hott argues that hydrogen-like bound states at each site c_amiot be formed
if the screening is such that the Bohr radius of this state exceeds the
lattice consuvant, ' - o

"In the Slater’s model the :l.nsulatn_ng ground state is created through
2 split-band superstructure induced by an antiferromagnetic ordering or,
more generally, a2 spin-density wave. The Britlouin zone is halved into
two parts separated by a gap vaich disappears at the Neél temperature T}’:
z,xpermental}.y , it is observed that temperature of insulator-metal
'_ traagition TMI is either much higher-or coincides with Ty (for review
zet Hott 1974 [72:]) Observations of the electronieally driven transi-
tions in systenms which do not order magnetlcally speak in favour of ‘the
viott mecharism, :

The Mottt concepts were subsequently developped on a model with short-
: W"arlge Coulomb interactions. Such a model has been introduced by indersen
(1 05")[“4] ¢ explain the exchange :Ln‘{:eractz.ons and magnetic ordering of
insulating 3d compounds(now called +he Mott insulatorslk The ideas of An-
dersori were rei‘omula‘ted in a nar*'ow pand context by Eubbard (‘! 96%, 1964)
[15,79] who concentrated on a formulation of the approach o nommetal-
‘metal transition. This model eontams one additional parameter, the
magnitude of intraatomic CGoulomb interactions U between itwo electrons
positioned on the same atomic ’:-Iannier) orbital, Thersefore, it has no
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obvious coxnection with the original Hoti approach to the problem,
aradexically snough, the Andergon approach gives correctly magnetic

interactions(balled kinetic exchange) but is unable to give the insu-

lator-metal transition if +thé bave bandwidth VLU 3 conversely, the

Hubbard approach gives a continuous transitian Ho the wet

with inerezsing W/U , but does not give =

Gehrohta and Viewanathan 1973 {131 , Tucastells ot al.
esstelle 1977 [1337 )
The lack of a reliable solution of the Pubbard and related models
thallenges undertoken extensive aefforts for more then a decade. The situ~
t

W

ionn in the metallic limit UL W is quite clear since the Hartree-

*\l

ock and its diagrepmatical generelization {Penn 1666 [687] , Langer et
al. 1969 [63] , Kanamori 1963 [747] Cavon and Remeny 1971 [707] =
applicable and give reliable results. However, the sitwation in th
strong correlation limit U2 V is more curbersome. Thers are, nonethe-
less, well founded results in this 1limit as well (Ke amori 19673 5743 .
Magaoka 1966 {73 , Brinkman znd Riece 1970 {s37] . 217,
fuyer 1978 [89] , Chac et al 1977 {_‘g;j) . We have listed them at the end
of Ject.4, There have also atﬁemp%gwga Eridge those twe limite (Economu
#% 21 1980 [1347] ; sce aiso reviews by Adler 1968 [435] and Khomskii
1870 {1363 } but the results does not ssem to be conclusive ag yetb,

The Green fLDQulDH and the Guriswiller variational $echnd

=

o

s
ie}
-3
s

!

3

-3 best ones for interpclating between weakly and strongly coo

regimes tut the errer involved in a decoupling procedure is Aiff

Yo estimate unless the whole procedurs is selfcomsistent like that
regented in 3ect.S.

The purpeee of Part II of this work was fo analyse in detail the

5
t UZPY . In particular, we formulate the theory in such a way thed

Tor a particular case of the Mott insvlator aur recults reducs to those
derived by Anderson [[247] . This

zorporates the results wblch nzve been known belore,for the Yott insula-

in-

[

tarsﬁinto The approach to strong
see ¢learly the role of the kinet

an anti-
ferromagnetic metallic phase.
Generally, the following eircumstances force us to coneluds that

only strongly correiated elesctreons zre describsd properly by the models
of the iype considered in Pawrt II1. It is simply Wecauss the tzgh;«binQn
ing zpproximation is based on the assumption that ihe oveflap of neign-
bouring atomle wave~functions iz small amgd thus se part of

¥ vtion, Hence,

the Coulomb interaciions can be neglecied in this resrssenta
it seems purely academic to consider the metallic 1



the tight-binding scheme.

that inm & narrow & {ef. Sect.B) we have Shsp
inding Hamiltonian (L,u. with 211 n.n. intsractio:

a doubly desgenerate band (cf Sect a.":’} we have 4aken

ey
Various magnetic phases for temperature '
furetion of band fiiling n . Though cur

e well justified in the strong correletion -
&
0 of ouzr results to the whole

r JEPRp [~

-
o, Sects. 3.5 and 7.4), although appealing tc a physiesl

the nature of virtusl hopping, csens to be gualitative,
It should te alss underlined that the term "partially filled band®
lren

the existence of the partially filled band is such, that to assure chargs

should net he 1

too literally. The physicallsiftuation underlying

nentrality of the whole systen some of ithe electrons have been taken oud
from the narrow,baﬂd and placed in a band overlapping with it but

completely passive mapgnetically, The other way is %o alloy twe elements
having manber ¢f 4 or £ zlectrons differing by one, The latter situ-

ation is the eazes for Pe Co 5 and
; Tex by

0 Wl 3 which were discus-
ez 2
In Paxrt II1I we have turmsd our atiention to the two simplest many-
nend situations: a system composad from degenerate equivalent orbitals,
and a sysitem composed of localised (atomic) electrons mixed with a wid

B

hoge two situations are the extremal ones. Mogst of practical

U
8
5
j=n
3

ses lie somewhers in between. However, it is a purpose of material
science rather than of condensed matter physics to anzlyse systematic-
ally different materials by superposing distinet physical mechanisms
to get the correct numbers. YWe have shown how a proper form

of s-d (S—f) model can bhe brought inte existence in gach of
the extremsl situations and Then, in Part 1V, analyced the effective
Hamiltonian, '

Our avproach bases oan the concept of the effective Hamiltonian,
derivéd,from a bare many-body . Hamiltonian. Appart from a derivation
preaented in Ject., ¢, the effective Hamiltonian is obtained.in sach-
case (Sects. 5,7 and 10)'via canonical transformstion. Theréfore, i%
contains phyeically equivalsnt iriformation to the bare ons, Bui, in
subseouent calculaticns the azproximations are

to use the sffective Hami
insight into the nature of

2obtion determining a




Hamiltonisn ireated within anwrox1mate (3”5) theory. In our case, the

trenstormed E Hamiltonian allows for introduction of the concept of ﬁoleu
fipld in the context of strongly correlated itinerant. maqne+lsn,

{.e, in the case when the Stoner-wohlfsrth or Harirse-Fock approxima-

i
tions are not corrvect.

let as reczpitulate this Seetion with historical remarks. The. theory
of itinerant magnetism went through three main vhagseg, The first one is
aly the Tactors
b

A

i
characterized by the naners discusging purely guantitati

¥
which determine magnstic properties of metals. The concept of wolecular
fisld acting on bvand electrons (eo called Stoner-Yohlfarth thewry; see

Wohnlfarth 1877, 1980 E6,§3) wag the only guantitative theory of
Dér*bd' The roles of the Hunds Tule (ula+er 1955 ETS%}) and o
tions through the principle of minimum polaxrity { Van Vleck 1853
have been discussed. Approximately st the same time Zener (19 5{)£3

1

vrought into consideration the s-d model In which itimerant an

ad
ized electrons coexist and interact through the intrastomic exchange
-J E?- E; . This model has been elaborated in detaill by Ruderman an
Eittel 1954 (1207, Kesuya 1956 [1217 , and Yozida 1957 [122] and sut-
sequently applied to explain both magnetic and tramsport proverties o
“34 and 4f metals. ' : .
The liack of a success of Landau theory of fthe Fermi liguids. (Landen
1656 E124]) as well as of the theory of imteracting electron gas { see
Bruackner 1957 Eiﬁoj) in describing collective magnetlsm in metals ha

(4]

ja

.duced s series of parametrized models starting from these of Anderscn
(196»){24] and Habbard {1965} 15] . Tntevest in field-theorefical models
was exchanced further by spectacular achievements of the s-d model in
axplaining properties of heavy rare;earth heﬁals'and of negnetic =semi-
sonductors, particularly if proper crystal field levels were faken into
account {for reviews ses: Elliott 1972 {1407 , Methfessel and Mattis
1968 [1413j . Let us vemark that the last success was mainly due to the

canonieal traneformation of the s-d Familtonian intoe BXEY exchange Faw
miltonian which is eguivalent o periurbation expansion ( the oparator
form)gov the w-¢ interaction, calvulated up to sescond erder. 36, the

secomnd phase of the. development may be oharacteflzan Ty 1'eld«+heorkulc—
al approsch te model systems wnlike transitlon metals. The Talue of mod-
els can be Illustrated also throvgh a  semigusntitative deseription of

nsulator-mei2t tranaition in coacrete syst
{1427, adler 1968 [1357], Ray end Xajsar 19

The often citéd review by Herring (i 96(;«)
border betwsen the firet two phases.

ams C \skenazy and Weger 1972

14""]) |

There were, however specific features

o i
els no% éxplainédd for = long time. In the a-d nodel the Zondo preblen




s S

for magﬂetlc 1mpur1t1es in 51mnle metals was dszicult to solve, The ke

ations between varlous models haVe been suggented (see €8, the Schrief_
fer-Wollf 1966 CgG] tranSformatlon of the Anderson. model into the s-d: h
10&67). hdd‘tlonallv, the existence of locallsed homents in 2 narrTow
s~pand (ﬁralulaLlofally invariant system with no 2 priori localised
moments')-Fas seer predicted {Cyrot 1972 697 , Evenson et 2l 1970 [145]
Eimball and-Schrieffer 1972 E*ABJ) and sven the indirect eXchange of
the REEY type has been derived (Ceru and Lyon—Caen 1974 E61j) The
last results_qw re Tisen hopes of understanding ezperlnentally dbserved
local moment behaviour of some itinerant sy°tems (ef. Sect. 1). _

The stage th e of the Theory can be characterized as the one in
which a full cuantitative solution of the models introduced in the stage
o ( nderson, Hubbard, Zenér—Vonsovskii models) is expected %to come
pul. The monoo and the Andeison model Tor a nagnetlc ;mpurlty have been
aolved with the help of the renormalization vroup approach (Ullson 1975
{1lfj Trighnamurthy et al 19380 ab L26, 27:}) while the Hubbard model
ig wnder intensive study at the moment [11-14, 16-187 . This is due to
“the fact that the first principle band ealewletions carried cut recently
without any adjustable parameters [1,10] give correctly ground state
sheractaristics but predict incorrectly.the value of the Curie tempera-
ture {cf. Sect.1). o '

In view of these rather long remarks, our work may be characterized
shortly as a contribution clarifying the role of various type of ex-~
change interactions (kinetic, g=d, double and indirect exchange) s Ho=
gether with a definition of local momentsafcrrvarious harrow band situ-
ations. Furthermore, we develop a novel technigue ¢f analysis of the .
g-qd mﬁucl, from with the temperaﬁure 1ndepenaent part of the btoner
gplitting comes out naturally.




ectrons,

the two, Below we

Theory of the

Hamiltonian,

N
e

(.Llﬁ.fi_‘l“"“ﬂ including

&

o

of

M

pehavisur and

2. Harrow bsnd electrons:

4% Theory of the

exchtnge
Diseussion of ap interniay hets
double exchangs,

& Qvall tative dlfcua51on of the phase 43 and of the Matt Lrans-

wssion of exverimental

band 4o 5-4 model (Sectsﬁ 9 and 10).

the narrow ba:




Hamiltonian of

Terivation of an universal degree of nixing fer the mired valen
systems and of static magnetic susceptibility in the o

region




1517.; Conclt)d?ng Remarks

The natural guestion arises: has the problem of Str0ﬁ51y

electrons been covered fully? The answer is, of couwrse, not,

have prﬂsented here isg rlgorous as for as the construction of the ef~

fective Hamiltonian i8 concerzed. However, the presented Eola+lons,.
while quantitatively cerrect, are far Fron being rigore

Such .a rigour is not even needed if the model
tested on concirete systems. Personally, we think that

needed for the dovbly degenerate band case in o
application o the doped Mott insulators (e.g.
line ig plenred in the near future,

Alge, a further study of tha_lndzrecL o\chamro Presented in Sect,i2

ig necessary to make our ideas more cuantitative, 4

ien of the Curie temperature as a fuonction of band Tilling and of the
magnitude of lecaliged spin EE is recuired Yo -draw a econclusion on
applicability of the results to 3d metals, _

Purthermors, & detailed analysis of the double exchange Hamiltonian
may provide recuired but not entirely known stricture of carviers quagi~
rarticle stztes in magnetic semjicontuctors (cL, Holting 1972 C12 )

FiﬁalWy, an extension of the medel of mixed-valsnce sys tens, Tres—
ented in Sect.i4, needs a fuil aﬂale:& of the stahility of vaiisus
magnetic solutions as well 28 & systematie stody of fitite teﬂpg atnre
effects, ' : '

We ‘have concéntrated our atuenslon uainlf ot the magnetic interacts
ions and quasiuartiéje states in systems wiih =
electrons alore 01 mixed with. ordinary cazrris s, 1t won ¢ be of;prime
impartancs to supplement them with calculstions of the static marmet

tic
. Susceptibility and of transport probertice such az Tesishivity or +he
Hall effect. This is because the mentioned onawn 2

characteristics measursd Tor sueh - sycteng, o

2 generalimation o finite Semperatures of ocur for



The conclusion we would-like to draw from our wbole a‘.pprcach 5

exchange interactions in a narrow band is that various types ot {h@m
'{klnetlc, indirect, double) can show themselves in ,‘i‘he_same sys‘gem
(j_.e. with the same parameters), with changing band filling. The'cfﬁ_
cial guantities are the position of the Fermi'level Eg , the magnitude
of Coulomb correlatione U , and of the intraatomic exchange 7 , =
rdditionally, basing on the theory of kinetic exchange cone can
draw a general rule about the mign of kinetic exchange for system with'_
d-fold degenerate magnetic (narrow) band. Namely, if the hand is less
than guarbter filled (the number of electrons per atom n é% oxr more
than % £ir led), then the ferromagnetic kinetie exchange dominates.
For fillings 2‘ < n L == d" and dH <n< 2 4 +the ferro- end snii-
ferrcmagne‘sm interacy mons compete, while for d"1 <n< d? the anti-~
ferromagnetiec kinetic exchange is the only presep‘t in the system.
However, we should not forget that the residusl part of hopping which
is also presen‘t in the effective Hamiltonian for a partially filled
band favours additionally ferromagnetic ordering. If the intraatomic
exchange constant exceeds bare bandwidth then the honpmg can be ex-
pressed through an equivalen‘b Ham:.ltonian of double exchange for fil-
- ling n>» d (or less than ——) The detailed analyms of this pelnu
- will be given elsowhere.
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Streszczenie

Wiasnoéci megnetyczne silnie skorelowanych elektrondw
w waskich passmach: '

Przyvezynek do teorii oddziaywal wymiennyclh, prze jgcis
niemetal-metal oraz wystgpowanie zlokalizowanych momen-
téw magnetycznyeh w ukZadach waskopasmowyeh; rozpatry-
wane z punktu widzenia modeli teoriopolowych silnie shko-
relowanyeh elekitrondw w metalach i péprzewodnikach.

Winiejsza rosprawa podzieleonaz jest na pied czescil. Oprdécz tego
zawiers 10 suplementdw w postaci odbitek prac autors, gcidle zwisza-
nych 2z tematyka rozprawy, nie umawianych jednak azczegdlowo w je]
zasadniczym tekdcie,

Celem pracy Jest podanie metody systematyczhego cpisn skorslowa-
nych elsktronéw w ukZadach waskopasiowyeh, tzn. ukZaddw, w kicryeh
energia kbrelaoji kulombowskich jest pordwaywalns lub wigkssza od ener-
gii w pafémie. Dla takich ukiaddw stosowane czesto preybliZenis Hartres
Tocka 1lub podobnego typu nie moga byé stosowane. :

Cazy problem opisu standw elektronowyeh w silnie zkorelowanych
ukzadach mofe byé podzielony na dwle czedel. W pierwsze} konstruujemy
hamiltonian  efektywny, ktdry zawiéra'podstawcwe orocesy dynamicsne
wystqpujqce w tych ukXadach, w postaci jawnej. Oslaga to sie poprzes
transformac je kanonicznq wyjéciowego hamiltoniamu wielociadowego, za-
stepujsc procesy nao prawdcpodobne ponrzes cdp0wiadajacé im procesy
wirtuzlne w wyzszych rzgdaéh. Vi drugiej czescl natomiast disgonaiizi-~
jemy_qtfﬁymany wegzesnie] hamiltonian efektywny i wprowadazamy do opisa
stany quasiczagstkowe odpowiladajace silnie oddziatywujgeyn czastion
wyjdcilowym, Guasiczastki. sa czastkami niezalesnymi, ale posiadajacyml
zrenormalizowane charakterystyki takie jak masza efektywnz, sperckost
i ¥sgtaXt pasma oraz degeneracje spinowa standw pasmowych. Oprécz teze

o
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‘ratury magnetyzmu kolektywnego w tych ukZadach.
Howymi charakterystykami ilofciowymi specyficznyni dla silnie sko-
relowanych elekirondw w ktysztaach sg takie pojgcia jak: podpasma Hub-
varda fozyli pasmo rozszcrzepione pod wpZywein korelacji/, izolator HMotta
czyli izolator odpowiadajgcy uktadowl 2 do pofowy wypeinionym pacsmenm,
zéy zamiedbamy korelacje , czy pojecle kiuetyczﬁej wynilany - specyficz-
nej dla silnie skorelowanych elektrondw, Poza tym nalesy rezwasyé pro-
blem do jakiego stopnis zachowsne sg charakiterystykl atomowe w ukZadach

vammowych, gdyi determinujg one calg gamg zjiawisk specyficenych dla ma-
gnetyitdw T-e1se:r1't3ez:'g§a, tj. takich, ktdre pos1aaaj% dobrze okreflone mo-
nenty spinowe.l maXo sig rdégniace od sumy momentdw atomowych, ‘

¥ niniejsze] pracy rozpatrujemy po kolei wazystkie wyZe] wymienione
specylficzne. charakterystyki ilodciowe i to w jednolitym formalifmie.
tem celem niniejsee] rogprawy jest nie tylke otrzymanie konkreinych

rezultativ ilodelowyeh w rdinegn rodraiu eytusejezch modelowych, ale

. .

vréba scalenia réiénych sposobdy podejdcis, znajdujscych ewé i wyraz

Le
o

w wyborze hamiltonianu wyjdcioweszo.

a?o&c1 na posscaegdlne zagadnienis nroe awia sig naste-
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opisem gquasiczgstkowym, a ktory moze sie realizowad w Dwzynadk':ma/
koncentracji dzivr w izolatecrsze Motta. :

W pavagrafie 7 omawiamy szczegoZOWQ teorig cad21afyuap im wymlany k*_
netycegne) w prrzypadku proste] strukbury pasmowej. Pokarujemy, e wymisns,
kinetyczna dla pasma wypeinlonego w 1/4 moze prowadzié do e*roma\hetyz;”'
mu apinowego © antyferromagne tyesnys uporeadkovanien crbitalnym, podGZas'
gdy dla do pofowy wypeinionego pasma otrgymujeny antyferromagnetycins

wymiang Anderscna. Otrzvmene rezultaty posiuszyiy za podotawe anslicy

Jakosclowe] magnetyzmu zwiazkdw Fe, XCD}SZ CTAE 001_KHiX52,, kidre
mogs byé opisanse przez pojedyncze pasmo typu 3de_. DokFadnisjsza anallza
wymagad bzdeie uwzglednienia rievorzadiku podstawleniowego v tych ulZa-
gach dlz 0oxx<1 .

Y pzedei trzeciej rozpatrujsmy relacisy pomigézy modelem elekirondw
w waskich pasmach o modslem  §-d (s—f) zakFadajaeym obecnosd zlokallzo-
wanych momentdéw =pinowych w nk¥sdzie. Relacje tesge typu pokazujenmy naj-

pierw ne prayifedzie elektrondw ze zdegensrowanego wssklego Dasma zawle-

rajacege wigce] niz Jeden elektron na atom; a nasteonie dla periodycz-
nego modelu Andersona, DTEZY uweglednieniu tokse kulombowsiiego oddziazy-

{1

wania poniedzy dwoma typaml elektrondw: ‘s, oraz d . ¥ anVﬂauku elel—
trondw w zdegeneTowanym wes im padémie, nasz rezulist winien byl uwsgany
racze] jeko ilofciowe sformukowanle zagady minimum polarnofel Var Viecka
sraz recuky Munda, anifeli peina tepris mikroskopowa, Odpewiade on w 3D0-
s6b ocrywisty granicy mikroskepowel, v ktéred energlia pasmowa nrsynada-
jaca na czastke nie przekracze energii wymiany wewnafrzatomoweg. Jednal~
e mosna, DrEypuszcermald, i jest on uauszny w znacznie szerazym zekresie.
1y ezeiéci ogwerte] przedyskutowane wplyw istniejacych nomentds

kelizowanych na steny nofnikdéw w ukiadach ze sprzgteniem s-d.

asone sile przy tym do rozpairzenia dwdoh praypadios

sowekiego diz m talicznego nagnetyka oraz do modslu s-d diz ak?

prVyDadku orzedyskutovano charakter wleloc1~WOWV ntarow nog

oddzia*ywanie wymiany posrednie] w DTZYP adkn, gdy nosniki

io kolekiywnego magnetyszmu tego ukiadu. Provadzi to do.procesiw z ool-
g I

N

wrécenien spinu noénika, ktére mogs byé sinterprsitowane

od temperatury rozszczeplenie Stonera. Watomiast
otrzymane uniwersalne stosunki mieszania elekirondw

nami nodénikéw oraz zaleinofd temperaturcws gtatycs
tyczne] w obsZarze Darsmagnelyczaym.

Crebé pizta, podsumowujsca, zawiera ogding cheraiterystyke padejé-
cia wraz z pewnyml uwagami historyeceznymi na temat rozwoljn teoril
gkorelowanych elektrondw, krdétikie podsumowanie rezultztdy bej

a tokie uwagl koroowe, Ltiryeh celem jest wyszogegélnisnie ni iz 28
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nyeh problendw, $cifle zwilgzanyeh = Ls praca,

obecnie przedmicten naszyeh badad,

Dzleglicé guplementdw stanowizoyeh
W oCRZ0 v ezasoplsmach fieveznyeh, nis

7y
. Stenowig one ilustracis metod

ol w niniejazej rozprawie.

z nich Jest

praoc opvblikowanych

.
SECTeEOYOWD

podanyeh w ogdélniejsze] poata~
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