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FERROMAGNETIC INSTABILITIES IN DISORDERED SYSTEMS
IN THE LIMIT OF STRONG CORRELATIONS: APPLICATIO&S
TO TRANSITION METAL LIKE SYSTEMS AND ACTINIDES
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ABSTRACT

One derives the criterion for ferromagnetic instebili -
ties 1in hybridized digordered sysgemé, e.g. transition metal like
systems and actinides, within the Coherent Potential Approximation
(CPA), the electron—electron correlations.being described by Hu -
bbard's approximation.

In the case of actinides, one treats approximately the

motiecn of d electrons while the diageonal disorder within the i
band is fully tekewn into account. In the case of a traunsiticn me-

1ike system, excert for Hubbard's appreximation in dealiug

with d-d electron correlations, eur precedure is exact within the
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spirit of CPA.

I. INTRODUCTION

In a previous workllthe case of hybridized disordergd Sys
tems described by two overlapping conduction bands was discussed ,
treating electron-electron correlations within the Hartree-Fock ap ‘
proach. This calcmation1 was intended to describe transition and
actinide metals in the 1imit of large band widths and small corre-
lations, i.e. A/U >> 1.

In this paper, considering similar systems described by
the same model Hamiltonian as before] and dealing with correlations
within the Hubbard approximation? {(in order to emphasize tﬁe strong
correlation limit), we obtain the criterion for magnetic instabili
ties in these systems.

We recall that in our~sidp]é mod,e)1 we have supposed tﬁat
there exists aiagqna] disorder only within the o band {a = d in the
case of transitioh metal like systems, and a = f in tﬁe actinides).
Since the d band in the actinides "feels" the disorder only through
the mixing, we have approximated the d occupation number <n§?g>»by
the self-consistent alley occupation number <n£§)> alioy. We empha
size that we have not taken into account the broad s band in these
metais since it wqu!d on]y.rennrmaTi:e the d and f states through
s-d and s-{ mixing, respect%ve?yg.

e have divided this work in the %O?Toﬁing way: in Section
I1 we describe the moded and obtain the relevant propagators and
CPA equations. In the Secticn IIT we fTind the {irst order correc-
tions due to the external magnetic fields, and in the la2st che wo
analyze the criterion cf‘tha ferremegnetic instability in special

caney.,



IT. MODEL HAMILTONIAN AND CPA EQUATIONS

Consider a two band system of

by two hybridized o and 8 bands. We will suppose, as mentioned in

the ﬁzum.>xm

1-x described

s

the Introduction, that there ¢m.a¢mmozmd.aﬁmowameosdk within the

o vmia.

The Hamiltonian, in the Wannier representation, with

usual notation, is:
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where mﬂqaquv and 944Aaﬂqv stand for the creation (annihilation)

operaters of B and g mdmnﬁxo:m.nmmﬁmowm
lattice site. The energies mMQv and the

in the « band can take on values mmav .

vely with spin ¢ at the ith

Coulomb correlations uy{®)

1

mwnv and c%Qv“ cmav respec

tively depending on the kind of related atoms, while the hopping
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Following the equation of motion method”*>: we obtain

the following system of coupled equations for the prepagator QWWQAEV
- . ~Bu I .
and for G777 () (gencrated by hybridization):
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Similarly, one obtains, using the same approximations, the follo

wing system for the propagators mwwqﬁev and nwqusv
BB (B) mm Amv B8 , . : -
maquE +Mﬁ ig m&quSV + U AQQA?V +W <m -R VGNQQAEV
- oh{B)aBB -
ohy"’615 () (6-a)
and
aB oy _ _(a)s0B (a) ~aB . AQV
SQmQQA&V IR mmuqmev ¥ W T i% anqaev * cﬁ J Asv *
+ W Qmam -R vmwuaﬁev Agvowwoasv . (6-b)

the propagators generated by w:m Coulomb nowxmdmddo:m satisfying

the following approximate mocwn,o:m..
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removed from the s band, and there is no need.any longer to do

our previous approximation <n§fg> = <n£§)>

Substituting equations (5) into (2), we get the follo

wing system for the a-a propagator:

ijo Ljo

(0-5{80)6%%_(0)- n(“’{ﬁu*,zf(a) G 5o (0)+]Va (Ry =Ry )GLS, (0))

and

£Jo

(w+dhés))68a ()= n(B){ZT BB (w)+lv,, (R,
2

where we have defined:

To={a) _ _(a)_ _,(a)
CiG = g uho
'ﬁ_g‘i‘g = ]-<n1(i‘c)j>
ﬁfg) = }- <n$83 ~ ]-<!’l_0>: aHoy.ﬂ

Fourier transforming (9-b) we have:

51¢] Ret -0 '
Gk lg((d) = d - (B) G?}:g. (m)
) f;kﬁ

or trans sorm1ng back equation (10) to site representation:
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6%% (w)>, = !
ijo w) k Fo(w) _ Eﬁz)(w)

with . »
ANV ()]

Eég)(w) = €£G)+

_=(B)_(B) (B) (15)
w-n__ '€, "+ch,
Fc(w) being the "configuration averaged 1ocator"ﬁ
Or, cbming back toc the Wannier representation:
ik(Ri—Rj)
<6%? (w)> = 7§ £ ' (16)
1Jo k Fg(m) - eég)(w)
Setting i=j we obtain: |
<6%® (w)> = J 1 = HI | (w) (17)
Jjo Oy - (@) (o)
k F'(w) ekgl(w) \

According to Ref{i]the self-consistency condition reads:

]

aa o N oo 4 . - -7
CA<GQJ.O(@)>A+CB<G£J.6(UJ)>B = <G£j0(w)> , with CA~x and Cij X

(18-a)
where

FOluw)-FI (v
(w)-Fi(w) <6 (4>

1- [Fg(w)“F?(m)]<G??G(m)> ijo

<6%% (w)».=<G%

o g 00,y
pgo (87 y7<by o (0)>+<By 5 (w)>

{(18-H)
From equations (18) we can rewrite the self-consistency equation

as:
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where we have introduced the self-enerqy MQQVAEM through the

“configuration averaged locator":

Flw) = o - MMQVAEV | " (20)

In order to find the B8-8 propagator we, firstly, substi

tute equations (8) into (6), getting:

Ae+q:mmvvnquﬂev n() ﬁ.mu A Bg quﬁev+q< (Ry-R vmpgqﬁevp (21-a) -
and
(- Amvv 639 () = w(e) ] r{%g &QQACV+M< s (Ri=REET ()] (21-b)

Configuralion averaging and Tourier tran storming equations {(21) one

obtains:

AEsNvamva+qramvam.a AEVVrs:Amv ..n+< :Av m._,._QAevvam {(22-a]
and .
RGN |
It . gt " )
Voo (K)<635, (0)>) = s,awmv-Mq <688 (0)>, (22-1)
“k (o)

-~ R}, ¢4 o
B8 ) :M.,Avfaxmm\ v ..M 14 pv
AGJ.@.QAEV K tnm.n ‘:v m%v ,\Q.V «v./Q e 7 Amwv
§ - ! Ly L ’ . WU PR 1 .
?t ?...C K +QLO ,\_AE ﬁufn M vilﬁio.y._QOmm/v—

We should observe that in the cace of fransition metal®alioys,

equations of motion for the propagators amc {«
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kJO(’)

(w+0h(()8)){3§\;6(w) Z~T(B) 2 Voo (RiRy)E

and

(B) B8 = (B) BB
(wtohg )G130(m) 8 +Z Tig ZJc(w) +Z VB (R;-R )CQJU(“)
“One can easily verify that our previous eguations and
definitions still remain valid for this special case if we sim-

ply make n(B)
Having determined the propagators G a (w) and G?fﬁ(m),

we can evaluate the first order corrections due to the magnetic

fields in the occupation numbers-nga) and néa).

I1I. FIRST ORDER CORRECIONS IN THE MAGNETIC FIELDS

Next, we proceed as Ref. [8] , and coliect first order '

terms in héa)and hgs).,ﬁo, we introduce the following definitions:

§n$?3>'= <n§u)>p - qénga) or <ﬁ$?g>= <Ei>éa) + cénga)
2 (24)
L. /0 oy

“Meg Talloys n‘ﬂ)>p~wﬁn(8) or <ﬁ$§) = <ﬁ(5)>p+06n(5)>

where the sub-script (or super-script) p stands for paramagnetic

¥
phase. ' .
Substituting definition (15) into ecquation {(17) one has:
m~n(“)€§’>+uh(”
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Using definitions (24) we can expénd H?G)(m) to first order in

the magnetic fields as:

H?a)(w)=Hp(w)~o <‘ﬁ(6)>p hés),wén(s{] Hg])(w)-ﬂﬁZ(a) (2 (w). (26)

.
i

where we have defined:

() = ] (0P e ") (27-a)"
w) = - -
P k (w"z;()a 'E(a))(m-<ﬁ(8)>pc£‘?))-<n(8)>plva5(k)lz
2
(1)) - Vo ()1 ]
Hi ) gy - (27-b)
1o E [fm~z( )~€(—))(w-<ﬁ(b)> c(B))~<n(8)>p|v ROIHE
=(B), _(B),2
(w=<nt"7> g7 7)
SICR R o ? T 7z 27
k Lﬁmsf?a)waéa))(m«<ﬁf8f>paﬁs-)~<ﬁ(b)>p]vas(k)f'J

One should note (see below) that the full k-dependence
of the hybridizatibn is included only in the above well defined
functions. If one abproiimates the mixing to @ constant, then we

can use the Kishcre and Joshi approximation of homothetic bands
9

-

and revwrite these functions in terms of the density of states

Again, using (24) and {(9c) we get for Eg§>(m):

‘ {
ﬁga)*m<n§Q)>)*Uh$a) +cm6n(a)

Aal, "3 } i .
ch’(m} = ’ 3 1= Aor B
’ _“.‘{‘lﬂ ) . . (C‘i‘)
L vk gdng
i n

fnd keeping terns of first order only, we have:

() () ] oty
=)y ooty 1 e TR
€l () € () (F(& . ohc + (<310§\\;Péni (2¢
-I_'; VFX V " 'i ji*;, -~
y
tggfémﬁ being defined as:
Sy A G
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(o) (o),
(@) uy « i 2" 7p : .
“ip () SON e

Substituting expansions (26) and (28) in the self-consistency

condition (19) one has:

8,y = ‘(mue‘g‘a)) (@) (“’°€I(3a)) ()
L)y = - 25157:;~TA(m)5nA - :%g57;;~ Tplw) 6ng®’ +

R [jA(w) + TB(w)] h{e) ~»k(w)<ﬁ(8)>phgs) suk()on(P) (30)

where we have used the following definitions:
Ti(w) =
' (31-&)
SURTEURN ol 05 PRI ]
¢i-t () [e{8) ()= 17

<ﬁ§“)>p{1+(g§§)(w)-z?a))ng)(m)(g(“)(@)-zpa))-Hp(w)(egg’(m)+;€%kw)~zz§c}

Bp B

i,j =A, B ;3 J#1i

and
klw) =
(31-h)
o) ayosP yu(W) oy (a)
| l-aﬁ (w) Z(G)}}3 (“)(‘BD (“) ;(C))
o ) : nes ) } ' @ :
) 08 0 05T oty o) e e )
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Now, we broceed to determine the change in the B-occu-

pation number Gn(B) through the expression:

(B) - \’ff nBB . . Ly
én = 7w {£<6"'1jo(w)>k} - (33)
where.
BB = B8 p BB ;i . : a
<Gijolw)ry = <Gijlu)> +o< 8Gi7 (w)> i} (34)

and ,5; denotes]p:

o T BB i}
»'w[fésijc‘“)>g]

L | guriur Tes6B® (uiiets -<5688 (moic)s
= | dmf(&)LfSGijG(w+.e)>k <6Gijo(” lg)/ki]

—~
(]
o

L

f(w) being the Fermi distribution function.

Remembering equation-(23) and définitions (24) we get,
in the first order in the magnefic fields, the following expres-
sion for <5GEP (w)>k:

ijo

SLINE =
<5C1jc(d)>k

L f"(a) - 0P )2 { 3
“ L f oy 3 . /3‘
- - k (0! __ M}.2(<ﬁ‘b>>phé8‘-wéﬂ b})

{ 5 ”‘.‘{B)\, f.(;ri)‘(.w»«(&)_‘:h - ”:( ’ RV ; 4

‘_}M <Ti rp\..k ,)\U) 5;\, '{,t((é)) <Y ['\' L—J(i‘\}l !

5
(atBh e o)’ .
S - — 6],y (36)
A2, (8, Wy by o=l 21¢ “la)
(‘(15"\71\ >P[k )(Q"‘F;\ )» { }i - ‘!\Pl\,)’{(‘ }, J

Using equations {30), (33) and the definitions din the Appendix, one

t . &
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A | AB (o)
(Y _ _ 4 (a) _ _ & o
A R T, B
A B
(AS+A5) , A :
¢ 22 ple) 1 p(B) (37)
}+A3 ) 0 1+A3 . - _

In order to obtain explicit expressions for 6n£u) and dnéa) in
terms of the magnetic fields and Bn(e) we have to expand <G?§o(w>>i
(i=A or B). To do this we take 1=j and i=j in equation (18-b) and

rearrange the terms getting:

G
) (w) ' :

«6%%_(w)>, 9 (“) i=A or B (38)
JJ : =(E50 (W) - T ,y) HT Ly () :
(a) (o)

From the expressions
Ao s = &Ct, -
ija(w) ; <GJ m)>. + 0<68G, Jo(w)>i i=A or B
ahd

(o) _ éf [ oo |
cSn]. = <GijG(w)>i

and ‘using expansions (26), (28), (30) we obtain:

(), _ A, () B, (a) (o) ()
6”1’ }‘iénA Xiéng - :'V'"i'm'i + ri(gn
;e ALB _‘c_*t‘\ ‘ A
o {eprgeag) b | (39)

where the quantities Ag, Ty Ty L., Gy and n; &re defined in the
Appendix.

Substituting equation {37) in {39} one finally has:

snto) N FUIRRS I AR (o)
[N = - D R S ..<’;; b g - - '
; \i i i i ¥ T ?‘”[‘xqf 1% o.an
i ! o
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A, ,B ' .
T, (AL+035) I A
+J£i+§?+g? + ---1-«--2----—-2----‘t héu) Nt 11 th) (40)
1 + A3 1+A3J

Taking i=A and'B.in {40) one gets the following system:

(1+MAjén£“) s Ngenl®) = o B g () | (41-2)
Nasni®) s (Tamg)an{®) = oy n(B) 4 g nle) g (41-b)

where the functions M., Ni’ T, and Q. are defined in the Appendix.

Solving the system (41), we can get the "partial static

suscept1b1]1t1es" defined by

Gn(a) ' : Gn(a)
x§Pe - ; K e —3 i=h,B
“7'7‘ ; X hiai ’
They are:
‘ T (1+M, )-1. N
(e ot d (42-a)
(1+hA)(T+MB)~NANB
1, = AB 5 1 # ]
and
Q.+Q.M.-Q.N. ,
g1+EA)(T+RB)—NANB

i, = A,B 5 3 F ]

Froim the equaticns above, the condition for ferromagnetic instabi

}itv'rcads:

or



IV. APPLICATION TO SPECIFIC CASES
i) Reduction to one band model

If we switch-off the mixing |V B(k)! and the external
magnet1c field h(B) (which acts only on the B states) we obta1n
the case of a single a band with diagonal randomness submitted to -
an external magnetic field hga).

In this case, the propagator a-a'(see equa%ion 14) re-
mainé the same except“for the term ?g?g(m) which becomes simp]y.
T(a)’ the locator Fq(w) being unaltered. Since we are considering
only the o band the equation of motion (23) for the propagator
B-B turns out to be use]oss

In this limit, thw seif—cens%stency condition remains

the same except for the function H?G)(w) which reduces to:

. ] ' . : ) - .
Hlay () = 1. o C B A o8 (ay M7 (@)

The functions Hp(w) and ng)(w) become formally identical to the

Hartree-Feck ones], namely:

1

H (o) =VZ
p k w-g?a}meéa)
and
? ! ’
Hg )(w) =3 op {aj &
) k (w“g(a)“ﬁk J

In this case, we can write the first order change in the self-ener

Gy as:
fome (&)} o)y
. o ey b () (s h (e}
(:53 S g s i e Ao ooty o s oae s Ny l ((
U((}:) {:',{ ({,19;]:“ },fs,{ z>§nA - \}‘)x~ TP(QI)‘)“E 4 l r;\ ()X‘f‘(i (MA}h §3
3,5.\ - p ”B /p
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where the functions Ti(m) are the same as in equqtion (31-a) with
the redefined H (w) and H(Z)(w). Similarly eq. (37), as the above
ment1oned eq. (23))becomes unnecessary

Finally, the change in the occupation numbers Gn(a) (cf.

eq. 40) turn out to be:

Gn(a) = - 3 Aqén(a) - a.sn(a) + (g +T +* ) h(a) - (44)
i jeh,p v 3 i~ :

And the condition for magnetic instability is again:

= (MM )+ (NN =M M) (45)
‘with
Moo= oo AL (46-a)
and .
(Y G#3 (46-b)

We note that this condition is formally identical to the result
obtained by Hasegawa and Kanambri8,baftheugh the functions invol-

ved are different due to the assumption of strong correlations.

ii) Transition Metal Like Systems

In the transition metal a11oy; we negfect the Coulomb cor
relations (U(B)zu(s)xO), but maintain the mﬁxiné (lvagz:ivtdi¢0).
In this situation, as discussed in Section I, the previous equa-
tions of motion remain valid provided one replaces ﬁig) by 1. Con

saquently the functlion Ho y(w) reads:

(o




where we émphasize that the B energies eés) have no “Hubbarq band
narrowing“. The lack of Hubbard band narrowing makes the ferm in
sn(B) 1o disappear in the expansions. of H?ﬁ)(a) and 6Z(a). Hence,
if we make <ﬁ(8)7;1 and’switch-off the terms wdn(ﬁ’ in the equa-
tions (26) and (30), we obtain the expressions for H?a)(w) and

) GZ(a) adequate fqr transition metal like.systems.

Since these expansions are used in equation (38) to cal

% (w)>;, the term invol-
jo i

culate the first order corrections <6G?
ving Sn(s) will also be absent, which implies its absence also in
the change in occupation numbers Gnga).‘Consquentiy, cne gets an
equation similar to (44) but with the extra contribution arising
from thé hgs) term, namely: ni.hgg) |
Then, due to hybridization, the partial susceptibi?ities
X?S do exist, but the condition for ferromagnetic instability is
still given by (45) with the definitions (46). However it should
be emphasized that the ﬁunctions o, and A; (i,ij=A,B) differ from
those in the one band case by corrections associated to the mi-

" xing IVSdIZ.

iii) Actinide Alloys

In the actinide alloys the ¢ and g8 bands are the ¥ and
d bands respectively. We have assumed that randomness exjsts on-
ly in the f band, the d band acting as a source of hybridization.
In this case, the presence of the Coulomb correlation in the d
band (Gd#O} influences explicitly the criterion for ferromagnetic
instabilities. Recalling the definitions of the funections which

appear in this criterion, one can rewrite M., and Ni &%
§ .

G oo
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. l".1’\.i : ) .

M, = (a.+r0) + =% z(a.enlyren, = u{t)isn, (47-a)

i i 140 i 7 i i i

3
and 3
i ,
. T.A : .

N, = AL + _d 4 = AL +6Ni = Ngﬁ)+6Ni : (47-b)

! T+A3 J

i, =AB 3 147

‘He should note that the functions 6Mi and 5Ni are pro-
portional te the fourth order in mixing since r'; and AZ contain
explicitly the term [Vdflz. We also want to emphasiie that the
guantities 6M, and ani involve the function Ti;f(Hgl)(w)), which
is completely absent in the transition metal alloys, being a cha
racteristig of strong corfe1ation$ in the d band. On the cont?ary,
the functicns Mgt) and Ngt) do exist in the cases i) and i),

We assume throughout our calculation that the d band
does not sustain magnetism independently of the ¥ band, which means
that ]+A3 # 0 . But if the d band is:neér the condition of mag- '
netic instability, the denominator of GMi and 6Ni assume smail va-
~lues, -thus making the corrections proportional to }Vdf}4'to be-
come relevant.

Substituting {(47-a) and (47-b) in the general condition

for ferromagnetic instability {43), one cbtains:

-(a{ Dty o (B (). it Ty - (e vamy)
(a8)

( () (t 8
() 4 sugnf - (ot {E) e (Bl o1V ge ()%

Hence, we can see from (48) that the two first terms in-~
ciuding only hybridization effects behave Yikd a transition-mots

wiad

in preserce of wmixing., The last two terms contain the intrinsse



feature of the actinide alloys, namely: the existence of corre-

lated d bands which hybridize with the f pand. A simi]ar-eXpre§

sion was obtained in the limit of the Hartree-Fock approachl.
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APPENDIX

i) Definition of the Functions xg b3, Tys £55 0y and ng (1,3=R,8)

These functions are'defined as follows:

gL Jle -edehy 1oy ) - o (w))zﬂ A1)
DRENEE fsf‘;"(w Py o] ] |
3.z @B e) - ogen? ] (A-2)
L \11 (52 )(w) - zp Hp(w))]2
: | o )
e ) el P ) - o en®] -aDw] | aes)
i w -7 -
[j (E\G)(m) Z(a)) H (wi} J
5 \
g ,; (H, ()% - (Aedy
s >o [1-(el® () -1 2 w) ]2 |
i prel - |
( A
w. = % . (Wegu))(HP(“’))z 1 (A-5)
i Tw - - VTS
A O A LRI
(
L j ““ﬁ(ﬁ)>P{h§€)(w) - ) I (2) (0)- (hp(u)\zﬂjl (7-6)
YT w : ; ) B/ A-6)
i [}~(c§;> (1) nzfa))Hp(m J . } ‘



ii) Definition of the Functions

Ay = -<r(B)s g; JZ

' 2

A= - (m(B)s y2 5 {g [}w“<ﬁ<8)>p€£s)i:i?i;;;-zg;§?3<ﬁ<s> V()| J

| | (A-8)

¢ om0 e 0y (e [T 17, )5 T B(k)tZ]?J

(A-9)

and

|
e ifi(i) gy Mgt <w-e§“1)T3(w> i
R L T e T g K T

(A-10)

iti) Definition of the functéons Mi’ |

(mngéa);x?a

-24-

Ay (1=1 a

(<n(8)

45, 1=A,B)

21V (61 2K (w)

(A-7)

(m-<ﬁ(87>ps§8’)<w-e§ ’-X? )-<m 8D v (k) 1777 [

p wlk[-

i

% D WM A

F A

4

T+A,
3

.i’

T
1

and Qi;

(‘i,ji‘—i‘\,ﬂg 1.

(A-11)

(A-12)

§
,
l
\
5
|



[N
(&3]

(A-13)

(A-14)
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