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INTRODUCTION

The effect of the s-d hybridization in the problem of the spin polarization
has been the subject of a recent calculation. ! In that paper, the response
of an s-d conduction band was calculated within the Hartree-Fock approximation
for the d-d electron correlations, thus extending the previous work of Giovaninni
et al. 2 The main result of this type of response problem is the possibility
of defining effective exchange interactions, coupling the itinerant and

localized electrons. It was shown that even in the s-d coupled systems the
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total induced magnetization is still the sum of the s and d responses provided
effective exchanges and susceptibilities corrected for s-d mixing are used.
Quite similar results are expected for an external magnetic field of wave
vector q. It is the purpose of this paper to extend the previous calculation
to include (at least within a simple model) the degeneracy of the d-band. The
effects we want to see are firstly if the definition of effective exchange is
still possible , and what is the role of exchange interaction among itinerant
d-electrons. In pure hosts it is known that, when degeneracy is present, and
for two identical sub-bands, the effect of exchange is to replace the Coulomb

interaction in the Stoner factor by U + J.

The same effect persists in the present case, and also in the definition

of the effective s-exchange one has this extra enhancement.

The plan of this paper is as follows: Firstly we formulate the problem
and determine the equations of motion. Next the self consistency problem is
solved and the effective exchange couplings of the s-states to the local spin
is determined. Then the s-magnetization is evaluated, and the effective

coupling of the s-states is determined.

Finally the previous case of a single d-band is recovered as a simple
1imit and the simplified expressions valid for identical sub-bands are

derived,

IT. FORMULATION OF THE PROBLEM
a) Hamiltonian of the system

We intend to simulate the degeneracy of the d-band, and the consequent
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existence of exchange interactions using a two band approximation introduced

by Schneider et al 3. The Hamiltonian for the non-interacting host is:

(B) o+ ( )
3? Z T 10 JG+ Z T 10 JO Z T 810630 z V (R Ry )C10 Jc
ijo ijo ijo ijo

(o (8) (B)
+ VR R, 905 Ci 1+ DVER Ri-Ry)CT 85+ VEB Ry R )E s 1)
ijo :

We considered in (1) mixing matrix  elements which are in general different
for the two sub bands. The Coulomb interactions among d-electrons are

described through the hamiltonian:

om0 Do) ol v oy 2 ofPnfD sugy J 1o off) o 1ol ol
1
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The last term of (2) describes Coulomb repulsions and exchange among parallel
spin electrons and this is a clear feature of the degeneracy of the d-band.

Finally the coupling to the localized spin is given by:

- (d) z + 2(d) z
Himp = I 95y (Ris R) <SP0 oq og 4 ] I0g) (R oRy)<S™>08] 85 +
1,3,0 1,0
S Z
IR Ry < sBo ) cyp
1,30

(3)

the complete hamiltonian is then:

¥ =ty R+ (4)
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b) Determination of the equations of motion for the propagatonrs ey

Lj’
ge SS
G- d G,
i Vg

i) Complete determination of the G%?(w) propagator

Within the Hartree-Fock approximation one has:

w G??(w)= éL- + 7 T$i>Gz§(w)+{%u<n§?g>+UuB <n(8)>+(U B)<n(8)> Gaa(w) +
£
¢ DV RRIGT W) + T a{S) (R Ry IE (@) (5-2)

L L

o 6%w) = I 1) 63%w) + I VP (ry-R D) + ] v{B) (R,-R BEHOR

gl = Ggjlw ! 2
» LR Ry 5% 0 63%(0) (5-b)
and finally: '
0 68%w) = § 1) 6By + Qup (B> vy nf>bqu 0 o) n{®)> }Gsa(w) .
L
¢ DB R-RIET) + T OfGI(Ry, Ry 57> 0 G35(w) (5-¢)
L

The coupled system (5) completely determine the propagator G??(w).

ii) Determination of the propagator G??(w)
One just needs to replace in equations (5), where it appears a by R

and g by a.
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iii) Complete determination of the propagator Gi?(w}

Using again the Hartree-Fock approximation one gets:

0 83y + 1T 685w) + ) VI (R; Ry G5 (w)+] VEE) (Ry-R)EES (w) +,
L L
+ T IR, R S5 0 653 (1) (6-a)
')

o 65 (w)- Z T%) 625 (w) +'{?a<“$?3> * U <n{ElorU o0 )< $§).}G?§(“) '

+ I vid(r,-R D) + ] Jggg(R. R
% 2

S
<s% o sz(w) (6-b)

w G5 (w)= Z T1§)G§§(w)+ uB<n§ dor g nf®> b (U gm0 o)< n(a)%}GBS(w)
+ 7 VB (R, Ry (w) + z J(B) (Ri2Ry) <S> o 653 (w) (6-¢)
2

The coupled system (6) specifies the propagator G??(w). It should be noted
that equations (5) and (6) are a clear generalization for a degenerate two

d-band problem of the results obtained in |

III. SOLUTION OF THE PURE-HOST PROBLEM
In this sifuation one has translation symmetry, so one introduces renor-

malized energies:

E&f} = e&a) + U <n£g)> +U <n£§)> + (Ugg - <nés)> (7-a)

0B GB)
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ko' = eée) + UB <nS§)> + UaB <"f§)> + (UGB- JGB) <néa)> (7-b)

i) Solution for the propagator gzg(w)

Using equations (5)and dropping impurity terms:

(0E{®)) g2%(w) = 5= + VD (k) 652 (w) (8-a)
(- e{5a8%w) = VB k) 2%w) + v{8) (k) gf%(w) (8-b)
(0 - E8y gf%w) = VB (k) oS(w) (8~c)

In equation (8) we have used definitions (8) and the translation symmetry of
the host (the propagators are diagonal in k, k'). The coupled system (8) is

easily solved; introducing the definitions:

P NSUGIN
R (9-a)
Eko Ek (8)

kc

Iv(;}"(k)f
E)(w) = £{®) + : (9-b)
w- €£S,B)(m)

one gets for the gz%(w) propagator the result:

Go(®) = — ———— (10-a)

and the following intermediate propagators (useful for later calculations).
( )(k)

Geo () = m G (@) (10-b)
ko
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d 8
o . v v _ y
gkc(w) = gko(w) (10-c)
w-Eég) w-sﬁé’s)(w)

Equations (10) complete the determination of the gzﬁ propagator.

ii) Determination of the gss(w) propagator

From equations (6) and using (7) one has:

e = 70+ v i) + v sfow) (11-2)
@EL) %) = Vi (k) g3 (w) (11-b)
(wrE{E))gfe (w) = v{B (k) ¢S5 () (11-c)

Now introducing the definition:
2
VP 1 v
+ + (12)
_g(@) _g(B)
w Eko W Eko

2
!

one finally gets for the gzg(w) propagator:

s 1 1 ’
gw) = L —— (13-2)
g 271' s)(w)

w-elS
and for the intermediate propagator:

v{ (k) v{B) (k)

S ss Bs S

Giea () (13-b)

as
9 lw) =
ko g (@)

_p(B)
ko w Ekc
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AND GBB

IV. FIRST ORDER SOLUTION FOR THE GX* Kk

Kk * . PROPAGATORS (PARAMAGNETIC

PHASE )

From equations (5) one gets the following first order results:

(w-£{) ) () = V(@ (k) 632 (w) + Jég;(k,k')<sz> o g%%(u) +

+

u, & 2™y op IS (Uog =9 B)Aniééi} 0
(14~a)

(w-e{$)yas 4 ) ()

]

Pk 6w + v el ) k) sBogie
(18-b)

Vi) (k) 632 () + J% g(k k')<s%> o gt (u)

{:UB Ankkgs) + U a8 A nkkga)+(u o8 0LB)An o(a {} gE?(w)
(14-c)

(w-g(B)yefo(2 )(w)

1]

In deriving (14) we have used the fact that host metal propagators are diagonal

in k-representation and also the definitions:

Now combining equations (14-b), (14-c) and using the definition (9-a) one

gets:

a) 2 (@)
v k v k
w-sﬁs’s)(w)- ‘Eé ’B)(w)

V(a>(k) (B)(k)
d - -
+ {: Eeg(k k')<S%0 + Ug Ankigé)+UuBA nkiga) +

-eﬁs’s)(w) w—EéB)
+ (U gmd g)and LS ;} gt (w) (15)
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Next step is to substitute equation (15) into equation (14-a); this procedure
explicitates Gzﬁ.(w) in termms of zero order propagators and the fluctuation
numbers: Using the expression (10) for zero-order propagators one gets the

final resu]f:

o
] 1
Gaaéla(w) B o— e 5 g(k+q k) <% 0 ————— +
2n E(u)(w) w-E( )(w)
p ] o(a) o(8) w(®) !
;; o, U, Anq + UaB Anq + (UaB aB) n o
1 1 1 ]
¥ -——:—-——-———V(a)(k+q)———-—————d(s)(k+q k)<sZ0 A () P—
" w-E(9) (w) w-el3ef) (w) w-e(+8) (u) w-E{*) ()
1 1 ]
— (o) (B) _ Jg(d) <
o w-g(anw)vds oy s gy Pk <o
k+q ®k+q (w) w Ek+q
+ U an"9(B)yy An'c(“)+(U -J )And(“{}-——l———N(B)(k) . V(ﬁ)(k) 1
S B P T T

The physical interpretation of equation (16) is quite clear; the first term
describes a renormalized o electron which scatters from k to k+q due to the
impurity exchange potential. The second term is quite similar except that the
source of scattering are the fluctuations in occupatidn numbers, the coupling
constants being the Coulomb and exchange intéractions. The third and fourth

terms describe the role of mixing; the third term corresponds to a process




288

where an o electron is admixed into the renormalized s-band then scattered
through the exchange interaction associated to the impurity. Finally the
fourth term describes how the g band couples to the o band through mixing; an
o electron is admixed into the s-band and then into the B band being then

scattered by Je(d) and by the fluctuations associated to the g band.

Equation (16) formally solves the problem of determining the Ggfélg (w)
propagator; it remains only the self-consistent determination of the occupa-
tion number fluctuations. The Gsféla(m) propagator can be easily derived

from (16) just by replacing a by 8 and B by o where they appear.

V. SELF-CONSISTENCY PROBLEM IN THE ABSENCE OF MIXING

In this paragraph we consider the simpler case where mixing vanishes 1in
order to clearly separate the effects of the degeneracy of the d-band, These
results can then be compared to Giovaninni's work 2. In the absence of

mixing, equation (16) reduces to:

1 1
Guu(l)(w) = — j;(d)(k+q,k)<sz>o + U An;G(B)+U mOB) 4

k+q,k o () L (o) af™ q
wbpy
q 1
" (uae-JaB)Ang“) = (17-a)
ol
and quite similarly: w-Ey
1 "
GBB(I)(w)= — J(d)(k+q,k)<SZ>o+U an%Blay anzole)
k+q,k o w-E(B) (B) B q aB™ q
k+q
1
s (UaB-JaB)Ang(m' (17-b)
J @
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Now remembering the definition:

U " -
g - [k+q k“ . A od

and defining the susceptibilities (in the absenéé'o% mixing):

1 1
O ) = 2, 1
\ ) e ]
| fe)) - fEM)

and

one obtains from equations (17):
. iy

éno(a) E § )(k+q k)<s?>o xgag(k,Q) + {P Anq (a)+Ua6An;°(B) +

¢ g i
and -

‘v

An:(6)= ngg;(k+q,k)<sz>c X(B)(k,q)+~ILéAh;°(B)’+ Uog Anac(“) +

(p)
8
*‘ o aB)A"O(a% gpg(‘”

This is a coupled linear system determ1n1ng the occupat1on numbers ; by

(18-a)

(18-b)

(18-c)

(19-a)

(19-b)

inspection one verifies that the solutions must be proportional too so in

general:
o(A) _ _ an~O(A). -
Anq Anq s A= a,B

(19-¢)
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So introducing the definitions:

x*(a) = § 9f (ke ) x{ed(k.a) (19-d)
K

and

By _ d) (8)
(Q) = I J},{(k+a,k)x "/ (k,q)
AR (3 oas

equations (19) become:
ofa) _ 2 o - o(a) o(B8) ga)
Anq <$%>c x"(q) {Pa Anq + JuB A nq X p)(Q)
0(B) _ cZo. By a(B) o(a)l ,(B)
ang <$%>g xF(q) {PB angtP 4 30 A ng x(p)(Q) (20)
The solution of (20) is easily obtained to give:

(1405 x{B @) x® @) - 3, x{S@ xPa)

(140, x{23 (@) (1405 x{B(@))-325 x{3 () x{8 (@)

(21)

Ang(“) =<$% o

and a quite similar expression for Ang(s) (it should be noted that denominators
are identical). A very interesting expression can be obtained from (21) in

the case of identical susceptibilities and interactions. If we assume:

d

x{p)0c.) = xfBl ) = x{S) tk.a)

Ua = U = U and Ja = J

B 8

Jﬁgg(k+q,k) . Jfg;(k+q,k) = 0@ ikag k) (22)

one gets:

x%(a) = %(a) = 5 9D k) xfp (k.)
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s0: J(d)(k+q,k) ngg(k'Q)
méa) - méﬁ) = 2 <§% Ly (23)
1+(U+J)x§g§(k,q)

Expression (23) is a clear generalization of Giovaninni's result 2 for k,k'

dependent exchange interactions and doubly degenerate d-band. Comparing to

ref. 1 one sees that the effect of the degeneracy is as expected to modify
™

Stoner's, replacing in ref. 1 U by U+d.

VI. GENERAL SELF-CONSISTENCY PROBLEM FOR THE o AND B MAGNETIZATIONS

Now we return to equation (16) and define the following susceptibili-

ties:
1 1

K0y (k)= 7 F s — - s x{B)@) = 5 x{B ) (2a-2)

w-Eﬁi&(w) w—E&x)(w)

(A8) K.q)= 1 e 1 1 1 1
X(1) (k.q) Zn Cw w-Eﬁig(w) w-elias)(w) w-ezs’cjkw) w-Eéx)(w)
(@) = T xPM kg (2a-b)
Xgﬁi)(st)= éL-F 1 1 1 1 1 1 ;
™ W - ~

w-Eéi&(m) w-eéi&é)(w) w-Eﬁf& w-E&d) w-eﬁs’a)(w) w-EﬁA)(wl,

xgig)(Q) =1 xgiga)(k,q) (24-c)
k

In expression (24-b), (24-c) one has:

A =a,B; A#£S
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Explicit expressions for the susceptibilities, ready for numerica] calcula-
tion are given in Appendix I. It is shown in this Appendix that x( )(k,q)
= X2y (:0) = X()(K:0)-

Using (18-a) and the definitions (24) one has:

A"Z(a)“<sz> °Z{ ;(kﬂl k)xfgg(k,q)ﬁ J(S)(k*‘Qak)Vég)(k+q)V(°°)(k)x?8)(k,q)
k k
*I Jﬁ‘é%kﬂ*ﬂéﬁ’(kwﬂéz"<k>V§§>ck+q>v§§><k>x<o><k,q)}
k

+.{§a An;O(a) * UaB An;O(B) ¥ (UaB_ JaB) An:(ef}.xggg(q)

+‘{}B An;O(B) +Usa Anao(a) + (UaB—JaB) An:(si}-xm1x(q) (25-a)
where we have defined:
X8 (@) = T vE) (era) v (k) v B) (era) v E) (kax g (k) (25-b)
k

Introduce now the generalization of (19-d):

x(a) = 53{8) tksa (2] tkan+ 90 (keq k) v ) Vi (i (k0 +
K k

+1a 3{8) tkeank) ¥ (ea) ¥ (k) ¥ sV gy (kaa)  (26)

Equation (25) together with a similar one for Ang(B) solve completely the
self-consistency problem; again equation (19-c) holds and one gets the

following coupled system:
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f g(q)+lﬁxm1x q;}Ang(B) (27-a)

and similarly:

ang(B) = 5% o x83(q) - {Ue X&) + 9 Xﬁ?x(q)} a rgl®)

-{Jasxggg(q) + U xﬁg‘x(q)}A ng(“) (27-b)

The coupled system (27) can now be easily solved; introduce the following

effective Coulomb and exchange interactions:

2 (9)
J
ko = o 1+ 2o 5
L xg‘;‘}(q)

r ~

J Xﬁ?x(Q) L

Ye x§§§<q) J

(28)

4
(a) X,mx(Q) w
JaB (q) = JaB 1+ =
L aB X(O)(q
-

B
u, Xmix(9)

( )(q) 1+
Y x{B)(a)

Using definitions (28), the solution of the coupled system (27) reads:
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f g(q)+lﬁxm1x q;}Ang(B) (27-a)

and similarly:

ang(B) = 5% o x83(q) - {Ue X&) + 9 Xﬁ?x(q)} a rgl®)

-{Jasxggg(q) + U xﬁg‘x(q)}A ng(“) (27-b)

The coupled system (27) can now be easily solved; introduce the following

effective Coulomb and exchange interactions:

2 (9)
J
ko = o 1+ 2o 5
L xg‘;‘}(q)

r ~

J Xﬁ?x(Q) L

Ye x§§§<q) J

(28)

4
(a) X,mx(Q) w
JaB (q) = JaB 1+ =
L aB X(O)(q
-

B
u, Xmix(9)

( )(q) 1+
Y x{B)(a)

Using definitions (28), the solution of the coupled system (27) reads:




(1+0{8(a) x{B (@) x*¥(@)-3{) (@) x{3] (@) x*()

B
(+0{hax{E @) 0 (BN -3 @8 @x{g] @y @)
(29)
The result (29) solves completely for the localized spin induced magnetization
in the o band. We want to emphasize that this result shows a great formal

similarity to the susceptibility of an actinide metal within the Hartree-Fock

approximation 4. This similarity just reflects the common feature of a coupled

4

two band problem. Now following the procedure used in we rewrite the

denominator of (29) in terms of an "effective exchange interaction".

Define:

1 ol @ = awlEh@xd® @) ) @) -
EROEACORTSIORIGIC (30-a)

From (30-a) it terms out for d{%)(q) the following result:

x{8 () 8 (a) 5% ()
J(a%(Q) =Uy+ Ug ) - (Jog = Uy Ug) ngg(Q) i (@) !
X(o)(q) X(o)(q)
Xm?x( ) + Xg?x(q)
‘i — (30-b)
X(o)(Q)

which is formally identical to the effective exchange obtained for actinide

metals in 4.
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VII. DETERMINATION OF THE EFFECTIVE d-EXCHANGE COUPLING TO THE LOCAL SPIN
Using equations (30) we rewrite (29) as:

1+0{8) () x(8)(q) 34 (q) x((q)
Ano(u)-<Sz>o<[. t©) x*8(q) - * ) xB%(q) ~(31)

q
{\ + 3l x{Yta) 1+3{2)a) x{(a)

\

Now using definition (26) one gets for the first term of (31):

4 % (k,q)

1+088ha)x{8) (a) i
effi*7X(0)'d B (q) = , {\(d)(k+q,k)+d(5)(k+q,k)v§§)(k+q)vég)(k) o)

(a) -
1+{ghax{)(a) x{3) (k)

oy (6] (1408Eka) (e {2 ke

5(d) (a) () (B) (B)
I(g) (K+ask) Vg (kva)Vog (k)Vgg” (k+q) Vgl (k)x(u)(k q)|  1+3{%q) x<a)(Q)
(o)'%> eff (0)

(32)
The second term of (31) becomes:
(9) (g (%) i
3587 (a) x4 (a) | H(ksa)
2O e L <908) tevank) + 90 (kg k) viE) (kea) v<3)<k»—£-l———~—
1+J(%; xg )(q) ngg k.q)

X(oy (65a)] 3 (@)x{3 (a)xE] (ka)

+Jgg;(k+q,k)v§§)(k+q)v§§)(k)vég‘)(km)vég)(k) = T
X(o)(k,Q) 1+J ff(Q)X(o)(Q) (53)

Now we assume that the impurity exchange satisfies:

d
ot

(ksa k) = afed (ksa k) = 3 (kaq k)

Introduce the definitions:
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_ X(o)(k,Q)
Jggg(k+q,k)=d(d)(k+q,k) 147 (keq) VB ) VB) (kea) VEE) (k) —
x{%)(k,q)
(o)
(34-a)
_ X(o)(st)
Jgg%(k+q,k)=d(d)(k+q,k) 14v8) (k) V8D (1) VD) (k) V() (k) (34 -b)
x$8) (k,a)
(0)
1l (8@ -
x*(q) =, Jgag(k+q,k) -
1l x{t)
K k)| (1Ulka) x{B)(@x{3) e
- 9080 (kea k) v (k) ¥ (k) (35-2)
x{8(k.a) RIS TCIACY
and
(a) (o)
Jug (q) X(o)(Q) 50 ~(d)
a) = T 433 (keak) +
1a{Eh@x{3 ()

bt () oy (@) rqy(B)
) @)@y S| e (Do) (o) () _
+ 97 (kg k) Vg (ka) Vg™ (k) (35-b)
ngg(k,Q) 1+Jé%%(q)xég;(q)

Now in order to get a result easily comparable to that obtained without

degeneracy introduce the effective couplings:

N ) 308 (keq k) x(3)(ks)
3{8) (ksa )=3{ 3 (kva k) 41 + S—( PN

~(d
353 tera k) (o | e
= (d) ~(d 1 8) aqyy(B) X (ka)
J(B)(k+q,k)=d(8g(k+q,k) 1+ o Vﬁs (k+q)Veq’ (k) ) e >
(8) (K*3:K) X(o)t-a)
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Using these results and (31) one gets:

(B)
-~ (1+U f(Q) X
Ang(d)=<sz>0 Z-Jgégg(k+q,k) °f

(o)) x{ed k)
k L 1+Jé%%(q) xg

)

)

Finally introducing:

3(d)
J} o4 (k+g,k)
B
vggg(k,q) = ;;_2_______ (38-a)
3 (kea k)

one obtains the final result:

m{® = 2 %, 3§§§(k+q,k) x{3]k.a) (38-b)
where )
o (1+ué§%(q)xgsg( ))x(o)(k,q) me g( a)al kq)xﬁgg(q)xggg(k,q)
(9) 1540 =

1+ 3{%(q) ng;( ) (38-c)

Quite similar expressions hold for the effective B exchange coupling.

VIII. DETERMINATION OF THE s-MAGNETIZATION

i) Determination of the propagator

From equations (6) one gets:

(e {363 (M) (w) = v (k) 6es () (w) v B) ()68 (1) )13 () (k k') <5%0g53 ()

(39-a)
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N ) = v ) 631wy + a{S(kkt) 5B o g (w) +

+ {PaAnLEQB)+ UaBAn;E‘“)+(UaB-JaB)AnEé§?}'gE?(w) (39-b)

(w-£B) 688 (1) (0)=v (8 (k)6E3 () ) + 0l (k k1) 5B o gfi(w) +

(8)

+<{%B An;ﬁ§3)+ua8 An;i€“>+(uue-aaB)Ani£?{}gﬁ?(w) (39-c)

Substituting equations (39-c) and (39-b) in equation (39-a) one gets:

v o1" v ol

w-e'5)- - Gssgl)(w) =
k £ P Kk
(o) ()
Vg’ (k) Veq' (K)
= <%0 ) (1 k') g (w)+ ° Jggg(k,k')gﬁ?(w)+ - Jgg;(k,k')gﬁ?(w) +
w-E{®) w£(#)
K K

V(“)
sd (k)
+ (o) U anl®) + U anZ ) 4y ma e 86 GRS (o)
w—

k

(B)
VSd (k)
+ m Ug An;E.B) + Ug Aniiga) + (UQB-JQB)AnEé?) gﬁ?(w) (40)
w-E

k

Now using (12), (13-a) and (13-b) one finally obtains:
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] .
6530 )y L 308D (ke k) 5% 0 4

k+q,k
a, 2m w_;éig(w) w_gis)(w)
] ] (o) a(d) z -5 () ~o(B)
+ E;. e Veq’ (k+a) ( )(k+q,k)<S >c+UaAnq +Ua8 Anq +
w= k+q(w) m-Ek+q
(8) (o) ]
+ (U .-d_)anS(B }- W k) +
o8 a8’ (@ ds O
k

+ e V{8 (k4q) > {:(d)(k+q k)< >0+U6Anq°(u)+u qo(a) .

2r _~(s) - (8) 8
w sk+q(w) w Ek+q
] 1
U -0 yanS@b B (41)
B 8 d
N BT TS

In equation (41) the first term describes scattering of hybridized s-elec-
trons by the impurity spin. The second term show how an s-electron is
admixed into the o band and then scattered by the impurity and by the
fluctuations in occupation numbers last term describes the correspondent

process involving the B band.

ii) Self-consistent determination of the s—-magnetization

Introduce the following susceptibilities:

(s 1- 1 1
X(o)(st) = E— Fw (42-a)

w-Eéig(w) w-E£s>(w)
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X0 -] X3y (kaa)  (42-b)

5 ko . 1 1 ] 1
2 q) = — H
"e) ZE PO TR TR

k+q

X2 (@) = z Xio)(k:a)  (42-c)
Using the definitions and equation (41) one gets:
Ang(s)=<sz>cxs(Q) {p Ang(a A no(B{}

fog @ JBMgw} ) (15-2)

Where we have defined:
=199 {: (kv k) 32 (s v{Q) (e VIR (k)9 5] (kb Ty 0)

+ V() (keq) V&E)(k)dggg(km,k)xig)(k,q;}

(33-b)
$%a) = T v{S (kea) VP (k) x5y (sa)
k
SHa = 1 1 e P10 k) (830

k
An alternative form of (43-a) more useful for defining effective couplings

is:
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tn a5 13 (q) - {Ua %q) + 9,5 1P (q)}A"g(a)

-{Jﬁxss(qwamB f%Q}Aﬁ“’ (44)

iii) Determination of the effective coupling

Using the result (38-b) one gets for the magnetization:

(5)- 2<SZ>{X(S)(q) I J( g(k +q,k") EJ x*%(q) + 3, SB(q)] X(9} J(k*.a)

-Zwngwmxwﬂsﬁﬁmw%x”mﬂxﬁyw@ﬁ
(45)
Now we rewrite (45) collecting terms proportional to x*% and xSB; taking

the explicit form of x(s)(q)

One gets:
n()zes® g, {;‘S)<k+q,k>x§3§(k.q>+a‘d’(k+q,k)V§3)<k+Q>Vé?)(k)X??)‘k’q’

+ 3D (a1 v (k) VD 008, (k) -, (@) VLS (kv ¥ (k) X35(k.a) -

- %,(0) ¥ tkra) v (k) x?f)(st{} (46-2)

Where we have defined:
x(Q) = ] -{:§d§<k k') Uy x{S)(ktaa) + 3f8(kra,k)a, xggg(k',qi}‘(46-b)
%(a) = ~{:§§§<k'+q.k'>u x5 e sa)+a{8 (ke )3 g X §“§<k',q{}- (46-c)

Equations (46) enable us to define an effective exchange coupling of s-states;

define:
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[:Sggg(k'+q,k')

J(d)(k+q,k)

348 (ke k) = (D) (krg kq1-]
kl

Uy x{3](k"sa) +

3,89 (k14q,k ")

() (8) /1

' Jye X\ (k') (47-2)
38 (kq k)

_
Jégg(k+q,k) = 3D ag k) <1 -3 Ug xgﬁg(k',q) +

k| 39 (keg,k)

3 k' +ak)

(@) /0

+ J o X3{(k",q) (47-b)
8 X{J

i Dkg )y ( §

The s-magnetization becomes:

nfs) = 2¢5% ) {}(S>(k+q,k>x§§§(k,q> + 308 (ke VLG (s Ve (kS (50)+

+ ngg(k+q,k) Vég)(k+Q) Vés)(k) X(2 )(ksqz}‘(48)

Then the natural definition of an effective s exchange is:
) (k4q,k) )
385} (kg k)=a(%) (keq k) 1+ ey () (keq)v ¥ (k) )
3(8) (k+q k) _(?3)(k,q)

3{8) (ke k) Xy (k,a)
L VB ks (k) —
sd ds

35) (k+q k) X1y (k)| (a9
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So the final result for the s-magnetization is:

més) =25 1 38 (kg k) xg:;(k,q) (50)
k

IX. LIMITING CASE AND APPROXIMATE RESULTS

i) Non degenerate case

In this paragraph we firstly recover the case of a non-degenerate
d-band hybridized with an s band 1. To that we switch-off the mixing of
the s-band to the g band, and also the exchange coupling; this procedure

isolates the 8 band from the rest. Then we put:

Vi) (k) = o Jyg = 0 (51)
Equation (51) implies that J(a)(d)(k+q,k) = 5(6)(d)(k+q,k) = J(d)(k+q,k);

consequently the effective exchange (36) reduce to:

i o) (kea k) X(0) (k59) ]
349 (kv k) =0 (9 (kaq k) <1 4 () (g V@)
() d ds sd ()
J( )(k+q,k) X (o)(st)
(52-a)
jggg(k+q,k) = 3(9) (keq k) (52-b)

Where ;ko)(k,q) can be seen from (24-b) to be:

1 1 1 1 1

Yko)(st) = E;'Fw

w-Eégg(w) w-eéig w-sés) w-Eéa)(w)

(52-¢)




304

The energies g0 )(w) being defined now by Eﬁ“)(w) = ek.(a) +
+ V( )(k) /({w- E (s)) Consequently from (52-a) and (52-c) one sees that
Ed;(k+q,k) reduces to the value previously obtained ! . Next one has from

(25-b) that qu (q) = 0 in this limit, so from definitions (28) one gets

mix
the result:

o) x{a) = o8 xe) - 0
and

v Uy, &)
The equation (38-c) reduces t% )

X(o)(st)
x{™ (k,a) = (54)

Equations (54), (52-a) and (38-b) show that the magnetization reduces
exactly to the previous result L as expected. Now we briefly discuss the

behaviour of the s-magnetization. From (49) one gets in this Timit:

T(d) K
348 (ke k) = 90%) (keq k) 1+M V{3 (ks )v(“)(k)

3(5) (k4q,k) x(o)(k,q)
(55-a)
where now Eka)(d)(k+q,k) reads:

3 (k4q,k)

~(d d
J%a (k+q,k)=J( )(k+q,k) 1—Ua ) @
k' | 3V/(k+q,k)

308) (k+q k) X (o) (k')
14— Vi e sapv{g ) ——— x{g) (k" a) (55-b)
NQITUTRD M(k',q)




305

These are exactly the resu]ts obtained in the non—degenerate case 1

ii) Identical sub-bands

We now considers two identical sub-bands, one gets the following results:

xggg(k,q) = xggg(k,q) xéog(k,q)
X3 (ks0) = x(%)(ka) = x4y (ks0) (56)

Uy =Ug=U and vy = v{B(k)

The results (55) imply that: J(a)(d)(k+q,k) = J(B)(d)(k+q,k) and consequently

The susceptibility xg g X g assume a particularly interesting form,

namely:

x{g) (k)
X(J)(st) = 1 (57-a)
1(u{gha) + T g(a)xis) @)

where the effective interactions are defined by:

(d) JaB Xmix(q)
Uerp(a) = U 91 + (57-b)

U (d)
( )(Q)

- J’ U Xmix(9)
JuB(q) = JaB 1+

Y x{3(a)

As for the s-electrons are concerned, since Ekg; = 3%;3 the effective ex-
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change is given by:

3@ (keq k) X( oy (ksa)
388 (kea k) = 308D (keq k) <1+ 2 eV (k) Vg (K) ————(58)
308D (k+q k) X%f,;(k,q)

CONCLUSIONS AND DISCUSSION

In the above paragraphs explicit expressions were obtained for the
induced s and d polarizations in terms of the s-d corrected susceptibilities
and effective exchanges. The results are clear generalizations of those
obtained for the non-degenerate d-band. Again one expects greater correc-

tions for the s effective exchange than for the correspondent to the d-one.

In order to perform numerical calculations, explicit expressions for the
susceptibilities are given in the appendix. One needs to adopt explicit
dispersion relations for the s and the two d-sub-bands, and also the k-

dependent VSd mixing matrix elements.

A simplifying approximation consists, as discussed in the text, to assume
jdentical sub-bands. Finally it should be noted that similar results can be
obtained to an external g-dependent magnetic field, and consequently to

obtain the criterion of magnetism for s-d hybridized bands.
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APPENDIX 1
EXPLICIT EXPRESSIONS FOR THE SUSCEPTIBILITIES
We firstly derive our expression for xggg(k,q) defined by equation
(24-a). To do that we firstly write:
1

(A
wEM ) W gk 12
w-EN) 4
k (8) 4y |2
w—elgs) _ Ivsd (k)l

w-EéS)

(w-e (%)) (w-E{®)) - ‘vgg)(k)’
(£ (w0mE{) (wmef)- 103 () 12 (0 {)- [0S (k) (gD

(A-1)

Introduce now the energies Eﬁl), Eﬁz), E£3) which are the roots of the third

degree equation:

(w-EéA))(w-EéG))(m-eﬁs))-IVéz)(k)lz(w-Eéd))-’Vgg)(k) “wEM) =0

Equation (A-1) can be rewritten as:

(w-Eés))(w-Eéa))-/vég)(k)

1

w-EﬁA)(w) (w-Eﬁl))(w-Eﬁz))(w-Eéa))

Now introduce the function:

gy, k) = (el we®) - V], s

(A-2)

(A-3)
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and rewrite (A-2) in terms of simple fractions; one gets:

1 E 9 (w,k) 1 1
_— = € (A-4)
~ aBy
wEMN (@) a8y =T e{™-g(8) gl ol
where the symbol EGBY is defined as:
1, if ofB 5 ofy 3 By
€ = (A-5)

oBy
0 otherwise

Now using (A-4) and the definition (24-a) one gets for the susceptibility:

xpd(ksa) = 1

0,8,y
a' sB| sYl

€agy Ca'g'y!

9, ({2 kea) g, (EL2 k) F(EL2))-g, (EL™) kea) g, (EL™) s #(EL™)

(A-6)

(E(a) - E(B))(E(a)

o - e e = e e[y )

Next we calculate the susceptibility xg?i)(k,q), to do that we firstly

evaluate:

1

i ] e ]

s
W= Eé )

(g @eEES)) ey - 1D () (w1 (012 ()
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w-Eéé)

(w-Eél))(w-Eéz))(w-Eéa))

Using (A-7) and definition (A-5) one gets:

0 ka) =]

LY
a'.8'y

EQBY ea'B'Y'

(Bt CLE D) reh- el el )£ reef®)

k+q “k+q

+q "k+q/'\Tk+q “k+

1
Finally one gets for X(g?d) = x(ﬁﬁk) the result:

(A8) -
X(l) (k’Q) Bz EQBY Ealleu
Qsb,Y
a',B',y!

FEGQ) - FE)

(E(a)-E(B))(E(a)‘E(I)

k+q "k+q k+q “k+q k

(S )-8y (£ (%)) (e[

(A-7)

(A-8)

(A-9)
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