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g-dependent magnetic field. In this sense the present work extends the
previous calculation of Hubbard and Jain |3] for the strongly correlated
transition metal-Tike system, to the case of a two band (d and f) with intra

and interband Coulomb interactions. An essentially different aspect here is
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that one has d-f hybridization, which has been shown to be of great
importance in explaining the magnetic properties of actinide metals |4].
The one electron propagators for this situation have been discussed by the
authors |5|, and here we use these results in computing the response to
the magnetic field. The plan of this paper is as follows: firstly we
discuss briefly the equation of motion for the one-electron propagators in
presence of the magnetic field, and this part is a rather trivial
generalization of |5|. Secondly the first order correction due to the

e xternal field is calculated, and the self-consistency problem approximately
solved, giving then the expression for the static, wave-number dependent
susceptibility. Finally we search for the poles of the susceptibility in
order to obtain the conditions for magnetic instability. It tums out
from this procedure a two-band generalization of the criterion of Hubbard

and Jain, the effect of the d~f hybridization being then qualitatively
discussed.

IT - FORMULATION OF THE PROBLEM

We start defining the Hamiltonian we adopt for the actinide metal:

(d) + (f) + (d) (d)
% - 1§J,c Ty %o Yo * 1,§,UT1J fio f1o * U4 E My My *
(f) (f) (d) (f)  (d) (f) +
+ Ug ; Ny Mgy *+ Ige E{ Nyp Myy * My, Mgy be ZG Wyp dyy g * (1)
+*

* vfd f1c d1o }

where the notation is the usual one |1} and here for simplicity we have

+

,P;
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‘assumed k-independent mixing matrix elements. The external, static, wave
number dependent magnetic field contributes with the term:

(d) (f) -iq.R;
;ﬂ%= hy I olng, +n; )L

i,0

(2)

io

the magnetic field being applied parallel to the Z-axis. Now we firstly
obtain the genera1 equations of motion for the one-electron propagators
Lt Lot . . s
<<dio’djc>> and <{fic, fjo»m in presence of the magnetic field.
Then the first order correction due to the external field is obtained, the

zero-order solution being discussed in |1|. Firstly we obtain two exact

1 [ + . + .
equations for the propagators <<dio’ djc>> and <<fic’ djo >
using (1) and (2) one has:
d; 3 df > L () i d Vo <<f, 3 df >>
© << digs dig7y = Syt L Tip <igd die>y * Var <Figs 4oy
_ (3)
-iq.R; + (d) + () +
NGO BT s <y dypary, o+ Ugsany g digs dvy + Tge<ning digidie™y
+ (f) + +
w'<<fio; djc>>w = zTiz <<f20;djo>>w + Vfd<<dio; djo>>w +
(4)
-19.R; + (f) + (d) +
hoo & T<Figs dio 2+ UENioTigs 456> * Tar<Mi-oTio s 430>

From (3) and (4) one sees that four new propagators are generated by the
electron-electron interaction, so now we intend to completely determine each

of these propagators.
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(d) +
. 3 d. >
10° "jo w

o

a) Determination of the propagator <Ny g

The equation of motion for this propagator is:

(d) + 1 (d) (d) y + .
5 Mool digy T o Mig Byg ¥ Ugsang o dysdg >
(d) (f) + -1q.R1 (d) +
*lgpnig Nil g i0*djo™>y * Mo 2 “Nisg 463956 4

(5)

(d (d) + (d) + + +
* Zg Tiz <MNi-g dzc;djo>>w * 22 Til <<[§1-c dz-c N dz-cdi-q]did’djo>>w

(d) + + + + +

Yar < Ni-oioidio™y + Var <<di_gFiogligidip>>, - Ved“Fi-odi-0%i03d567%

I'n the equation (5) there are several new terms; the kinetic terms are

Hubbard [2| decoupled, namely:

(d) (d) + (d) (d) +

zg Tiz <<ni-c dZG;djc>>w = <ni-o> ZzTiz <<dzc;djc>>w (6-a)

(d) + + + (d) +
zz,Tiz <<[:di-od2-o- 45 di-_] dio;djo>>m - 22 Tig i 90> -
(6-b)
+ + (d) +

';< dz-c di-c>} <<dic;djo>>w = <Si-c><<dio;djc>>w
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The terms associated to the hybridization are of two types; the first one
(d) g+ . . . - Con (2

<Nyl fic’djc>>w is not decoupled since it appears in-equation ()

as generated by the electron correlation, and will be determined separately.

The second type of terms are the last two terms of (5), they are decoupled

as:
+ + + +
Yar <disg Finglioidiec™y = Ved <Fisg diog digidje>>,  F
+ + +
= UVgp <dig Fip> Vegs Fiog dig) <<djgdyo = (6=c)

+

= <T. > <<«d d

i-o ig® jo>>w

Equation (6-c) is just a Hubbard 1ike approximation as in (6-b) and we only
perform this type of approximation for Vdf terms when the corresponding
propagators are not generated previously by the electron correlation. One
gets then:

(d) + L (d) (d) (f) *

(wly) <<y djgidyo>> o Mo %5t lar Mo i-o%ioi Yo

e

-+

R (@) " (d) (d) "
+ Neo k “Ni-0%0* %670 * Ni-o” Zg Tin <<d20’djo>>w

(d) + (d) +

{ < Si-o> + <T1-c>}<<dic;djo>>w + Vdf<<ni-cfic;

o

. >
jo w

In equation (7) one still hés~two unknown propagators namely
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(d) + (d) (f) +

<«<n, f ‘and  <<n d

j-c 103dj0>> ; the former propagator

N . . 0. >>
i-gMi-g%o} Jow

appears already in equation (4) and will be discussed later on.. Now we

(d) (f)

. . . 4+ .
discuss the equation of motion for << Niog Mi-g dio’djc>>w . One has:
Ul (d) (f) + 1 (d) (f)
(g lar) <MiogMi-odioioe™u™ 5= Mi-g"i-o™ 81
(d) (d) (f) + (d) + +
+ ) T.. <«n. . .d. < - (f) .4 %t
zz ig i-o Mg dzc’dJo>>w * 22T12 <<[ai-od2—o dz-c di- ]ni-c dio’djo>>w

O IE + () o+
ZQ ig =< Lfi-o foo ™ Fo-o Fi- ] i-g dio;djc>>w
(d) (f) + -19.R;
+V +hot Tean, () () g q ¥ 5>

<<n. n. f. :d. >> .
df 1=0 i-0 ¢’ jo Tw i-0 -0 "0’ jo TTw

+ () - + + (f) +
H Ve <dioTioNio 4039507 T Ved<Tiodi-oieo digidje7
y (d) + + (d) + +
<«<n; _f, . d. ;d, - ;
fd <n1-of1—c d1-cd1c’d30>>w Vdf<<ni-odi-ofi-odic’dja>>w (8)

Now the terms involving kinetic energy are easily decoupled as follows:

(d)  (d) (f) + . (d) (F) (d) +

22 iL <<ni-oni-c L0 jo>>w= Nieg Mg 22<<Ti2 <<d20;djo>>w (9-a)
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4 r, . 1) + (d)  (f) +
ZTiz <<[ai_od2_o-dz_o i-qlni-odio;djo>>w s <Si-c><<"i-cdic;djo>>w (9-b)
(f) + + 1 (d) () (d) * o (9-c)
Zg Tig <<[ fi-ofr-0"Fr-oTi-o Jni-cdio;djc>>w = Sie” “Mioodigidie™,

The last four terms inVo]ving Vdf matrix elements can be handled exactly

Just using the properties of the d and f operators. One has:

+ () + + ()«
“Finoli-gMing Yictdie™ = = “UigfiogNigligidye™, =0 (9-d)
. ) -
since fi-o Mg = 05 similarly
(d) + +
<«<n; g fi-d di-odio;djo>>m =0 . (9-e)
, (d)
Since g di-o 0
Finally:
+ (f) + + +
“di_s Fi-0 Mi-o dio;djo>>w = <di5 fio Yo ;djc>>w
(9-f)
(d) . + + +
N di-o fi-o dio;djc>>w N <§di-o fieo dio’djo>>w
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Then all of these terms cancel out, and equation (8) can be rewritten as:

(d) (f) +

(w-Ud-Idf) <Ny _gMiag Bygid

. (d) (f)
> ¥ ——<p,

1
. > — . >+
jow T 5 Mi-a"i-o

(d) () (d) + (5, @ o+
NyoNi-0” ) Tiz <<d£o’djc>>w + <Si-c>' <Ny dio’ jc>>w
(d) (f) + (d). (f) y + .
+ <Si-c> <<ni-odio’djc >>w * vdf <<n1-oni-c io? jc>>w
-iq.Ri (d) (f) +

+ g R <<n., . . 3d., >>
ho Mo MNi-o d1c’d30 W

(10)
Now everything in equation (10) is known or will have an equation of motion,
. . (d) _(f) Loqt . .

1ncluding the propagator <<nglo nils fio’ dj0>>w which will appear
naturally as resulting from the Coulomb repulsion in subsequent equations.
Then (10) and (7) complete the determination of the propagator

(d) 4. . q.*
< Mlg dic’ djo>>w

(f) +
b) Determination of the propagator <«<ny_g dic; djc>>w
The equation of motion is:
() 1 (f) (@ (A -+
(welgp) <<nj_odyq3d;o>>, = oM™ 845 * Ugniignisgdig3die>,

(d) (f) + (f) + + +
, Zg Tiz <<"1'-od2.c;djc»w+ zg T12 << fi-cfz-o-fz-ofi-é]dic’djo>>w *
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*Vea i Gi-0icddien T Var<diooTi-%i03d5670 (1)

Now the kinetic terms are decoupled as in (6-a) and the last two terms

involving mixing are decoupled as in (6-c).

() +

We rotain without decoupling the propagator <<n, of1o dJG "

since it appears naturally in equation (4) generated by the Coulomb

(d) (Fly. 4q.* ; ;
repulsion, and the propagator <«<ny_ony 0 ig d3@>>w was determined in

equation (10). Then equation (11)becomes:

(f) + T (f) ' (d) (f) +

d. 3d;. > =~——<n;, > 6§,. + Ug<eny_Ns

(W-Tge) <<ny_ diq jo 7w T 5 Tee” %4 i-gNi-0 Yi03%50”%0

M (@ ' SR (F)
N 22 i \<d£c;dja>>w * hoO . <<ni-cdio’djo>>w *
(f) + (f) + 12
F Ve Mg Figidio™n ¥ {807 - Ty?) <<digsdie>>y (12)
(d) +

c) Determination of the propagators <<"i-ofio;dj0>>w

The equation of motion is:

(d) + (d) (f) * (f) (d) ¥

(w"Idf) <Ny -of1o dJO w Uf< Ni-o" cf1c djc>>w+'22T 2 <N cfzo dJo>>w
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* hoc € Neo fio;djo>>w‘f ZzTiz << dz-o-dz—cdiac fio;djo>>w ¥

-iq.R;  (d) + (d) + + 1 +
{9

(13)

(d) + ' + + + +
* Vfd <<ni-odio;djo>>w + Vdf<<di-ofi-ofio;djc>>w - Vfd<<f1-odi-ofio;djo>>w

. (d) (f) + _ - ,
Here we conserve the propagator <N Mg ic;djc>>w without decoupling,
the kinetic and the last two hybridization terms being decoupled as usually.

The final results is:

(@ @0+ @ 6
(0-T4e) <Ny _oFig3die™y = Ve MioMi-oTiot djo>u MNi-o"dyTin <Froidio™u

(d) + (d) +

+ {<Si-o> + <T1_0>} <<fio;djo>>w + Vfd<<"i-cdio;djo>>w

-ig.R;  (d) +

! ; 14
* ho0 € <<ni-cfic’djo>>w (14)

(d) (f) +
Now it remains to determine the propagator <<n, "i-ofia;djo>>w; one has:

(d) (f) + (f) (d) (f) *
(U= gp) <y oMioofiod 930> = L, Tie “Mi-oMi-oTa0% 9507w

. - . . . 3d. >
i=g &=0 “R~0 i=-0| i-0 0’ jo "w

d o+ f
+1 Tg )<<[§ " d. d ] n( )f d. >

- . R . . +d. >
+ zzTiz <|fiofimo™ Fa-ofi-o|Mi-oTic? 9560 * Ved“Mi-a"i-0%i0*%50™ 7w

(f) [+ + (@) o+ () () o+
f %]
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-ig.R;  (d) (F) +

+hoe <<n.
)

1-oni-ofic;djo>>w (15)

Where we have dropped the terms in Vqs Which cancel out exactly as in

equation (9). The other terms are Hubbard decoupled to get finally:

NN O N S (@ (0) (R
(0= Ta) <M MiooTiod 956> = Niogiog” e <Tagidio™
(d)  (f) + () (d) + (d) (f)d d+>> .
¥ <Si-o><<ni—ofio;djo>>w t i <<ni-ofic;djq>>w+vfd<<ni-oniqc i0°7jo " w
-iq.Ri (d) (f) +
thoe <<n1_0n1_0fi0;djc>>w (16)

(f) +

d) Determination of the propagator <<ni-cfio;djo>>w

The calculation is quite similar to the previous ones so we just quote

the results:

(f) + (d) (f) + (f) T(f) . 0 s
(w=le) <y _ofig3djo™>, = df “Mi-c"i-0Fio3 400 M0 Tin “Fooidio™,
(f) + (f) +
+ {<Si-o>-<T1—G>}<<f' 3d +

io? jc>>w * Vfd<<ni-odio;djc>>w

-iq.Ri () +

+ hoo e <<n d (17)

. f. :d. >
i-0 10’ jo "

As a conclusion of this paragraph one sees that the system of coupled

equations (3), (4), (7), (10), (12), (14), (16) and (17) solve completely

the problem of determining the one electron propagator <<dic;dj;>>w in
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presence of correlations and the external magnetic field. Next step is to

obtain the first order correction due to the magnetic field.

ITI) FIRST ORDER CORRECTION DUE TO h0 : SOLUTION BY FOURIER TRANSFORM

’In this paragraph we present the main results of the solution of
coupled equations above by Fourier transformation. Equations (3) and (4) to

first order in the magnetic field are:

(d) dd(z) fd(1) dd,d(1) fd,d(1)
(e I6r (W) = Vye Gpr () + Ug ki (@) *+ The G (w) #

dd( o) '8
+ho Gk k% () (18-a)

and

(f) fd(1) dd(1) ff,d{1) df,d(1)
(wmep )Gpr  (w) = Veq Gpr (0) + Ug ekk. () + Ty 6 p0 (@) +

fd(o)

dd,d(?) )
Now the propagator Gkk' satisfies to first order the following equation:
dd,d(1) 1 -o(d) (d) (f) + (1)
(0-Ug) Gy o Mkkt P lap <Oy odig)isde >,
{(d)  (d)" dd(2) df,d(1) -o(d) (d) -o(d)

+ <n > € G

-0 dd(o) dd,d(o) .
+ ATkk. }gk. (w) +hO S ok G () (19-a)
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and this equation should be simultaneously solved together with:

(d) (f) + (1) 1 (d) (f) ()
(w-Ug-Tge)<<(ni gniolighiider g™ = 5 MimoMi-okk' ¥

(d) (F) (d) dd(2) @ ()

* o< N.g >&k Gkk' (w) + Vdf<<(n1-cni-cfic)k;dk'd>>w

(d) (f) (x) (d) dd(o) -o(f) dd,d(v) -o(d) fd,d(o)
NiMiaokk' Skt Ikt (W) BSp. gy (w) + BSppi G (w) +

thos (d) (f) + (o) 19-b)
o° k'Q»k'<‘("1-cni-odic)k’dk'c?>w (

which in turn should be simultaneously solved together with:

(d) (f) + (1) (d) (f) (f) fd(1)

(Ul <<ty Miofichiidkia™n - = Mg Mg > & Ger (0

(d) (f) + (1) (d) (F) (1) (f) fd(o)

Vg (Mgl ™ MgMidkk Skt Ikt (w) t

-o(d) ff,d(o) -o(f) df,d(o) (d) (f) .
+ Askk' gk' (w) + Askk' gk, (w) + hoc Gk-q.k'<<("1-on1-of10)k’

+ (o)
g™y (19-c)

Since the propagators to zero order in the magnetic field are known (cf.[s])

equations (19-c) and (19-b) completely determine the propagators

1 + ¥
offrffagialon, ) e <ol off) raglon ) e of
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dd(1) fd(1)
G+ (w) ad G ,, (w). Substituing this result in (19-a) one gets
kk kk

gg.d( )(m)interms of these propagators, GE::d(l)(w) and known quantities.

Now the propagator ngfd(l)(m) satisfies:

df,d(*) (d) (f) + (1) (d) (f) fd(1)

(lgedber @) = ey i ofighi3dea™n  * N 28k B (W)

dd,d(1) -o(d) (f) ~-o(d) -0 7 fd(o)
* Ved Bk [.Ankk' e A% ¥ ATkk']gk' (W) +
df,d(o)
hOG Gk_q,kn gkl (UJ) (]9-d)

Then one sees that equation (19-d) substituted in (19-a) together with the
solutions for (19-b) ‘and (19-c) completely specify Gkk.d(l)( ) in terms

of known quantities, gg$1) and ng(l)(w). Next step is to determine

G:g.d( )(w) which appears in e€quation (18-a); this propagator satisfies:

fd,d(?) y-o(f) (d) () £ (1)

@ T (W) = —= Ao+ Ugee(ny i _odighidrg™y  *

(f) (d) dd(1) ff,d(1) -o(f) (d) -o(f)
+<n_ o o>g Gkk' (w) + Vdf Gkk' (w) + {& Mt € ¥ Askk'

-0 dd(o) fd,d(o)
"ATkkl} gk. ) (w)+h00 ak_q’kl gkl (UJ) (20'a)

ff d(l) :
Equation (20-a) involves also- the propagator Gkk' (w) which in turn-
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satisfies the following equation of motion:

£f,d(1) (d) (f) (1) £ (f) fd(*)
(U8 (0) = Tyeeclng oni oFighisdng™y, + Mg>e G () +
fd,d(1)  -o(f) (f) -o(f) -0 fd (o)
+ Vfd Gkkl (w)+{Ankk. €k| + ASkk. - ATkkl} gk.(w) +
£f,d(0)
+ hoo Sk-q,k' 9y (w) (20-b)
fd,d

Equation (20-b) substituted in (20-a) solves for Gt (w) in terms of .

dd(1) fd(1)
Gkk' and Gkk' provided one makes use of the solution of (19-b) and

(19-c). Substituing all these results in equation (18-a) one obtains the
propagator Ggggl)(w) in terms of GEE{I)(w) and known quantities of zero
order. The result is however very complicated and at this point we
introduce the strong correlation limit namely: Uf. Ud + o and Idf > o,
By this limit we mean physically that the Coulomb repulsions are very large
as compared to the band width. Introducing the definitions:

5 () (f) (d) (f)

o = < >+ <n > =.<n n
n'O' -0

"5 (21-a)

and

-0 -a(d) -a(f)  (d) (f) (1)

A Ol.kk. = Ankk| + Ankk| =< n (2]"b)

. . >
i-o"i-0"kk"

dd(1)
one gets for the Gkk' (w) propagator in the infinite repulsion limit the

result:
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. (d) -0 dd(1) dd(o) ! -0
{w-ek (1 -ao )} Gy gee (w) = hoo Gk-q,k' g+ (w) - po Ao gt -
-0 (d) -o(d) -o(f) dd(o) fd(1)
{A akkl ekl + A Skk' + A Skk, } gk' (w) + Vdf Gkkl (w) (22)

Equation (22) shows a great similarity with previously obtained results |1]

I3] , |6] and it is the first step of the complete determination of the first
order correction. Now we return back to equation (18-b) in order to calculate
e{ﬂf‘)(w) in terms of Ggggl)(w). In order to perform this calculations one
Jjust needs to use equations (20-b), (20-a), equation (19-d) and the coupled

equations (19-b) and (19-c). Performing the algebra and taking the limits one

obtains:
() ... fd(*) dd(1) fd(o)
{w-ek (1-0 )} Gkk' (w) = Vfd Gkk' (w) + hOO Gk-q,k' i (w) -
o (f ~o(d -o(f) fd
O S LN (23)

Equations (22) and (23) solve then the problem of determining the first order
correction in the propagator Gﬁﬂf‘)(w) due to the magnetic field. The
explicit form for this correction is obtained substituing (23) in (22); if

one defines:

(24-a)
w-e&f)(l-a_c)

| Vl? i ] 2

d - d d f

0 m-e(ﬂ:]-a-o) ek 0167 e} s )+
k
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and
dd(o) dd

9 (9) = == (1-Tg, () (24-b)
21

and using the results of |5| , namely:

fd(o) v
% (o) = —H gdd(®) (w) (24-c)
(F) 10y ¢
w=€ (1-a )
one gets for the propagator:
dd(1) : dd o : dd .
Gpr (W) == =7, (0) Aoy, s = ——7G, (W)(1=a ") {-hos§ .+ +
kk n Sk Kk on Dk 0%°k-q,k
-0 (d) ~g(d) -o(f) _ dd
+ Aakk' €+ Askk' + ASkk' LI (w) +
. , _ dd (1-079) - (f)
+ - |Vdfl g, () {hoo Gk—q,k'-Aakk' €

[w- eéf)(1-a-o)] Bn-eéf)(l-a-g)]

-(d) -o(f) _ dd
= BS - BS, 1T l(.(@) (25)

A quite similar expression can be obtained for the Gzzgl)(w) propagator,

just by making d > f and f > d in expression (25). It should be noted

that the terms AT;E. cancel out in the calculation, as it can be verified
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in equations (19-a) and (20-a) where they appear with opposite signs,

IV) SELF-CONSISTENCY PROBLEM: CALCULATION OF THE STATIC SUSCEPTIBILITY

We now take k' =k and k = k + q in equation (25) and remember
that An;zsa) = Anac(a) and As;ﬁﬁa) = ‘AS;c(a) a = d,f. Using the explicit

form of Ad&o as defined in (21-b) one gets: "

dd(1) : | -o(d) ~o(f) (d) (f) ()] _ dd
Gk+q,k(w) =T _EE— A»nq + Anq B <ni-oni-0>q 9 k+q(w) i
dd | 1 ‘

0 g T 900

-g(d) -o(f) dd ] , _dd
+ ASq + ASq 9« (w) + 'Vdfl g k+q(w) X

1 -4 o(d)  -o(f)  (d) (H) (1), (f)
X heo - (A"q +ang " MidMi-07g K
[@-eéﬁ%(]-a-oj][;-eéf)(1-aq5ﬂ
-a(d) -o(f){ _ dd
- 85, - 85, } g, (v (26)

At this point we introduce an approximation, which although not necessary
(cf. |6] ), simplifies considerally the mathematics of the problem. This
i-o

1) ..
approximation involves the correlation function < n(d) n$f3>q( ).S1nce

parallel spin Coulomb corre]étions are not present we take:
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(4 (F) _ (d) () )

MNigNi-o” = Ni-g” MNi-g”
which implies that the first order correction is given by:
(d) (f) (x) . (d) () (1) (d) (f) (f) (d) 27-b)
SN > <ng >) =< > Ay o+ <n ocang
Using the result (27-b) one gets: (27-c)
-o(d) ~o(f) (d) (f) (1) _ (f)  -o(d) : (d)> A -o(f)
Anq + Anq - <ni-cni—o>q s ('|-<n_o >)Anq + -<n_g ) nq
These results substituted in equation (26) give:
dd(1) 1 (f)  -o(d) (d) -o(f) _dd
Gaq k(@) = el {(1=<n_g ">)an, + (T-n_>)ang 1 L0 (0) - |
, _dd - [0 ot
- ——— - - - >
- g k+q(w) (1=a ™) { hoo + ( <n_g ) nq
(d)  -o(f) | (d) -o(d)  -o(f) _ dd
+ (1- <n_g >)Anq “Ek + ASq + ASq } g K (w) +
Ty Iz__dd() 1-a"° o
+ g w g -
df k+q _ _ 0
I [u-eéi%(]-a o) }[?-eﬁf)(1-a o)]
(f)  -o(d) (d) -o(f) (f)
|:(1-<n_c >)Anq + (1-<n__ >) ang R
-g(d) -o(f)  dd
- - q 28
AS, 8, 1y (v (28)
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A quite similar equation can be obtained for G:i( ) (w) just by replacing

in (28) d by f and f by d. Now we recall the relations:

-o(d) dd(l) -
amg =L °F [ k+q, k(“’)]

(29)

~o(d) (d) (d) - dd(z)
e T4 (Bag "% [Gk+q,k(‘”)]

Before explicitly calculating (29) let us rewrite equation (28) in a more

convenient form; the first two terms can be rewriten as:

» A o ; el (d)_ dd
) _%5”3 keq(®) {k" f"fol A"qO( ' <"<"Eoz) A "qG | ?1*“'“'°)€k 9k ()}

g e @ )] [
- 9 kg w) {( =<n__ >)Anq +(]-<n_0 >)Anq w -
Vgel® dd
- _ .g-k (w)

w-eéf)(l-a-c)

Then (28) becomes:

dd(:) 7 _dd (f)  -o(d) (d)  -o(f)
Gk+q,k(w) = - e gk+q(m) (1-<n_, >)an, + (1=<n_> )ang ¢ Ju-
(30-a)
Wael* | _ad L o_dd -o(d)
- ———1 T (@) - =7, (@)(1-a™) {-ho + a5, +

wefF)(1-070) 2n




-o(f)  dd dd 1-a7°

+ AS g, (w) + 1 [V el1%g, . () ' X
q k df'! “k+q ‘ T _ ‘ .
21 ' [(1)'65(1%(]"0& O)][w-EI((f)('I'OLC)] (30-b)
| (f)  -o(d) (d)  -a(f)y (f) -o(d) -O(f)}__ dd
X tho - [(1-—<n_0 >)Anq ) + (T-<n_, >)Anq ]ek - ASq - ASq g, (w)
Now we introduce the following definitions:
) . 1 _dd _dd ) (31-2)
xg(ksQ) = F, ["'z}{“’ Grg T @] 5 xgl@) = Iy xg(kea)

. : ] _dd I dd ~ ~
Xd (ksq) = Fw [ gk+q(w) 9 (w)] > Xd(Q) = Zk Xd(st) (31-b)

21 wri()
f £) 1 -
where Ei ) = ei )(]'a %
X 1 - dd _dd ~ ~ :
a0 =, [ L5 5 @] 5 Ry = g Agtka) (31-c)
q) = F | —— s x(a) = »q
x(k,q) = F [’zn gk+q(w) A yrs 9 w] X K X

(w-ek+q)(w-5k
The explicit form of these "susceptibilities" will be discussed latter on;

from (30-b) and using definitions (31) one obtains:

dd(1) (f)  -o(d) . (d) =o(f)
W [ka,k(m)] == { (T=<n_g >)Anqc +(T-an_>)ang M xg(kea) -
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, - -g -o(d) -o(f) = )
- Vael* xqlko@)} = (1-0™) - oo+ a5 " 485, T} gy(keq) +
f) -o(d d -o(f)7 (f)
+Ivdf|2 (l-a'°)'{hoo - [k1-<nfcl Anqo( ) + (1-<n_(_o)>)Anq o )] & -
-o(d -o(f ’
- ASqO( ) - Asqc( )} X (k,q) (32)

Equation (32) together with equations (29) enable us to self-consistently,

determine Ang and Asg. Using the definitions (31) one gets from (32)

(d f -a(d (d -o(f) ° .
An: . [(1-<n£ ) )Aan( ', (1-<n_c)>)Anq ]{ xg(a) - [Vgel? xg4(a) +
(33-a)
t -o(d -o(f x
+[Vgel? xf, )(q)} + (1-a™%){h o - ASQO( - Asq° )}‘ q() + [Vyel? x(a)}
(1)

where X4 (q) is defined as:
(1) (f)
X d (q) = Zk Ek x(k,q) (33-b)

A quite similar expression holds for the f electrons; interchanging d

with f one has:

f d) -olf f)  -o(d)y :
An:( ) = - [.(1-<nfc)>)Aan( ) + (]-<nfo> )Anqo ] { Xf(Q) - 'Vdflz Xf(q) +

(33-c)

-a(d) -a(f)

(1) -G .~
+ Vgel® xg (@)} +(1-a°) {ho - 85, A, Y ela) +[Vyel® x()3
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where the f susceptibilities are defined in (31) just by interchanging d

with f. Now it remains to determine the quantities Asac(d). To do that we

define:
(d) (d)
Sala) = zk(€k+q - & ) xq(ksq) (34-a)
~ (d) (d) .
S4(a) = Zk(€k+q = & ) xyqlksq) (34-b)
o (d) (d) - )
S = Llerag =5 ) Xg(ksa) (34-c)
(d) (d)
S4(0) = Li(ekaq = & ) x(ks0) (34-d)
(1) () (d) _(f)
S¢ (a) = Ek(€k+q - g ) E x(ksq) (34-e)

Using these definitions one has :

ao(d) (f)  -~o(d) (d)  -o(f) ~
ASq = - ':(1-<n_O >)AnqO + (T-<n__ >)Anq J { s4(a) - lVdfl2 Sq(a) +
_ (1) | -o(d)  -o(f) o F
Vgel> Sg (@)} + tho - 8S, " ASq Y (1-a) {Sy(q) +
v IVgel? Sya)? (35)

and a similar equation for Asg(f)u Equations (35) and (33) together with the

fact that for external magnetic fields [3]

An;0(1')

- Ang(i)

~o(i) _ _ ,co(d)
ASq = ASq
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can be written in the paramagnetic phase as:

(f) ¢ o(d) (d) ¢ o(f) c a(d)
[1 + (1= *>) xd] tng = =(1=n T>) x4(a) Ang 4 Xy(q) 85,
~ o(f) .
#X () 85+ hoo xg(a) (36-a)
(d) c] off) () c o(d) _c o (f)
[1+ 0 ) fo tng == (1m0 7>) xe(a) Ang o+ Xg(a) S, +
_c o(d) -C
txg(a) 85, +hyy Xg(a) (36-b)

~C o(d) (f) c o(d) (d) c o(f
[ 1 - Sd(q) ] ASq =« (1 ~<n >) Sd(q) Anq - (1T -<n >) Sd(Q) A"q

_C o(f) -C
+S4(a)8S,  +ho S4(q) (36-c)

.C o(f) (d) c o(f) (f) sc o(d)
[ 1 - Sf(q{] ASq =~ (1 -<n >) Sf(q) Anq - (1 -<n >) f(q) Anq

-C o(d) -.C -
+ Sf(q) ASq + hoo Sf(q) (36-d)

where we have defined:

C - 1)
Xa(@) = = xq(a) + [Vgel* U xg(a) = xq (a) 3 (36-¢)




X (@) = (1-a7%) &) + [Vgel2x(a)}

c . — (1)
Sd(Q) = - sd(Q) + lvdf|2 {Sd(Q) - Sd ()} (36-¢)

54(0) = (1-07) {54(q) + |Vyel? Sy(a)?

The coupled system (36) is solved after a straighforward algebraic manipulation
giving:

~C € ~c C,\>C ~
[ xg(@)+(1-<ng>) (e (a)xg(a)-x g(a)x$(a)) 1(14p(q))

d
e (37)

A
"q

c c c C
1+ (1—<nd>) (Xf(Q)+p(q);f(f))+(]'<nf>) (Xd(Q)"'p(Q)Xd(Q))

where we have defined:

$5(q)+sS
o(q) - 4(a)+5¢(q) (38-a)

~C ~C
1-54(a)-5¢(q)

and
~c ~c
p(a) = a4 (9) (38-b)

1-54(a)-55(a)

Quite similarly one obtains one expression for Anqc(f)which has identical

denominator (it should be noted that P(q) and p(q) are independent of the fact

that (37) was derived for d electrons).

III) CRITERION FOR MAGNETIC INSTABILITY

The condition for occurence of a magnetic instability characterized
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by wave vector q is provided by:

c . .C c C
P+ (=) (xp(a)+p(a) x(a) + (1-<n>)( x4(a)+p(a) %4(a)) = O (39)

Expression (39) can be written in a more illustrative way; define:

(i) c .C
x (@) = x (@) +p@) x (q) i=d,f (40-a)
(1) (i)
(d)
X =x (q) {1+
eff

]‘<"d> X(f)(Q)
so the instability criterion is (if one wants to emphasize f-states):
(f)
1+ (]‘<nd>) Xeff(Q) =0 (41)

where it should be emphasized that Xéﬁ%(Q) - is not a true susceptibility
but a quantity with the dimension of a number (cf.Hubbard and Jain |[3]). Now
we discuss in more detail the quantities involved in the criterion (41). To do
that we consider the particular case of a ferromagnetic instability (q=0). This
is a particularly simple case since one notes from equations (34) that all

the functions S(q) are zéro in this case. Coﬁéequently, according to

equations (36-e) and the definition (38-a), p(q) = 0. Then the ferromagnetic

instability condition reads:

(f)
1+ (T-<ng>) xopr(0) =0 (42-a)

c
(f) c ‘ 1 -<ng> X(d)(o)
X (0) =x,(0) {1+ } (42-b)
eff () c
1 “<ng> X(f)(o)
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and

1

= - Xd(o) + Ivdflz{id(o) = Xd (0)}

>~
Q.0
—~
o
~
1

(42-¢)

c - (1)
== Xf(o) + IVdflz{Xf(O) - Xf (0)}

>~
=-h
—~
o
~—
!

Now the "susceptibilities" x4(0), x4(0) and x.(0) are defined in equations

(31-a) and (31-b) respectively, the quantities xél)(O) and xgl)(O) being
defined in (33-b). The procedure to explicitly calculate these"susceptibilities
is strictly similar to that used in the Hartree-Fock case |1| and we do not
repeat here, Finally it should be emphasized that the complete definition of
the criterion of magnetism as a function of the number of electrons still
involves the self-consistent determination of the chemical potential and the
correlation function <n£g)n£§)>(o)a The method to be used has been discussed
in detail in |1] and, the one-electron propagators together with  the
discussion of the correlation function <nSg)nS§)>(o)ﬁs the subject of the

previous calculation |[5].

CONCLUSIONS AND DISCUSSION

In paragraph IIl the instability criterion was derived from the
poles of the static susceptibility of wave vector q. This result is a natural
extension, for a coupled two band problem, of the results derived by Hubbard

and Jain [3| within the strong correlation limit.

It should be emphasized that due to the existence of inter-band

Coulomb repulsion Idf’ some propagators generated by the hybridization
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effect are also generated by correlations, and no decoupling is performed. As
discussed in |[5| this procedure ensures the correct behaviour in the strong
repulsion limit. In the case of the ferromagnetic instability one can verify
that in the absence of Vdf the "susceptibilities" xg(O) and x?(O)
reduce to values formally identical to those obtained by Hubbard and Jain [3].
This shows that the effect of the I4¢ interaction is two fold: firstly it
introduces the narrowing coefficient (1-<nd>) that appears in equation (42-a);
secondly the effective susceptibility (42-b) involves the ratio of the xg

and xg. The origin of the narrowing factor is associated to the approximate
treatment of the correction <n$fgn§fg>(l) associated to the simultaneous
occupation of a site by d and f electrons, and the coupling Ly This is
one of the more interesting features of the coupling of the bands. Finally
the explicit effect of the mixing is quite similar to that obtained previously

L
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