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INTROBUCTION

( The ro]e of 1ntraband exchange enhancement and of the k, k' dependence
Aof the exchange 1ntegra1 among itinerant and localized spins has been discussed
'recently in  several works |1], 12|, |3]. The role of intraband exchange
enhancement in metals has been discussed in connection to indirect g-shifts 11,
sp1n 1att1ce re]axatnon |2], etc. One the other band, the discussidn of the

| deta115 of the k k' dependence of the coup]1ng among 1t1nerante and localized

(d or f) has been the subject of several papers |3| usua]]y in the context of
the calculation of the sp1n polarization (necessary to calculate hyperfine f1e1ds,

in part1cu1ar the self-polar1zat1on f1e1d)

In recent years, the role of d-bands in rare-earth metals and alloys,
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in particular its connection to some controversional signs of the exchange
paraﬁeter'(as determined by E.S.R. measurements) has been the subject of much
interest |4|, |5|, |6]. It has been suggested that s-d mixing effects play
an important role in defining the sign of the effective exchange acting on s and
d electrons in rare-earths and 1ntermeta111c systems |5|, |6], |7]. Using a
rather phenomenological approach, Gomes et al |5]|, following the model of Coles
|4]| were able to discuss negative signs of the exchange couplings in Gd and
some intermetallic compounds. It is the purpose of this paper to extend the
calculation of Giovannini et al |1| to include the k,k' dependence of the
exchange coupling and the existence of hybridized s and d bands. This picture
seems adequate to describe the situatton encountered in rare-earth metals, alloys
and intermetallics where band calculations show the existence of a transition of
a transition metal like band structure. We conserve the Hartree-Fock approkimation
used in |1| 1in discussing intra d-band correlations, the opposite limit of
strong correlations being discussed‘in'another‘paper |8|. The result of the
calculation is an explicit expression for the effective exchange couplings in
terms of the "bare" exchange parameters J(S)(k,k'), J(d)(k.k') and of the
band structure (through the mixing matrix elements and the susceptibilities).
These results are compared to the phenomeno]ogica] ones obtained in |5|. Finally

the methods that should be used for numerical computation are briefly indicated.

II - FORMULATION OF THE PROBLEM
| We describe the conduct1on states as s-d hybridized d and s

bands, in the Nann1er representat1on

oy S, @y . U
o= 1L ij %o %ot z T1J 10 joo Z { V d(R )C1o jo 1 (1)
i,d,0 i,J,0 1,0,
DUURSeRsE Y B g b = T
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where k dependent matrix elements are assumed for the s-d mixing, namely:

ik(R;-R;) -
Ysq(Ry - Ry) = Ekvsd(k) e Y

The impurity spin is coupled to the conduction states through:

(s) z + (d) P S (2
Himp = 7 J (Ri’Rj) <S%>¢ c; ¢y ¥ 7 od (Ri'Rj)< S“>a dio djo (2)
1,30 1,J,0

Finally it is assumed that Coulomb interaction exists among d-electrons and this

effect is described through:

(d) (d)
Hoout1 =12 My Mgy (3)
i
The complete hamiltonian is then:
H = Ho + hcoul + Himp (4)

In order to calculate the spin polarization associated to < s? > one needs the
: SS _ .+ dd _ .ot

p ropagators Gij(w) = << CGgd Cig % and Gij(w) = << d; 3 dJ.0 >> . These

p ropagators are calculated to first order in the exchange parameters (linear

response). Due to the existence of the two-body term (3) some type of

approximation 1is needed in order to treat the equations of motion. Here we

choose the Hartree-Fock approximation in order to follow as closely as possible
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the work of Giovannini et al. |1].

a) Determination of the equations of motion

Using the Hamiltonian (4) one gets:

8 5
w 633(w) = P z T( )Gss(w + z Vey(R-R,) 6 gd HO)

i L]

(5)
+<S%50 ) J(S (R: 4R, )GS
°i "3

The propagator G (m) satisfies in the Hartree-Fock approximation:
6% (w) = J & 635 (w) + T<ny_ > 635(w) + T Vyg(Ry=Ry)GRS (w)
ij g 12 Gy j(w N4 ij g ds'iTTReg
(6)

d
+ < 5% >0 ZRJ( )(Ri’Rl)Ggé(w)

The coupled equations (5) and (6) determine completely the propagator G??(w).
Now we proceed determining the propagators Ggg(w); one has:
(w) + I< n(d) > Gdd(w) + Z Vas (Ry R)G (w)

(7)

<550 7 DR R )6 ()
L




and

d

(s)
@ =1 Ty 63

(s)
o J) + I VegRirREGS) + < 520 T 0 (RUR)ES (w)

(8)

Equations (7) and (8) complete the determination of the G?g(w) propagator

within the adopted Hartree-Fock picture.

b) Zero order solution

In this paragraph we determine the host propagators, which will be

used latter on in the first order correction, Since one has in this case

(d) (d)
translational symmetry: <n, > =< n_g > = <ny> (last equality follows from

the hypothesis of a paramagnetic host, and the abscence of external fields).

Fourier transforming equations (5) - (8) and taking J = 0 one has:

(w - e,(zs)mzs'(w) . EjT + Vgg(R)gg (@) (9-2)
(0 - EENgpiw) = Vgg(t)gfS (@), B = e v 1 <y (9-b)
(w - Eéd)>ggd(w) - —2-];—+ Vgs ()93 () (9-c)
(w - e,(f))gzd(w) = V4(R)g5" () (9-d)

I'n equations (9) we have used g instead of G to emphasize zero-order

solutions.
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Equations (9) can be solved to give:

SS | 1 o E’i ) ! — S§
9 (w) = = 9, (w) (10-a)
T - B - e e
(s) o
1 w-ek 1 : A T
9w - — — - — 3% (10-b)
N O R R I C TR
Vye (k) V_ (k)
ds sd
05w = —— %@ and  gSw) = —— o) (10-c)
w - E(d) o W - e(s)-
b - R
(s) (d)

From equations (10) one sees that given thé'band\structuré-(ek‘ and € )

2
and the mixing matrix elements | V. (k)| as a function of k the host
propagators are completely specified (except for a numerical work of self-

-consistetly determining < nd > and the ChemicaT-potentia] u).

c) First order perturbation solution

Now we solve, to first order in the exchange parameters, for the propagator

G?g(w);~~Eourier,transformin9;equations;(7)a;and; (8)...one gets: .
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(d) dd(1) sd(1) ~o(d) dd
- (w-E, .)Gkk, (@) = Vyo(R)Gppr (w) + AN, gpy(w) +

(1-a)
Ly (d) dd-
+¢8% >0 (Ryk')gy,+ (w)

d ' dd sd
‘(WE,(ZSI)')'GZkfl)(w’) = Vsd(k)skksl)(w) + <o J(S)(k,k’)gk,(w) (11-b"

Combining equations (11), and using the results (10) for host metal propagators

; ~o(d) -o(d) i(k-k')R, -o(d)
one has (we defined  n .. = I &n, e = A )
2 .
(d) Vsa(R) 41 1, (4 _dd
{ w-E - —1G,, (w)=— <80 J (k')g,(w) +
k . kk o k
w - ek
,,,,, (12)
1 ~o(d)_ dd 1 1 (s) , 1 S _dd
i TAn,, G (w) + p- Vye (k) J(R,k')<S%>0 Vsa(R')g,, (w)

w—ek w;;k’

Now if one changes k - k+q and k' + k, the final result for the first order

correction is:

dd(*) 1 _dd  (d) , - dd 7 dd -o(d)-dd
Gpaq, k() = po Tpaq(0))  (RHa,k) <S>0 G (w) + - Opaq(w) Tang 9, ()

_ dd 1) -
+ %; Tpuq (WVgs (e4a) 3 (ktq,k) <SP0

N"Gkiq : w—eks

_ dd (13)
vsd(k)gk (w)
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III) SOLUTION OF THE SELF-CONSISTENCY PROBLEM

a) Determination of the d-magnetization

Equation (13) shows clearly the scattering processes involved.

The

first term describes the scattering of wave vector k to k+q induced by the

exchange coupling of d electrons with the local moment. The second term

describes the scattering by the fluctuation in occupation number of wave vector

q, the source of coupling being the Coulomb interaction. Finally the last term

describes how due to mixing effects, the d-electrons can feel the scattering

produced by the coupling of s-states with the impurity. It should be

emphasized that equation (13) involves a self-consistency problem through the

existence of An'g s and now we proceed determining A ng(d)
A n % one has:

q

ang @ = Flesd!

Introduce the -following definitions:

(d) 7 dd  dd (d)

in terms of

(14)

| d)
K(o) (059 = = Fy Gpg(0)F, () 5 x()(@) = [ x(g(s0)  (15-2)

1 . _dd 1 1 _ dd
X(o)(kaQ) = E;.Fw{ 9k+q(w)

1 . _'Ss 1 1 ss

w—Eéﬂ% .w-Eéd)

(15-b)




1 ss s

S
) (k,q) = p- Fo { Bpuq(@)T, (@) ) (15-c)

The explicit form of the "susceptibilities" will be given latter on (cf.appendix
'1) in terms of the band structure and mixing matrix elements. Using definitions

(14) and (15) one gets from (13)

d) -o(d | (d) (d)
A nz(d) =1 X(i) (q) Anq0 ) + <8%> g {ZQJ (k+st)X(o)(k9Q)} +

(16-a)

(s) (d) ~o(d) Z,
+ Zk J (k+q,k)Vds(k+q)de(k)x(o)(k,q) = Ix(o)(Q)A N + <S“>g M(aq)

Changing spin indices one has:

-a(d) (d) a(d)

A ng =1 X (o) (q) An - <% M(q) (16-b)

Combining equations (16) one has:

M
A no(d) co <S> (9) (17)

q
1+ (o)

(d)
One should note thatx;(o)(q) differs from the usual one by a minus sign (cf.

Appendix). From (17) one gets for the induced d-magnetization.
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@ <> @@
mq =2 @ Lk {4d (k+a, )X(O)( sq)
1+ Ixggy (@)

- (18)
Co(s) o - |
+J (h+q,k)VdS(k+Q)Vsd(k) X(O)(st) }

Expression (18) can be used to introduce effective exchange coupling; one rewrites

(18) as:

. i ) v , : (d)
(s) Xy (RsA) Xy (Rs0)
(d) (d) 3V (k4q,k) (o) (o)
my = 2<5%> gk J(ktq,k) {1+ _"E—"“——""Vds( +a)V 4 (k) m } ” (19)
J  (k+q,k) X(O)(k,Q) ]+IX(O)(Q)
Equation (19) suggests the following definition
() (d) 365) (k+q, k) X (o) (R20)
Jeff (R+q,k) =Jd (ktqg,k) { 1 + -zas Vds(h+q)vsd(h) —75;—-——— }  (20)
J° 7 (ktq,k) X (o) (20)
Using the exchange enhanced susceptibility
‘ (d)(h q)
A X/ ,aq)
Lo T
' “(k,Q) ' o (d)

1T+1 X(O)(Q)
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one finally gets for the induced d-magnetization:

-~ (d) (d) - (d)

mq =2 <S?? Zk Jeff (k+q,R)x (k’g) y (21)

This result is the natural generalization of the usual result

d : (d
;ﬁq( R 1 3@ (g, (bra)

occuring for a d band in absence of mixing effects.

b) Determination of the s-magnetization

Now it remains to determine the s-magnetization; the first order -
contribution of equation (5) and (6), in Fourier representation is:

(s) ss(v) - ds(!) (s ss
(w'sk )Gkk' (w) = Vsd(k)Gkk' (w) + < 5% >0 J )(h,h')gk,(w) (22-a)

(d) ds(:) (1 (d) - (d) ds
(-, )Gppr (w) = Vds(k)GZZt )(w) + {J  (k,k") <Sz>o+113nkk, } gy (w) (22-b)

Combining equations (22) and using equation (10) one gets:

ss(l)( ) ] _SS J(s) bra ) <52 _Ss
= — JR) <S%> + :
Gheq, £ (® - prqlw)d  (kta,k) o g, (w) | 23

1 _ss 1 (d) 2 -0 (d) 1 _SS
+ = gk+q(w)Vsd(k+q) —————— { J  (k+q,k) <S“>0+I Anq } -———&-— Vys ()9, (w)
- \

) ]
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Equation (23) shows the scattering mechanisms present; the first term describes
usual s-band scattering by a k,k' dependent exchange potential. The second
term shoWs how a s-d admixed electron is scattered within the d-band by

exthahge and fluctuation in occupation numbers.

From (23) and using definitions (15) one gets:

d
A néS)O = < Sz:x:Zk J(S)(k+q,k)x(s)(k,q) + Zk{ J( )(k+q,k) <%0 +
(24)
~o(d) (o)
$Iang b Vgglkr)Vy (R)X (ksQ)
Now using equation (21) one has: (25-2)
d | -o(d d (d) (d)
EJ! 2(k.+q,k)’ <S%>g + IAAnqc(‘)z <% {J( )(k+q,k)-1 Zk'Jeff(k'+q,kv)x (k',q) }
From definition (20) one can rewrite (25-a) as:
d -o(d d
J( )(k-l-q,!z) <Sz>c+IAnqc( )= %50 'J'( )(k+q,k) {25-p°
where:
(d) (d) a“"(k'm,k')[
J(Rta,k)=d  (k+q,k) {1-1 ] 14+
k' 39 (keq,e) L |
(26)
(8 kg ke Xo(k'59)
bl Ve (k4a)Vg(k") e | x(Drs0)

3@ hrag ) xggi(k’,q)




One gets then:

m:S) -2<sts] o st () +3<d>(k+q,k>vas<k->x( NCURSNC)
. . 0

Expression (27) suggests finally the definition of an effective exchange:

d
(s) (s) 7 X(o)(f9) |
Jopp(ktak)=d (Rtq,k) {1 + = Vsd(h+q)vds(k)-—z;;———-—— } (28)
J o (ktq,k) x  (ksq)

Which show a great formal similarity with its d-counter part, equation (20);

the induced s-magnetization is then:

(s) 2 (s) (s) |
m =2<s°> Xh Jagglltask)x  (k,q) (29)

Combining equations (29) and (21) one gets for the total induced magnetization:

(s (s) (d) (d)
my =2 < s% > zh { Jefi (kta,k) X (k,q) + J pe (krask)x  (Rsq) 3 (30)

When s-d mixing is absent expression (30) becomes

(o) d) (d)

m =2< s? > zh ‘{J(S)(h+q)x(s)(k,q)+a( (kta,k)x  (k,q) }

where J(S) and J(d) are the "bare" exchange couplings.
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IV) DISCUSSIONS AND CONCLUSIONS

We have shown that the inducad magnetization for the s-d coupled
bands is st111 given by the sum of the s and d contributions, provided
that effect1ve exchange coup11ngs are introduced (cf. equation (30)). The s
and d susceptibilities are the mainly s and d contributions to the
susceptibility and its explicit form, ready for‘numerical computation is
presented in Appendix I. It is interesting to compare the relative importance
of the corrections arising from the mixing to the "bare" exchange couplings
J(Sgék+q,k) and J(d)(k+q,k). Comparing equations (20) and (28) one sees that
the correction to the d exchange is of the order of (J(s)/d(d)) (x(o)/xd)

and that of the s exchange is of the order of (J(d)/d(s) (X(o)/x(s))‘ Since

one uéﬁ;ffy'has Xg >> X and J(d) > J(S) for rare earths one expects a bigger
correction for Jegi) than for Jeﬁg). This is the result already obtained

[5] , using a phenomenological description for the effects of s-d mxing. In
that paper (5| it was concluded that Jegi) could even change of sign if the
ratio X(d)/x(s) is large enough, Expressions (20) and (28) suggest that
numerical studies should be made in’order to obtain, in terms of the band structure,

the behaviour of the effective exchange couplings as a function of g.

APPENDIX 1

In this appendix we give explicit expressions for the involved

susceptibilities; from (15-a) one has:

g« L iag ey
X »q) = — ’ X 2 (A1)
(o) 2r Y (w.Eélg)(w-Eéig) (w‘E(l))(w-E('))
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(1) (2)
where the energies Ek and Ek are the solutions of the equation:

( -~ (d)
(w'EkS))(w'Eé ) - ‘Vsd(k)I2= 0 (A-2)

Rewriting (A-1) in terms of partial fractions one gets:

(A-3)
- (s) (s) S
(d) ; U (w-epyq) (wrey, ) 1 [ 1
X(o)(ks0) = (-1) F, { - -
wvel (£ -l D (el -y (e() (M) 2 wef) w-EéV)»
_ Explicj} calculation of the E@ symbol gives the final result: 4
(A-4)

(u)  (s) (u) (s) (u) (v) (s) (v) (s) (v)

(@) ) bey (Erea) Eheq) (Braq e VF(Bryq)=(By ey q) (B - IR )
Z(n)(k-Q) = z (-1)
u,v=l (1) (2) (1) (2)  (u) (v)

(BpaqEraq)(Bp ~Er )(Epiq~Ep

(s)
A quite similar expression can be obtained for X(o) (k»q) Just replacing where

it appears s by d, in expression (A-4).

Finally, proceding in a similar way one gets for x(o)(k,Q)

(u) (v)
2 p+v f(Ek+q)-f(Ek )
Xray(RsQ) = (-1) (A-5)
(0) U,Eﬂ (M) () (1) () () ()
(BraqBraq) (Ep ~Ep MEpiq-Ep

Expression (A-4) and (A-5) together with (A-2) connect the susceptibilities to
the band structure. In the above expressions one frequently encouters f(«, )-f(-,

in order toensure positive values for the susceptibility.
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