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T- MaTpii'!Hhrf• pac<JeT y3K030HHoro 4'eppoMarHeTn3Ma B cnaaeax 

C HenHa!"OflllllbHbC\! 6ecnOpH:lKOM 

11CClle::IyeTCl1 llOITepe'1Hal1 BOCITpl!i!~l'JilBOCTb CITI!HOBOI"O TOKa B neyrropl1-
ll0'1eHHb!X xa66apnOBCKHX <jleppo~rarHOTHKaX Ha OCHOBe ypaBHOHHH T<!ll8 6eTe
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.pa3e illJH lllJOTHOCTel! COCTOHIIIlfl, CObCTBOHHb!X 3Heprlfll f! lJOKBHbHbiX ilByX
'18CTl!'lfi!-IX T-~raTpau. Ha KOHKPOTHO~t rrpi!MOHOHIH! .::tnl1 cnnaaoe NiPt 
llll•1IOCTpl!py!OTC!i! 3·~<jJeKTb! 3l!OKTpO!!Hb!X KOppelJHUl!lr l! cnyqaJ1Hb!X Ulll'erpal!OB 
nepecKOKa. 
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Kelley E., Kelley W. EI7 - 12098 
T-Matrix Calculation of Itinerant-Electron 
Ferromagnetism in Off-Diagonal Disordered Alloys 

The transverse spin current susceptibility of disor
dered Hubbard ferromagnets is examineJ employing a Bethe
Salpeter-like equation. A magnon scattering contribution 
to the spin wave stiffness coefficient is deduced by ave
raging out off-diagonal disorder in the additive limit. 
Self-consistent numerical solutions of the coherent ladder 
approximation are presented in the ferromagnetic case for 
densities of states, self-energies, and local two-particle 
T-matrices. The application to NiPt alloys brings out the 
effects of electron correlations and random hopping integ
rals. 

The investigation has been performed at the 
Laboratory of Theoretical Physics, JINR. 
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1. INTRODUCTION 

The ferromagnetic state in transition metal al
loys is strongly affected by off-diagonal disorder 
provided that, e.g., 3d- and Sd- substituents par
ticipate in the itinerancy. Attempts to calculate 
the spin wave stiffness constant D (i.e., the magnon 
energy w =Dq 2 for small q) for such systems require 
the simultaneous treatment of off-diagonal random
ness and electron-electron interaction within a 
tight-binding model, Working along this line a ran
dom phase decoupling scheme was proposed in /1/, 

which makes an additive ansatz for the hopping 
integrals and circumvents the coherent potential 
approximation (CPA). Using the Hartree-Fock appro
ximation (HFA) for the Hubbard-type interaction an 
additional magnon scattering contribution to D was 
derived in/2/ for a general type of off-diagonal 
disorder, In the approach 13/ D was renormalized 
by vertex corrections due to the random transverse 
spin current and by electron-electron correlations 
within the coherent ladder approximation (CLA)~1 , 

where the off-diagonal disorder is restricted to 
the additive limit. 

In the present paper the average exchange stiff
ness D in 13/ is completed in the sense of 12/ by a 
magnon scattering contribution, the explicit form 
of which evolves from the additivity of the current 
operator. ~umerical CLA results reflecting the dyna
mical aspect of the ferromagnetism are applied to 
NiPt alloys. Here the emphasis is on the overall 
self-consistency of the spectral properties arising 
from both one- and two-particle (T-matrix) scatter-
ings. 
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2. CONFIGURATIONAL AVERAGE OF THE TRANSVERSE 
SPIN CURRENT SUSCEPTIBILITY 

The itinerant d-electron ferromagnetism in 
~cBJ-c alloys can be founded on the Hubbard model 
Ham1ltonian including both diagonal and off-diagonal 
disorder as 

H{vl = I 
ija 

(i;of j) 

vp. + v v 
tij ciacja +J' finia +fUi nitniJ. (1) 

where era (cia) is the creation (annihilation) opera
tor for a spin a electron in the Wannier state at 
lattice site i, and n 1a=c7acia For the alloy 

con f i g u ration { v l the hopping integra 1 s tv~ , the 
. v d h . . 11 1 atom1c energy fi , an t e 1ntraatom1c Cou omb 

i n t e r a c t i o n U ~ a r e 1 a b e 1 e d b y v (p. ) r e f e r r i n g t o 
the atomic species (p.,v=A,B) located at site i(j). 
To examine the dynamics of the ferromagnetic state 
we first consider at zero temperature the transverse 
spin current-spin current response function~/ 

q
2 x ;- (q, w) =- -k (~~<triA ~:l(E,E+w;tDG l~l(E+w)>.. lvLQ)a l~l (E)l> c . 

(2) 

Here N is the number of lattice sites, the trace 
means sum~afion (without spin) over the one-particle 
states, G ~ is the one-particle causal Green 
function within !vl, and< ... >

0 
denotes the confi-

guration average. The effective spin-flip vertex 
Al0 satisfies the integral equation 

1J 
tJ, 

!vl -. 
A .. (E,E+w;q)= 

1 J 
fJ, 

(3) 

vp. ;::>.. dE. lvl - !vl- lvl- - -. !vl-
=A,. (4.1-o .. (-1! 1. (E,E+w;w) IG .. (E)A (E,E+w;q)G. (E+w), 

IJ 1J 217 mn Imt mn m,~, 

t J, ,~,t H 

where 

>-v~ (cb = t~ll < e1lia1 
1J lJ 

-1!iR'i ) -e , (4) 
4 

and R1 is the position vector. The irreducible 
particle-hole vertex yb:'l is assumed to be site-
diagonal. Taking (2) to

1 
order q2 , i.e., putting 

lvl-+ -+ -.lvl lvl -+ -+ -> • 
A (q)=q·j and A 1 ,~,(E,E+w;q)=q·An(E,E +w), we get w1th 

(3) and (4) by using cubic symmetry the following 
expressions: 

+- -. i dE -.lvl lvl -.!vl lvl 
X (q=O,w)=-f-<trlj G (E+w)j G 1 (E)l> + 

J 3N 217 • · c 
(5) 

- +- -> ) +X J (q = 0, w, 

- +- -. i dE -+ lvl lvl -.jlv lvl 
X J (q = 0, w) =- (-< I A .. (E,E+w)G. (E+w}j G . t(E)>,( 6) 

3N 217 imn 11 1m,1, mn m c 
tJ, 

-> !vl ~vp. dE . !vl - . 
A .. (E,E+w)= J .. -8 .. (-1!. (E,E+w,w)x 

1 J 1J 1J 277 1 
t,~, tH t 

!vl - -+{vl- - !vl -
X !'n aim t<E)Amn (E,E+w)G niJ. (E+w), 

tJ. 
-> IJII VII -> -> 
j ..... = -it.~ (R. - R ). 

1J 1J 1 J 

(7) 

(8) 

In an earlier study~/ the contribution (6) was 
neglected by a factorization ansatz, To give a 
lowest-order estimation of the vertex corrections 
hidden in xt- We PXpand the random quantitieS 
around their configuraf~on averages. Moreover, we 
make the replacement I _v =-<U ~> =-U (or one may 

1 1 c 
t •• t 

choose an appropriate T-matrix value - <T~> c ) . 

Then by performing a 

solve (7), yielding 

~!vi 
order of J as 

double Fourier transform we 
-+ !vl -+{vl -iqRi 
A-. = IA .. e in first 

q t.J, i 11 

H 

-.{vl 
A_. 

qt. 
Ui dE - -. lvl ru -

=-I (- §_, _.. (E)A_. -.-. ~-. (E) 
N k 277 k+q t k+qk kJ. 

t J, 
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U. dE ->lvl 
_1 l (- 0 (E). 0 (E+w) 
N 2 tl_, ... J... ... ... tl ... k 71" k+qt k+qk k+ 

Ui dE tu E ru (E) 1--l(-;:; ...... ( )t~ ... 
N k 2rr k + qt k + 

( 9) 

0 lvl . . 
w her e ~ ( z) = <G ( z)> c 1. s the a v era g e d G r e en fun c t 1. on • a a 

In order to get the simplest non-trivial! rpproxi
mation of .x;- we have to replace the a; in (6) 
by ~ , so that we are left with fluctuating terms 
in t~e second order. Thus, in momentum representa
tion, (fi) reads 

- +- -> · i dE 1 ->lvl -+lvl 
X (q = O,w )=- (-- < l A ~ (E+w)j ~ (E)> . 

J 3N 2rr N2 kq -qt+ lt+ ii+ k+qlt itt c 

(10) 

By inserting (9) into (10) we arrive at 

<I_Ll (dE~ E: lvl 2 
limx;-(q=O,w)=...!L.l N k 2rr id )Jkk+q~k+q• (E)I >c 

W->0 3N2 ... 
q .(11) 

1- Ui l (dE~ ...... (E)~ ... (E) 
N'k2rrk+q• kt 

Within the HFA treatment~/ au expression ana-
logous to (11) was derived in the weak-scattering 
approximation, and the correspondence with virtual 
magnon scattering processes was discussed. Accord-
ing to the spatial inhomogeneity of ~11 , the 
vertex correction in (11) appears as a

1
Jconsequence 

of the off-diagonal randomness. For pure or only 
diagonal random systems the result (11) tends to 
zero due to time-reversal symmetry. 

Let us carry out the configurational averaging 
in (11) for an alloy with off-diagonal disorder 
in the additive limit 

6 

tv/1 =t BB v 11 . . Vz(tAA_t BB 
1J +ti +tj (I,J,:n.n.);tv=l ),v=A 

1 0, v=B 
(12) 

where only nearest-neighbour (n.n.) transfer in-
t e g r a 1 s t v11 ( s h or t 1 y l t V/1 ) a r e

1 
;i. n c 1 u d e d • l T hi s I l 

1J . 71v :-'(0) -:'(l)VI • -:'(l)v!~ -:'(1)v allows us to wr1.te J = J +J w1.th J =-L. J . , 
->(1)lvl i 

1 

where only the randorri part j gives a nonzero 

· · ( ll) ->(1)lvl . d contr1.but1.on to • The current j i obta1.ne 
from (8) and (12) takes the Fourier transform 

.... ( l)v 
J ikk' 

'\vhere 

... 
"'<kli(l)v 

i 

... -i(k-k ')Rj 
lk '> = e 

... i'kcii.-ii.) 
s(k) = l' e 1 

J 
j("i" i) 

v ... ... 
t . ( V s(k)+ v s(k ')), 

1 k k, 
(13) 

(14) 

In view of (11) we must average products of the 
-> ->(1)11 ... ... ... _,->(1)V ... 

type l «kli lk+q><k'+qlj ik'». According to the off-
mn m n c 

diagonal CPA 151 the decoupling scheme 

_,(1)11)2. m=n 
<(j m >c, 

7(1)11 7 (1)v > =' ..., (1)/1. .->(1)1/>, m~n 
<J rn J n c ~ <j m.>c <J n c 

leads with (13) and (14) to 

... ->(1)11 -> ... ... ... ->(1)11 ... 
l « k I i m I k + q > < k , + q I i m I k '» c 
m 

(15) 

2 ... ... ... ... ... ... (16) 
= N<t

11
m >c ( V' ... s(k)+ V'..., ...,s(k+q))(V->, _,s(k '+q)+ Y' ... , s(k')). 

k k+ q k + q k 

The terms m,.;n in 
. . ...... (1)11 ... ... 

(15) g1.ve r1.se to l«klj lk+q» = 
m m c 

AA BB -> 
=c(t -t )No ... v ... s(k) 

qo k 
not contributing to (11), 

because v~s(k) is an odd function of 
ing (16) 1.nto (11) we find 

k. Substitut-
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lim x +- (q = 0, w) 
W-+0 J 

i dE ... ... ... 2 
1-.:-1 ~ f~2 · ... (E)§ ...... (E)( v ... s(k)+v ...... s(k+q))i 

= cU (t AA_t BB)2I ,. k TT kt k+q+ k k+ q 
12N q 

1-~I ( dE~L (E)§ ...... (E) 
N k 2TT kt k+q+ 

(17) 

In the spin wave problem, we are interested 1n 
the magnon energy wq=Dq2valid for small q. The spin 
wave stiffness constant D defined in general in~/ 
(cf, ~.71) consists now of two terms 

D= D -
0 

1 
lim lim x +- (q, w) 

n t - n • w -+O q -+0 J 

-· 
(18) 

corresponding to the so-called~/ average exchange 
and magnon scattering contributions. By taking into 
account CPA vertex corrections originated from off
diagonal disorder of the type (12), the explicit 
form of D0 was derived to be ~/ 

1 p. ++ ++ ++ 
D0 = lm ( dE[IItt(E ,E )+II (E ,E )-2IIt+(E ,E )], 

6 rr(n t - n •) -- u 
( 1 9) 

~•here 

II a, (z,z ') =_!_ I §... (z)§... (z ')[ v ... (t BBs(k) + l.ci (k, z)+ I ,(k,z ')))] ~ 
a N -+ ka ka' k 2 a a 

k (20) 

+l.I[a2a (z)§ ... (z')+a (z')§_, (z)][v ... s(k)] 2. 
N-+ ka' 2a' ka k 

k 

The quantities invloved in (19) and (20) are given 
below, and E+=E+iO. The second term of (18) is 
available from (17). It represents the vertex cor
rection resulting from the interplay ~etween inter
action and off-diagonal disorder, provided that 
the spin wave is scattered by an inhomogeneous me
dium. 
8 

3. COMPUTATIO~AL ~ETHOD 

The dynamics of the electron system in the ferro
magnetic phase will be investigated in detail by 
an energy-dependent renormalization of the spin
band splitting. Adopting the CLA schemeM/ we can 
summarize the basic formulas as follows 

-+ --+ -1 
~ (Z)=(z-,B-tBBs(k)-I (k,z)) 

ka a 
(21) 

-+ --+ 2 ~ 
I a (k, z) = a 0a (z) + 2a la(z)s(k) + a2a (z)s (k), (22) 

<~ (¢ =0 
IW C ' 

ce =O, 1. 2) (23) 

1
fA-fB v=A ..... v v lJ J,J ' 

, (z)=o +I (z); o = 
ia i Uiia 1 O, v=B, 

(24) 

Iv .. (E)= (dEC. (E')Tv(E+E'), 
U 11 a 271 u- a 1 

(v = A,B) (25) 

Tv(E)=[-1-+ fdE' Gv (E')Gv (E-E')]-1, 
I uv 2rri ua u-a 

I 

(26) 

Gv. (Z)=F (Z)+F 2 (z)rv (z)+2F (z)F (z)rv_ (Z)+F 2 (z)r~(z), 
ua Oa Oa 01a · Oa la l1a la 2w 

( 2 7) 

FE (z) = 1_ I§ ... (z)[s(k)] e, 
a N k ka 

(28) 

n =In =-..!_I r dEim F 0 (E+). 
a TT a a 

-oo 

(29) 

Here we introduced the coherent self-energy I (k,z), 
the one-particle scattering matrix parts ~i (~) 
given explicitly in/4 / the correlation-con~ition-
ed self-energy Iuv .. (E)', the two-particle T-matrix ua 
Tv(E+E'), the partially averaged Green function 

I 

G ~ia (E), the average number of electrons per site 
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(per site per spin) n(na ), and the Fermi energy 1-l· 

The functions ~ (~ are determined by the off-dia
gonal CPA coupl%d conditions (23), which contain 
the renormalized atomic potential (v (z) (bare va-

v v ) Ia lues are denoted by f i = f • 

To simplify matters, we choose the density of 
states and the mean-square velocity over a constant
energy surface related to the unperturbated pure 
B-band as 

1 B 2 E 2 'h B 
-lo(E-f __,)=--[1-(-)] 8(w -lEI), (30) 
N k k rrW B wB 

2(vB)2 E 2 3/2 B _1-lo(E-f~)( v__,f B,) 2 = m [1-(-)] 8(w -lEI), (31) 
N k k k k rrw B wB 

h B BB __, B B BB. h lf b d 'd w ere f __, =t s(k), f =0, w =6t 1s the a - an \vl th 
k 

w i t h i n a sc n • n • m o d e 1 , a n d v ! i s o f o r d e r w B a 

(a: lattice constant). By means of (31) the k
summation in (20) can be rewritten, using (21) and 
(22), in the form 

B 2 
+ , + 2(v m) 12 + + 

TI -(E ,E )=--H 1+-(a (E )+a JE )) + 
aa rr wB la la 

36 + +2 ++ 
+ --(a1 (E )+a

1 
-(E )) ]HOa -(E ,E ) + 

(wB)2 a a a 

(3 2) 

72 t + t 6 + + + + 
+-;n-\a2a(E )+a2a'(E ))[1+ wB (ala(E )+ala' (E ))]Hlaa'(E ,E )+ 

[36 + + 2 
+ wB(a2a(E )+a2a'(E ))] H2aa'(E+.Et-)+ 

36 t~ + +~ 
+(w~2[a2a(E )Fa'(E )+a2a-(E )Fa(E+)]I. 

. + + 
T h e f u n c t 1 o n s H laa ' ( E , E ) c a n b e c a 1 c u 1 a t e d h y t h e 
residue method. Hence, in the spin-flip case, it 
results 

Ht =A(1+W1+W +W1+W,2), 0 • t t2 .. • (33) 

H = A(z + z + z + z + z w + z w + z w + z w ) 
tt. t 1 t2 J,l .. 2 tl t 1 t2 t 2 •1 .1.1 •2 +2 • 

(34) 
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J ,, 

H =A(z 2 +z 2 +z 2 +Z 2 +z z +Z z +Z z +Z z + 
2H tl t2 d +2 t1 t2 t1 H t1 .12 t2 <1 

+Z z +Z z +Z 2 w +z 2 w +z2w +z2w _Ji) 
t 2 • 2 .11 • 2 tl t 1 t 2 t 2 +1 +1 • 2 • 2 2 

with 
(35) 

i(1-z ; 1)J1-z*1 A= TT , (36) w 
t1 

36 2a (E+)o: (E+) 
2t 2J, (zt1- zt2 )(ztl-z.d)(ztl-z+2) 

za1,2 
B r + 

(w +12a1J+J(-wB+12o 1a)2 + E -aaa, 

72a2a 72o2a 36a2a 
(37) 

v1here wt 2 . etc., are obtained by interchanging the 
1 a b e 1 s , a n d a 1a = a 1a ( E +) . B e s i d e s , t h e an a 1 y t i c a 1 

expressions of + + ~ + 
Hn (E ,E) and F (E )are available from raa a 

the conductivity treatment~/ 
~ + 

c e s; Fa (E ) as we 11 as Ffa ( z) 
analytically on the basis of 

4. NU~ERICS AND DISCUSSION 

by adding spin indi
in (28) can be found 
(30). 

Now we compute self-co~sistent ferromagnetic 
solutions of the CLA scheme (21) to (29), completed 
by the assumption (30), for suitable values of the 
input parameters wA(=6tAA), wB, fA, uv (=Un, c, and n • 
The average electron number with spin a at v sites 
can be evaluated from 

nv 
a 

ll v 1/l v + 
= ( p (E)dE =-- ( dEimG .. (E ), (v= A,B), 

_ 00 a '" 11a (38) 

where p ~ (E) i s the part i a 11 y aver aged spin-de pen
dent density of states. 

The numerical example of Fig.l gives HFA results 
1n the case of only diagonal disorder (w A=w B =W). 

This means vHF v v 
that the self-energy lUiia =U n-a appears 

instead of (25) and (26), both a 1a anda2a vanish. 

11 
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I 
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v -1 0 

-1 0 1 1. J 
o-

Fig.l. a) Spin wave stiffness constant D, 
b) Fermi energy 11 , c) de conductivity a , and 
d) partial magnetizations mv versus th: scatter
ing tt~ength o~(A-( B for two ACBl-c alloys with 
(w, U , U , n) ~ (1, 2.5, 4.2, 0.3). 

Fig,l shows the stiffness coefficient D in units 

of d 0 ~ 91:_wa2 , the Fermi energy 
11 ' 

the partial magne-

tizations mv~n~-nv, and the spin up conductivity 
• .j. 

g~ven at zero temperature by 

A + 2 1 ~ A2 A + 
at~a17[2(Ima0 t(l1 )) + + Re!ivl-zt'i(l-zt)+3Ztlma0t(11 ))1],(39) 

lma0t(l1 ) 

A + + ~ 2 B2 2 
where Zt~l1 -a0t(l1 ),and a~e (vm) N/317 V. V is the 

volume of the system. Note that a .. ~o. 

arising from the saturated magnetism. There 

12 

t 
~ 

holds D>O and m>O (m~<mv>c~cmA+(1-c)ml),so that the cri
terion for stability of the ferromagnetic ground 
state against spin wave excitations is fulfilled. 

In Figs. 2- 5 we are trying to model PtcNi
1
_c 

alloys, as an appropriate object for CLA calcula
tions in the presence of off-diagonal disorder, by 
adopting the pure values (cf. IS!) (2wPt, 2wNi, fPt_f Ni, 

Pt Ni Pt Ni 
U . U ) ~(7.8,4.15,0,6.61.14.11) eV, and n ~ 0.4, n ~0.6 

corresponding to the number of d-holes per atom. 
In alloying n~cnPt+(l-c)nNi is fixed for a given con
centration c. 

The calculated densities of states Pva and pa~ 
~<p~>c in Fig.2 and Fig.3 illustrate the variation 
of the spin band splitting with c in the case of 
off-diagonal disorder. The two-particle correlations 
provide large tails with small humps, especially 
for the minority spin (•) electrons. According to 
the degree of saturation the shape of the spint 
band is weakly affected by correlations. In Fig.3 
and Fig.4 we present at c~0.175 in more detail the 
spectrum resulting from the self-consistent CLA 
computation. In this nearly saturated case the 
imaginary parts of the retarded self-energies a~(~ 
and lua(E) indicate the distinct damping of the elec
tron states with spin t and •, because only elec
trons with antiparallel spins interact, Note that 
Fig.4 exhibits, in units of 2w 8 , the retarded func
tions l~u(E) and Tv(E)ascribed to the causal functions 
in (25) and (26) (site index i is omitted). One 
sees that the effective local vertices Tv(E) produce 
the damping effect on lvfE) and p v(E) in the two-

. l . Ud a 
part~c e reg~on. 

In Fig,5a the reduced values of the effective 
Coulomb interaction Tv(2,.t) are drawn as a function of 
composition of PtcNi1_c alloys. The absolute values 
of Tv(2,.t) decrease with c from 6,5 eV to 3 eV, i.e., 
the bare value UNi is diminished by a factor of 
about 4. The transition from ferromagnetism to pa
ramagnetism connected with a critical concentrati
on is pointed out by means of the stiffness coef-

13 



+ 2. 
c; 

'c$16 

12 

0. .. ./~·\ ... 
.'1 I ~ ... 

/1 1 \·. 

0.4 /1 II \:··. 
/1 t-;- g\:-.. 

N : ~ 

0 0 ~--~~ . 
0.4~ ···-····· 0:/\ / 

\ .{ 

oo ' I ,,~_ .. .; 
JJL 1-\l 1 -g 

If- [_g_ 

E--

)~16 ---------~--;-------• 2 

Fig.2. Electron densities of states p 1~(E) (v=A,B) 
and p (E), averaged partially and totally, resp., 
f a A 11 . h A B A B ~ r if n o. 1 B o. 9 a o y w 1. t t h e s e t ( 2w , 2 v. , ( - ( , 
U ,U )=(1.88, 1. 0, 1.59, 3.4). 

ficient D0 (Fig.Sb) and the spin-dependent carrier 
densities n~ and na (Fig.Sc). Contrary to the HFA 
values, the CLA results of D0 in Fig.Sb show a peak 
at ccr and refer to qnstable ferromagnetic solu
tions for C=0.35and C=0.5 in Fig.3. A critical con
centration of about ccr=42 at.% Ni in Pt is confirmed 
theoretically ~.9/ and experimentally 1101. Note 

02 " that correlations lead to DNi=558meVA ata=3.81\, whereas 
the HFA result for the same parameters is about 
two times greater. 

In the numerical work only the average exchange 
stiffness D0 was included, By taking into account 
the magnon scattering contribution (17) to (18) 
one may expect near ocr a smaller D-maximum. 
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Fig,3. Component densities of states p~(E) 
at various concentrations c; alloy density 
of states Pa(E) , real and imaginary parts of 
the coherent self-energy contribution a ~) 

at D=0.175. The parameter set is the same 0~s 
in Fig.2. 
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F(g.4. Real and imaginary parts of the self
energies I~a(E) and effective vertices T v(E) 
caused by electron-electron correlations; 
~=0.175, the other parameters as in Fig.2. 
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Fig.5. a) Effective Coulomb interactions 
Tv(~), b) spin wave stiffness constant 
D0(•)compared with HFA results (M , c) par
tial and total carrier densities nlla andna(o) 
versus c for PtcNi 1_calloys corresponding 
to the parameter set in Fig.2. 
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