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BnHRHHe Me>KaneKrpoHHbiX Koppenguull Ha KOatp.jmuueHT >Kec;TKOCTH 

CUHHOBbiX BOnH B <j>eppOMSI"HHTHbiX MeTannaX 

11cnonb30BBHHe MHKpOCKOUH'IeCKOil TeOpHH <j>epMH- >KHAKOCTH U03BOnSieT 

paCC'IHTbiBBTb :3HeprHIO nnHHHOBOnHOBbiX CnHHOBbiX B036y>KAeHHil B <j>eppOMSI"HHT 

HbiX nepexonHhiX MeTannax npH ayneaoii TeMneparype. Koa<j>¢uuueHT >KeCTKOCTH D 
BKniO'IBeT aneKTpOH-aneKTpOHHble KOppenSIUHH, Y'IHTbiBaeMble B p8MK8X 

Monenu Xa66apna B ropH30HTanhHOM neCTHH'IHOM npu6nu"'eHHH. Y ucneHHble 

peaynbTBTbl nng 0 nony'leHbl HB OCHOBe CBMOCOrnaCOBBHHOH nepeHOpMHpOBKH 

CUHHOBOI"O paciUenneHHSI 30Hbl. nposeneHO CpBBHeHHe C pe3ynhTBTBMH pac

CeSIHHSI HeHTpOHOB anSI HHKenR. 

Pa6oTa BOmonHeHa B /Ia6opaTOpHH TeopeTH'IecKoll <j>K3HKH 0115111. 

npenpHHT 06bellHHeHHOI"O HHCTHTyTa RnepHblX HCCnenoBSHHll. ily6Ha 1978 

/ Kolley E., Kolley W. El7 · 11821 
Electron Correlation Effects on the Spin Wave Stiffness Constant 

in Itinerant Ferromagnets 

A microscopic Fermi liquid approach is chosen to calculate 
the energy of long-wavelength spin waves in ferromagnetic transi
tion metals at zero temperature. The stiffness constant D involves 
electron-electron correlations treated within the horizontal ladder 
approximation for the bare Hubbard interaction, Numerical results 
for D are obtained by performing self-consistently an energy
dependent renormalization of the band splitting. A comparison with 
neutron scattering data for nickel is given. 

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

Preprint of the Joint Institute for Nuclear Research. Dubna 1978 

The stability of ferromagnetism in metals is connec
ted with the existence of long-wavelength spin waves 
below the Stoner gap in the particle-hole excitation spect
rum. The spin wave energy w q = Dq 2 for cubic crystals 
is determined by a pole of the transverse susceptibility 
x +- (Ci, w) yielding the spin wave stiffness constant 

2 z 1 w + _ .... 2 <S > 
D =---lim lim [ -(x (q,w)+ --)], (1) 

~8z>w~ ~0 q 2 w 

where 2<8z> is the magnetization per lattice site. An 
alternative formula 

1 1 + - +- -> 
D=--[lim-<[8 ,qJ ]>-limlimx (q,w)] (2) 

-> -> J 2<8 z > q->0 q 2 q - q W->0 q->0 

was derived in terms of the spin current-spin current 
response x j-( q, w) by Edwards and Fisher hi. To 
describe the itinerant d -electrons in ferromagnetic 
transition metals we choose the spin-rotational invariant 
Hubbard Hamiltonian I 21 

H = I f ... n... + U In n , (3) 
ka k ka i it i.J. 

where ~"ita(n_ia) is the ~ccupa~on number.operator for 
Bloch (Wannier) states w1th spm a, H 1s the band 
energy, and U denotes the bare localkinteraction. For 
this model the transverse spin density and current opera-

. + 1 + - ++ tors are g1ven by 8 .... = -=.I c,.. c.... .... (or s .... = (8 .... ) ) 
q y'N k lit k+q ~ -q q 

+ 1 + - + + and qJ .... = --==-I (c.. .... -f .... ) c .... c.... _, (or J __. = (J __.) ), 
q y' N k k + q k k t k + q ~ -q q 

resp., where c~a creates an electron in the state ! ka>, 
N is the number of lattice sites. 
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The aim of this paper is to renormalize the stiffness 
constant D by electron correlations using the local 
ladder approximation (LLA) /3/ in the particle-particle 
channel. Within a microscopic Fermi liquid approach 
(cf. I 4/ ) at zero temperature the susceptibilities in (1) 
and (2) can be expressed in terms of causal Green func
tions as follows 

+- .... + X (q,w)=-«S S-» .... . .... 
q -q w 

= .L I dE I G ........ (E+w)A.... (E+w,E)G__,t (E), 
N 2rr k k+qJ. Oq.~-t k (4) 

dE -
A .... (E+w ,E)= 1-I-ii tt (E+w, E; --w) x 

OqJ.t 2rr .!- .!-

1 - - - -
x--I G.,.. .... (E+w)A _, (E+w ,E)'G,...t( E) , 

N k K +q + Oq + t k 
(5) 

2 +- ,... ) + -q X (q,w =-«qJ-> ,qJ -> »w 
J q -q 

. dE 
= .2_ I - ~ (<-> -f _, _, ) G_, _, (E+w)A _, _,_, (E+w,E) G_, (E), 

N 2rr k k k + q k+q -1- 1k + q k k t 
+ t 

(6) 

A .,. _, .... (E+w,E) =f .... -£_, _, -I ~il (E+w,E;--w)x 
1k +q k k k + q 2rr H n 

"" t 

1 - - - -
x- ~ G_,, _, (E+w)A _,, _,_,,(E+w,E)G _,, (E). (7) 

N k , k +q + 1k +q k k t 
.j. t 

Here only the locality of the irreducible particle-hole ver
tex I Hf + has been assumed. Hence the prescription (2) 
instead of (1) is favoured, because the Bethe-Salpeter
type equation (7) can be solved without further assump
tions. By employing time-reversal symmetry the effec-
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tive spin-flip current A 1 can be found at first order of 
q immediately from (7), giving rise to vanishing vertex 
corrections in (6), i.e., 

x+-(q=O,w)=-1
-· I dE IG_, (E+w)G_, (E)(V _,f _)

2
• (8) 

J 3N 2rr k k+ k t k k 

Inserting (8) and lim - 1-< [ S :. qJ -_j >=-1- ~ < n _, > V! f _, 

q->0 q 2 q -q 6N k a k a k k 

into (2) and going over to retarded("r ") Green functions 
we obtain 

1 
11 

1 . r r 2 2 
D = Irn I dE- I (G_, (E)-G .... (El)) ( V _,{ .... ) , 

6rr(nt-n+) -oo N k kt k+ k k (9) 

where na is the average number of a electrons per 
site, and 11 denotes the Fermi level. This expression 
for D reduces to the usual RPA result (cf., e.g., 151 ), 
provided that the one-particle propagator C ka is taken 
in the Hartree-Fock approximation. In the present cal
culation, however, Gka is dressed in the LLA-scheme/3/ 

- -
I (E) = I dE 'G c"E) T(E +E) • T(E) = [ ..!_ + I dE G (E)'G <E-E) C1 

, 
a 2rri -a U 2rri a -a 

(10) 

dE 
n = I n = I I -. G (E) , 

aa a 2ma 
'G (E)=_!_~ G .... (E), 

a N k ka 
(11) 

-1 G .... (E) "" E- { .... - I (E) . 
ka k a 

(12) 

Taking into account the special vertex I H t -~.(E +w,E;--w)= 
=- T tH -~.(E+ E+w)~T(E+E+w),!(5),(7), (10) and (12) yield the 
identity 

-1 -1 
wA .... (E+w,E) +A .+ ........ k(E+w,E)=G->k .... (E+w)-G .... kt(E). (13) 

Oq t lK+ q +q + 
.j. + t 

Thus the LLA satisfies the Ward-Takahashi relation (13). 

5 



,.t 

The condition D =D(nt-n ,~.)>0 following from the 
spectral representation of x -+-(q,w) ensures the stabili
ty of the ferromagnetic ground state. Here the spin wave 

2 
damping y =--q-Imx~r(O,D<[)can be proved to be small 

q n -n 
t J. 

at least of order q 4 .. 

The numerical calculation is performed as follows: 
Choose the parameters U and the electron concentra
tion n, a semielliptic unperturbed density of states 
(bandwidth 2w, in reduced 'units 2w == 1 ) and solve the ... 
self-consistency loop (10) to (12); carry out the k -sum-

mation in (9) by assuming ..!_I o(E-t" ... )( v -+( ... ) 

2 
== 

N -+ k k k 
2v; E 2 3/2 k 

== -(1-(-) ) O(w-\Ei) (vm is or order wa, a is the lattice 
TTW W 

spacing); and use these results to get D from (9) via 
E -integration. 

Fig. 1a shows the spin wave stiffness constant D in 
units of do== {v..a2 in the stable ferromagnetic case ( D>O, 
n t > n "'). For comparison Hartree- Fock results 
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Fig.1. a) Spin wave stiffness constant D(•) compared 
with Hartree-Fock results (---) and b) effective two
particle vertex r vs. n for different values of U in 
units of the bandwidth 2w. 
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are given which qualitatively correspond to /5/. The 
stable ferromagnetic solutions in LLA confine the re
gion obtained from the zeroes of the inverse paramag
netic susceptibility /6/, Contrary to a constant effective 
interaction of the Kanamori type (cf., e.g., 17/ ) the re
normalization of U here is given by T(E+E1especially 
r == T(2p.) is plotted in Fig. 1 b. According to the ade
quacy of the LLA, r is strongly diminished for small 
n. The Table lists numerical results of D obtained for 
2w and bare u values related to nickel/?/ with 0.6 
holes per atom in the d band. It turns out that within 
the predicted parameter range D values are found 
close to the inelastic neutron s~attering data for Ni , 
compar~, e.g., D Ni == 555 ~eVA 2 at 4.2K due to Mook 
et al. s/. Fig. 2a exhibits that D Ni fits into the stable 
(here saturated) ferromagnetic region of the model cal
culation, where the effective interaction at the renorma
lization point 2p. is cast in the range 4-8 eV (Fig. 2b) 
typifying d metals. 
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Fig. 2. a) SPin wave stiffness constant D and b) effec
tive two-particle vertex r vs. U/2w for n==0.6. The 
scales refer to reduced units (D/do, n and to absolute 
units (D, U err == 2wr) with 2w == 4.15 eV, a== 4 A. 

To summarize: taking into account electron-electron 
correlations in itinerant ferromagnets · we have found 
reasonable values of D, although a single-band Hubbard 
model with simplified band structure was used. 
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Table 

Variation of D with U and a at fixed n= 0.6, 
2w = 4.15 eV 

U lfVI D/do n1.vr1 DI.VA'l DI.VA'l D!.VAI 
... J.Sll •·11A ... u a•4.Z5l 

11.2? Q0~?1 269 314 348 J92. 

13.28 0.0?4.g 428 !d9. 553 624 

14.11 0.0&38 4?9 558 618 6g8 

16.99 0.1111 635 740 820 gz5 
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