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INELASTIC NEUTRON SCATTERING IN FERROMAGNETIC METALS*
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The relative magnetic inelastic neutron scattering from spin waves and the continuum
spin-flip band in a ferromagnetic metal is shown to depend upon the wave vector q. In
particular, the scattering from the continuum band vanishes as q 0, and the scatter-
ing from the spin waves vanishes as q q, the cutoff vector for spin waves.

The magnetic, inelastic neutron scattering
from a ferromagnetic metal has contributions
arising from both spin-wave excitations and
the continuum band of spin-flip excitations.
The former of these has been calculated in the
long wavelength limit by Izuyama, Kim, and

Kubo, ' while the latter has been calculated by
Elliott' in the molecular field or Stoner approx-
imation. It is the purpose of this Letter to show
that the relative contributions to the scatter-
ing depend upon the wave vector q. In partic-
ular, as q-0, the magnetic scattering arises
solely from spin-wave excitations with no con-
tribution from the continuum band. On the oth-
er hand, as q —qm~, where qm~ is the cut-
off momentum for spin waves, ' the spin-wave
scattering vanishes and we are left with only
scattering due to the continuum spin-flip band.
This result also means that the magnitude of
the scattering from spin waves has a q depen-
dence in addition to that arising from the form
factor F(k) and the thermal factor (1-& ~@)

The differential cross section for magnetic,
inelastic neutron scattering with the scatter-
ing vector K parallel to the magnetization is
given by the relationship

d2o 1 gye' ' )F (~) I' k' -+(
dQd& 2m 2mc' 1-exp(-P&) k i

tion. In this equation, 0 is the atomic volume,
6 =nI is the band splitting, n is the number of
Bohr magnetons per atom, and e is the one-
electron band energy.

(q, &) appearing in (1) has two contribu-
tions, X& 1 +(q, ~) and Xt 2 +(q, ~), which arise
from spin-wave and continuum-band excitations,
respectively. Xzl +(q, &) is singular and aris-
es where the conditions X0 +(q, &) =0 and

IX0~ +(q, &) =1 are satisfied simultaneously.
This generally restricts q to certain values'
which in its simplest form means q&qm~.
Provided these conditions are satisfied, then

Equation (4) has been given by Izuyama, Kim,
and Kubo' in the limit as q approaches zero
for which the derivative in {4) approaches 1/h.
The derivative depends on q and, in fact, be-
comes infinitely large as q-q .' Hence,

+(q-q, &)-0. To show this, we eval-
uate the derivative appearing in (4) using (3)
and an effective-mass approximation. For a
strong ferromagnet,

X. +(q, E) =«{F'/x'F')&(F-'(q)-F),

where & is the neutron energy loss, y,
+ is

the imaginary part of the atomic susceptibili-
ty at the wave vector q and energy ~, and q = K

-K, where K is the necessary reciprocal lat-
tice vector to bring q into the first Brillouin
zone. In the random phase approximation, '

x +(q, E)=x. +(q, &)[1-Ix. +(q, @] ',

where

x (q, &) =x (q, &)+~x . (q, ~)

k4 k+ qk
(2m)' s+ s (k+ q) —e (k)—&

is the susceptibility in the Stoner approxima-

(2)

(3)

where F'=dF/dx, F =0.75f2x '+ (1-x ') ln[(1+x)/
(1—x)]); and where the auxiliary variable x = 5E/
(&'-&') with b, ' = 6+It q'/2m* and pF =5'qkF/m +,
half the width of the continuum band at q. The
dispersion relation is given by F = 6E/b. from
which we obtain q/qm~= ~F Figure 1, a. plot
of F'/x F' vs q/qm~, shows the relative de-
crease of neutron scattering from spin waves
with increasing q, arising from the suscepti-
bility term alone.

The second contribution Xt2 +(q, &) is non-
zero in the energy spectrum of the continuum
band for which X0 +(q, &) is nonzero. Here,

x,.2 (q, F-) =x0,
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FIG. 1. Reduction factor F2/x2F', for scattering
from spin waves as a function of wave vector q normal-
ized to the cutoff wave vector.

with

where G =0.7&(2y+ (1—y') in[(l+y)/(1-y)g. As
q- 0, D(q, E) - ~ and the neutron scattering
from the continuum spin-flip band vanishes.
Figure 2 illustrates the effective reduction in
this part of the neutron scattering compared
with that calculated by Elliott. '

While the detailed nature of these results
depends upon the model, the general nature
of the results does not. For we know that

(9)

and hence, that

(10)

The limit E'/z'E' -1 as x and q —0 is model
independent; so X~2

+ must vanish identically
in this limit. On the other hand, for those q

(q, E).= 0, ly I & 1,
Oi

=-,'v (n/5E)(1-y'), ly I &1, (7)

where y = (a'-E)/6E and where we have made
the same assumptions in obtaining (7) as we
have made in obtaining (5). The denominator
D(t|,E) in (6) is given by the relation

D (q, E) = (1—AG/5E)'+ (~)( . +/n) 2,
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FIG. 2. The atomic susceptibility per Bohr magne-
ton per unit of energy as a function of energy. The sol-
id curves are calculated using Eqs. (6)-(9) of the text
and the dashed curves are calculated using Eqs. (6)
and (7) with D(q, E)= 1. The dashed curves thus repre-
sent the susceptibility in the Stoner approximation and

give the inelastic neutron scattering calculated by Elli-
ott (Ref. 2). Curves a are calculated for q/qm~=0. 5
and Curves b for q/qm~= 1.0. The broad resonance
displayed in 5 continues as q increases from @max, the
resonance moving slightly away from the bottom of the
continuum band, becoming broader, and diminishing in
amplitude. This resonance arises from the virtual
spin-wave state lying in the continuum band. The band
splitting 6 is one unit of energy and the Fermi energy
is set equal to 4 for the purposes of this figure.

for which the spin-wave dispersion relation
has no solution outside the continuum band,
the denominator in (2) never goes to zero, Xf1
vanishes, and (9) must be satisfied by )(f2 (q, E).
The possibility of a discontinuous change of

+(q, E) with q seems unlikely.
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