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A disordered ferromagnet is studied with use of the Hubbard model. A systematic
method of finding the spin transverse susceptibility for any random configuration is
developed. The computer results for a one-dimensional case reveal gapless magnetic
excitations centered around a wave vector corresponding to the first maximum of the
structure factor in qualitative accordance with recent experimental data.

PACS numbers: 75.10.Lp, 75.30.Cr, 75.50.Kj

As a contribution to the discussion concerning
the nature of short-wavelength magnetic excita-
tions observed in amorphous ferromagnets I pre-
sent a new theoretical approach based on the
itinerant-electron model. The experiments'~3
show, apart from distinct spin-wave excitations
around the wave vector ¢=0, some extra mag-
netic excitations around the first peak of the
structure factor. There is still some controversy
about these excitations and the basic question is
whether they are gapless or not. The measure-
ments by Mook et ql.''? have suggested a consid-
erable gap and relatively sharp spectrum while
recent experiments®* suggest no gap at all.

The present aim is to calculate the spin trans-
verse susceptibility with use of the single-band
Hubbard Hamiltonian

H=25t5¢157ciov U et Tepesy ey, (1)

iJ0 i

where the standard notation is used and the sums
go over sites distributed at random. The organ-
ization of the calculations is as follows. First we
generate a random configuration of lattice sites
and then solve an electronic problem by means
of a one-body Green function

gijo(t): - i9(t)<[Ci0(t), cjoT]+>-

This Green function is calculated within the Har-
tree-Fock (HF) approximation from its equation
of motion, In terms of eigenvalues A, ° and eigen-
functions u; ¢ of the Hamiltonian (1) it reads

gijo(w):Z) U;qU o /(w - Aaa)’

where « is a normal-mode label,
Next we construct a two-body Green function
X ij(t) == ie(ﬂ([cu T(t)ci W), Ciy ch 1]
and calculate it within the random-phase approx-
imation (RPA). The HF approximation for a one-
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body problem combined with the RPA for a two-
body problem gives the well-known “ladder” ap-
proximation leading to the following matrix equa-
tion for the susceptibility:

[1-UxE)] x(E)= x°(E), (2)
where

X 15 °(E) :EB{mAa’) -FeH/ gt =2 - B)}

t 1 ] 1
XUy Uy, Upy Ug,

is the energy Fourier component of
Xis °(¢)

== (c;y(De; 084D = (cjy Te, (D) g, 14(D)
with

<cl‘o Tci u(t»

=—q7 f_: dwexp(— i wt)f (w) Img; (w)

and f the Fermi-Dirac distribution function. The
zeros of the determinant of the expression in the
brackets in (2) determine the energies of the mag-
netic excitations while the imaginary part of x
gives the scattering law (spectral density func-
tion):

Sg, E)=- %117,2 explig(R, — R ,)]Imy ,,(E).

The calculations have to be repeated for various
configurations and finally averaged.

So far I have solved a one-dimensional problem.
I have considered a chain of randomly distributed
rigid nonoverlapping linear segments of length «
and imposed the Born-Karman boundary condi-
tions. The hopping integral is taken in the follow-
ing form (cf., Hall and Faulkner5):

— |t]exp[l =(R;,, - R;)n/a], i<N;
li,i+1:

~ |tlexp[l -N+(Ry~R,)n/al, i=N,
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with 7 being the order parameter varying from 7
=1 for an ordered system to 5 =0 when the amount
of disorder increases. The order parameter 7 is
equal to Na/L, where L is the length of the sys-
tem, equal to Na for n =1 and tending to infinity
for n -0. For n =1 the segments are close
packed and there is perfect order, whereas for
7 <1 the structure gets looser and some disorder
is allowed. It is worth noting that a/7% is the av-
erage distance between the segments and there-
fore the ratio (R;,, — R ;)n/a remains finite (and
fluctuates about 1) even for very small 7.
Computer results have been obtained for 20 dif-
ferent configurations of a chain consisting of N
=20 atoms. Strong ferromagnetism has been as-
sumed with up (down) spin electrons per site #,
=1 (n;=0.4), U=15]¢|, n=0.75, and T=0K. I
have chosen the parameters so that the ordered-
system RPA spin-wave stiffness constant is posi-
tive (which implies U> 7.64]¢t|). The proper or-
der of magnitude of the stiffness constant (see
Shirane et al.?) is then achieved for roughly 0.1
eV <[] <0.3 eV. The energy spectrum of mag-
netic excitations in an ordered system correspond-
ing to this choice of parameters (with 5=1) is
plotted in Fig. 1. There is no intersection of the
magnon branch with the Stoner (high-energy) exci-
tations. Figure 2 shows the magnon density-of-
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FIG. 1. Ordered-system energy spectrum of magnet-
ic excitations.

states histogram for a disordered system., It re-
veals the two maxima, located just at energies
where the ordered system has sharp peaks, and
some rather substantial broadening of the mag-
non bandwidth. Figure 3 shows the scattering law
for a few energy values (averaged over the inter-
vals marked on the E axis). For E =0 there is a
sharp magnon peak at ¢=0 and a broad one about
g=Q,=1.6r/a. For E=0.5|¢| there are two high-
q peaks distributed symmetrically about @, The
distance of these peaks from @, is equal to the
distance of the first (magnon) peak from the E
axis. This means that at least for small E the
magnon and the high-g branch have the same
slope (as reported in Refs, 1 and 2). The features
mentioned above seem to hold for E = |¢| too, al-
though this case has to be treated with caution
since it corresponds to a rather low value of the
density of states (see Fig. 2) and the statistics
involved here is poorer than in other cases. As
E increases the distance between the high-g peaks
increases as well, and the left-hand peak and the
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FIG. 2. Magnon density of states for the disordered
system.
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FIG. 3. Scattering law as a function of energy.

magnon one get closer and closer and eventually
merge into each other (for E exceeding the band-
width of the ordered system). For each of the 20
configurations I have computed a radial distribu-
tion function and then by Fourier transformation,
a structure factor. The configurationally aver-
aged structure factor is presented in Fig. 4; it
clearly shows a maximum just at ¢=@Q,,.

It seems to be instructive to compare our Fig.
3 with its counterparts from other papers based
on other models (localized spin models and tight-
binding models). It turns out that the overall be-
havior of S(g, E) is always quite similar and the
existence of the short-wave excitations of various
types appears to be the universal, model-inde-
pendent feature of disordered systems regardless
of whether they are amorphous,®™ polycrystal-
line,” or liquid.*!° In some cases, however, the
short-wavelength peak appears only for energy
exceeding some critical value, i.e., there is a
gap. From this point of view, for instance, the
magnon spectrum in the amorphous system stud-
ied by Alben’ as well as the magnon and vibra-
tional spectra of Hall and Faulkner® and the pho-
non spectrum of Axe® can be classified as gapless.

In conclusion, this Letter offers the first the-
oretical evidence, to my knowledge, for the ap-
pearance of short-wavelength magnetic excita-
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FIG. 4. Configurationally averaged structure factor.

tions around the first peak of the structure factor
in a disordered system described by the Hubbard
Hamiltonian, The fact that there is a peak in the
scattering law at (@, 0) means that the excitations
of this type are gapless which is consistent with
recent measurements.** More studies are re-
quired to verify whether these one-dimensional
results really do carry over to three dimensions.
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