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We have carried out a systematic study of the spin-wave dispersion relations and the low-temperature

magnetization in the amorphous metallic ferromagnets (Fe„Ni, ,)75P]6B6A1, for x = 1.0, 0.65, 0.5, and 0.30.
In this series the Ni is, to a first approximation, nonmagnetic. The spin-wave measurements were carried out
using inelastic neutron scattering techniques, the magnetization at finite fields (1.2 and 15 koe) was

measured via a vibrating sample magnetometer and the temperature dependence of the magnetization at zero
field was deduced from the hyperfine field at the Fe sites as measured by Mossbauer techniques. The spin
waves follow a normal ferromagnetic dispersion relation, iire(@ = b, + Dq + Eq + -, in all materials.
The magnetization follows the law M(T) = M, (1 —BT ' —-). The T ' coefficient B is nearly field

independent for the samples with x = 1.0, 0.65, and 0.5. Further the Mossbauer and magnetometer
measurements are in close quantitative agreement. We find that for these samples the observed B's are

properly accounted for by the measured spin-wave dispersion relations in contrast to previous studies in other
magnetic glasses. Anomalous effects are observed in the x = 0.30 sample.

In the past few years a number of studies have
been reported of the magnetic excitations and of
the low-temperature magnetic properties of
amorphous metallic ferromagnets, especially of
the metal-metalloid class. ' ' In general, it has
been found that at long wavelengths many such
glasses exhibit well-defined spin-wave excita-
tions with a normal ferromagnetic dispersion
relation

S(o (q) =b. + Dq'+ Eq'+ ~ ~ (Dqs/a» 1),
where 6 is an effective anisotropy gap due to the
dipole-dipole interactions. Correspondingly, at
low temperatures, the magnetization is observed
to exhibit the usual ferromagnetic behavior

M(T) =Me(] —QT ~ —QTs ' ~ ~ ~ ) (2)

In simple spin-wave theory, ' the T' ' coefficient
B and the spin-wave stiffness coefficient D are
related by the equation

B=2.613 [gita/M(0)] (ka/4ttD)sos, (3)

One of the most puzzling aspects of the results
reported to data is that although Eqs. (1) and (2)
have been found to hold rather well in the metal-
metalloid ferromagnets, B c..lculated from Eq. (3)
is consistently 30% 40&, ,=, ~r, "."-. than the mea-

sured B.' ' That is, the magnetization drops off
much more rapidly with increasing temperature
than one would anticipate from the observed spin-
wave dispersion relation. This would seem to ne-
cessitate the existence of additional excitations,
possibly nonpropagating modes which would be
inseparable from the background in the neutron
experiments. HoweVer, these modes would have
to have the peculiar feature that they exhibit a
to'~s density of states at low energies. Low-lying
nonpropagating excitations are well known in the
lattice dynamics of disordered systems; indeed
they are believed to give rise to the ubiquitous
linear tei.m in the specific heat in glasses. How-
ever, in a concentrated magnetic system in which
all the spins are tightly coupled, it is difficult
to construct a plausible model which contains lo-
calized excitations with an to' ' density of states.
Hence the above discrepancy has remained unex-
plained.

In an attempt to elucidate this problem we have
carried out a series of measurements on the ferro-
magnetic glasses (Fe„Ni, „)»PtsBsAls. The general
properties of these glasses including the method
of preparation are discussed in Ref. 8. The spin-
wave dispersion relations were measured using
inelastic neutron scattering techniques. The mag-
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FIG.1. Spin-wave dispersion relations in (Fe„N i&

$5Pf6BGA13 for x = &.0, 0.65, 0.50, and 0.30.

ne tiz ation w as measured using .a vibrating sample
magnetometer in applied fields of 1.2 and 15 kOe.
The temperatur e dependence of the magnetization
in zero field was obtained via the hyperf ine field
at the Fe site. In all cases, measurements were
carried out using either the same samples or, at
the minimum, samples obtained from the same
batch.

We consider firstly the neutron measurements.
The experiments were carried out at the High
Flux Beam Reactor at Brookhaven National I ab-
oratory . Previously, results have been reported
for two of the four compositions, (Fe, »Ni, »)»
P„B,A1, (Ref. 5) and (Feo „Nio»)»P„B,A1, (Bef. 7).
A complete description of the experimental tech-
niques is given in Ref. V. We have carried out
similar measurements on the remaining two ma-
terials, Fe»P„B,A1, and (Fe, ,gli, ,g»PieB, A1„
the former at T = 300 K (Tc =630 K) and the latter
at T = 80 K (Tc = 482 K). Due to neutron kinemati-
cal restrictions, "it was not possible to measure
the pure iron sample at temperatures much below
300 K. However, as we shall show below, the ex-
trapolation to 0 K represents only a minor correc-
tion. In both samples, sharp magnon excitation s

are observed over the complete range of wave
vectors accessible at long wavelengths . The sp in-
wave energies are plotted as a function of q' in
Fig. 1. Here, we have also included data obtained
in the previous studies. " In all cases, the data
follow r ather well the simple dispersion law Eq .
(1). For the x =0.50 sample there is a suggestion
of a measurable q' term.

In a more complete study of the (Feo „Ni»g»
P„B,Al, sample, Tarvin et al .' showed that the
sp in -w ave 8tiffness D reno rm aliz e8 as

D(T) =D(0)[1 —0.43(T/Tc)'I ] . (4)

. The observed T' ' behavior is predicted by or-
dinary spin-wave theory. The pref actor, 0.43,
should be only weakly sample dependent and, in
the absence of individual measurements, we may
take it as sample independent. The net correc-
tions in extrapolating to 0 K from the data shown
in Fig. 1 for x = 1.0, 0.6 5, 0.50, and 0.30 are 6.V,

1.5, 0.5, and 4.0%%uo, respectively. Thus, any error
in the 0.43 prefactor (in (Fe~Mo,)«BioP2O Axe
et al. ' find a prefactor of 0.61) will represent a
negligible error in D(0). The final results are
given in Table I. We shall comment on these re-
sults after first presenting the Mossbauer and
bulk measurements.

The magnetization as a function of temperature
was measured using a recording vibrating sample
magnetometer. A Chromel-Au (0.07-at%%uo Fe)
thermocouple in contact with the sample was used
to measure the tempe ratur e. For temperatures
below V V K, the reference junction w as kept in
liquid nitrogen; for temperatures above VV K, the
reference junction was in an ice bath. For all
samples, with the exception of (Fe, »Ni, ,g»P„
B,Al„ the measured magne ti z ation is essentially
field independent once the applied field is suf fi-
ciently large to overcome demagnetizing effects
(FI- 700 Oe). The magnetization of the Fe, „¹i~„
sample, however, is quite field dependent. A
plot of 1 -M/M, as a function of T'I' for thjs sam-
ple taken with an applied field of 1.2 kOe is shown
in Fig. 2. As seen from the figure, for tempera-
tures less than 150 K, the behavior is well des-
cribed by 1 -M/M, =BT'I'. For this sample B
= 1.44x 10 (K' ') at 1.2 kOe and 1.25&& 10 (K' ')
at 15 koe. The Curie temperature was obtained
by observing the disappearance of the ac susc ep-
tibility. All these magnetic results are summa-
rized in Table I. The applied field used for the
value of 8 in Table I was 15 kOe.

The Mossbauer measurements were carried out
using the experimental techniq ue s described in
detail by Chien and Hasegawa. ' The hyperf ine
field at the Fe site is plotted as a function of
(T/T~)'I' for all four samples in Fig. 3. As ex-
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TABLE I. Spin-wave and magnetization parameters for (Fe„Ni& „)75Pf6BGA13 ferromagnetic glasses.

Compound

Mo men't B B
Mp per Fe (Mossbauer) (Magnetization) $(0)l„a (D(0)]m«, ID(0)Q l&,

(Gauss) (p&) (10 ' K 'f') (10 'K 'f') (me&A) (meyA) (me&A K )

(Fe)»P«B,Al, 630 +12
(Fep 65Nip 35)75P(6B6A13 576 + 6
(Fep 5QNip ~ 5Q)75Pf886A13 482 + 6
(Fep 3pNip yp))5P)6BGA13 258 + 3
Crystalline Fe 1042

1200
832
712
475

1752

1.96
2.05
2.20
2.g9
2.09

19.0 + 2
28.0~ 2

43.0+ 3
117.0 + 10

18.6+ 2

28.4 + 2

46.3+ 3
124 + 10

3 4

117+10-
114+10

94+10
61 +10

285

134+5
115+3
91+3
36~3

281

0.21
0.20
0.19
0.13
0.27

1.0 100
I

150
l

T(K)
200 250

pected, the T' ' law holds rather well below 150 K.
The final results for B as deduced from the hyper-
fine field measurements for all four samples are
tabulated in Table I. Gratifyingly, the results are
in close quantitative agreement with the magneti-
zation measurements, especially for the x = 1.0,
0.65, and 0.50 samples.

As discussed in the beginning of this paper, or-
dinary spin-wave theory predicts that D and B
should be directly related by Eq. (3). In imple-
menting Eq. (3), we have taken g =2.09, the value
appropriate to crystalline Fe; we expect this to
be accurate to at least 5%. The values for D(0)
calculated from the measured M(0) and B are tab-
ulated in Table I along with the values for D(0)
measured by. neutron scattering. Perhaps sur-
prisingly, for the x =1.0, 0.65, and 0.50 samples
the agreement is quite good. Thus, ordinary sjin-

nrave theory completely accounts for the lou temp--
erature magnetic behavior of these ferromagnetic
metallic glasses. We find no evidence for sub-
sidiary low-energy magnetic excitations. We can
offer no unambiguous explanation for the discrep-
ancies observed previously in other materials.
As a note of caution, one should observe that be-
cause of kinematical restrictions the neutron ex-
periments typically probe the spin-wave excita-
tions only up to energies of - 30 K. On the other
hand, B is typically determined by measurements
of M(T) up to 150 K in temperature; thus M(T)
effectively probes the magnetic excitations up to
energies five times greater than those measured
via neutrons. A breakdown of Eqs. (1)-(3) could
occur at higher energies due to, for example, sin-
gle-particle excitations or anomalously large q'
etc. , terms. This would undoubtedly account for
the discrepancy observed in certain materials.

In our (Fe„Ni, „)»P„BpA1, series there is a sig-
nificant disagreement for the x =0.30 sample, but
of the opPosite sign to that observed previously.
This system, however, differs in two essential
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FIG. 2. Plot of 1-M(T)p M(0) vs T3~ in (FeQ 3NiQ 7)f5
P&6B6A13 as measured via a recording vibrating sample
magnetometer. The applied field was 1.2 kOe.

FIG e 3 e Plot of 1~Hef f (T)/H+f f (0) vs T in (Fe„Ni&~)7&
P(8BgA13.
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ways from the other samples. Firstly, from Fig.
1 of Ref. 5, it is evident that the spin waves are
never sharp excitations so that a spin-wave des-
cription is probably not valid. Secondly, the mag-
netization is markedly field dependent in a fashion
which cannot be explained within the spin-wave
picture. %e believe, therefore, that in this sam-
ple where the Fe constitute only -22% of the atoms,
dilute alloy effects dominate completely. One
might note that in the close-packed fcc lattice the
nearest-neighbor percolation threshold occurs at
19.5% concentration. We are quite close to this
threshold and one might therefore anticipate un-
usual effects as indeed are observed. A theory
for amorphous magnets in this regime would be
most welcome,

Finally, we note from Table I that D/Tc, which
measures the range of the exchange interaction,

is approximately constant for the x =1.0, 0.65, and
0.50 materials. 'Ihe observed ratio D/Tc = 0.20
+ 0.01 (meV A'g ') is somewhat less than that in
pure iron, D/Tc =0.27, implying shorter-range
interactions in the amorphous metals. This is
consistent with the conclusion of Tarvin et al. '
based on their spin-wave measurements.
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