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Anomalous critical behavior in amorphous Fe-Mo alloys: Evidence for
random anisotropy effects
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Anomalous low-field critical behavior was found in amorphous Fe-Mo alloys. The deviations

from normal ferromagnetic behavior are exactly those recently predicted to arise from random

anisotropy in an otherwise isotropic material. In disagreement with that model, however, the

low-temperature susceptibility is finite. The difference in the spin-orbit coupling constants of Fe
and Mo is suggested as a source of the anisotropy.

The properties of many random ferromagnetic ma-
terials have been closely examined in recent years
and found to display critical behavior very similar to
corresponding ordered samples. ' This was not
surprising, since calculations on the d =3 Heisenberg
model suggested that randomness does not signifi-
cantly change critical behavior. ' However, in the
presence of random anisotropy or random exchange
that is off diagonal in the spin components, theoreti-
cal arguments indicate that the ferromagnetic state is
not stable for a rotationally invariant system of d (4
dimensions. The addition of nonrandom anisotropy
can restore the ferromagnetic ground state, but modi-
fies the nature of the phase transition. 4 Recently,
Aharony and Pytte~ (AP) calculated the equation of
state for a ferromagnet (uniform exchange model) in
the presence of random uniaxial anisotropy. They
found an additional term in the equation of state
which drives the spontaneous magnetizaton to zero,
but leaves the susceptibility infinite for all T ~ T,.

In this Communication, we report the first obser-
vation of AP-like critical behavior, in the amorphous
alloys (Fel,Mo, )75PI686A13. The addition of Mo to
amorphous Fe alloys strongly reduces the transition
temperature and greatly modifies the critical
behavior. The features we report are as follows'.

(i) Breakdown of ferromagnetic critical behavior:
curvature in modified Arrott plots, low-field devia-
tions from M ~ 0' ~ along the critical isotherm, and
deviations from scaling; (ii) correction of behavior
described in (i) by the addition of the AP term in the
equation of state; (iii) absence of kink-point
phenomena; and (iv) demagnetization-limited suscep-
tibility at, and somewhat below, T,. We will argue
that strong, random off-diagonal exchange interac-
tions could arise from the difference in spin-orbit
coupling constants of Fe and Mo, as calculated re-
cently by Peri and Levy. '

Two samples of (Fel,Mo, )75PI686A13 were used,
having c =0.15 and 0.20. Ribbons of the alloys,
prepared by centrifugal spiri quenching, were cut to
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FIG. 1. Temperature dependence of the magnetization of
(Fep 8pMop 2p) 75PI6B6A13 at different applied fields. For
T ) 130 K data are in 0.3-K increments for each of the nine
applied fields. Individual data points not shown, for clarity.

the approximate dimensions 3 x 0.5 x 0.025 mm .
Approximately 10 such ribbons were stacked in the
sample holder of a vibrating sample magnetometer.
Sufficient rotational data were taken to permit an ac-
curate empirical determination of the demagnetizing
factor of the composite sample, which was oriented
to minimize demagnetizing effects. The magnetiza-
tion M(H, T) was measured in applied fields ranging
from 20 Oe to 5 kOe (c =0.15) or to 600 Oe
(c =0.20). As seen in Fig. 1, data for applied fields
greater than 200 Oe appear ferromagneticlike. Iso-
champs at low field, however, show a maxima in
M(H, T) just below the transition temperature. Such
maxima could be caused by Hopkinson effect: the
pinning of normal ferromagnetic domain walls. Very
little difference was found between zero-field-cooled
and field-cooled magnetization, especially in the re-
gion of the maxima, which rules out this explanation.
A second transition to a spin-glass state, such as ob-
served in the reentrant regime of the Fe-Mn or Fe-

25 2030



25 RAPID COMMUNICATIONS 2031

(h/ma)' "=I+Bm' ' s(ttt/h)' ' (2)

In Fig. 3, we test this prediction by plotting the left-
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Cr amorphous alloys, ' would also yield maxima in
the low-field M( T) data. However, neither evidence
for a second, low-temperature transition, nor the
strongly time-dependent effects typical of spin-glasses
were found.

To analyze the data, the usual scaling form" of the
ferromagnetic equation of state was employed; that
is, y = ttt/h' a was plotted versus x = t/h' ~a, for
t = ( T T,)/—T„h being the dimensionless internal
field, and m the dimensionless magnetization. For
the correct choice of T„ the demagnetizing factor,
and the exponents P and 8, all of the data should col-
lapse onto a single function y =f(x). We are unable
to find a set of parameter for which this holds. The
"best" data collapsing for the c =0.20 alloys was as
found for P =0.41 and 8 =4.8 and is shown in Fig. 2.
Also, regardless of the choice of T, or the demagnet-
izing factor, h/m' on the critical isotherm depends on
field.

Low-field deviations from ferromagnetic critical
behavior have been calculated by Aharony and Pytte'
for a model containing weak random uniaxial aniso-
tropy of strength D. They predict that the equation
of state for a d =3 system will take the form

(h/m)' "=t+ttt' s+Bm (m h/)'

where the AP parameter B =2a~(D/I)'/15 for a
Heisenberg system, J is the exchange energy, and a~
is a constant of order unity. We have extended, arbi-
trarily, the AP equation of state to include non-
mean-field exponents, equivalent to the spherical
model when B=0."

Along the critical isotherm (t =0), the scaling law

y=P(8 —1) was used to rewrite (1) as
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FIG. 3. Aharony-Pytte-like behavior on the critical iso-
therm. The slope equals the parameter B, in dimensionless
units.

hand side of (2) versus the term proportional to B
The low-field data (larger abscissa) satisfy (2), and
yield the values for Bgiven in Table I.

A more stringent test of AP-like critical behavior
requires that (1) be cast into a scaling form. We find
that the added term can be included in the scaled
temperature, giving a new variable x =x
+By' 'h a s' The crosso. ver exponent $ is given by

d = (2+P8 —5P)/2. Thus, y is plotted versus x,
which reproduces Fig. 1 for B=0. In Fig. 3, over
400 data points in the critical regime (~ t

~
(0.05) for

each of the two samples are plotted in this way.
The exponents P and 8 were varied in increments

of +4% over a range of 25%, T, was varied in 0.1-K
increments over a +1-K range, and for each set of
parameters the AP parameter Bwas increased from
zero until the best scaling behavior was observed.
The best scaling fit was then chosen from the matrix
of possible choices, giving P =0.41 %0.02 and
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TABLE I. Aharony-Pytte parameter B =2a&(D/J)t/15.
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FIG. 2. Scaled magnetization y =m/h' a vs scaled tem-
perature x = t/h' ~a in dimensionless units.
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in which fd and Zd are the spin-orbit coupling con-
stant and number of d electrons on the atom provid-
ing the additional spin-orbit scattering (Mo). We as-
sumed a simple cluster of atoms, using nearest neigh-
bors only, typical Fermi energies, f'd's appropriate to
singly ionized atoms, and Zd typical of the bcc met-

8 =4.8 +0.1 (see Fig. 4). The critical temperatures
are 162.4 + 0.1 K (c =0.20) and 263.8 +0.2 K
(c =0.15). The AP parameter B is accurate to—10'/0 for the exponents used; but is extremely
sensitive to small changes in the exponents.

We did not observe a kink point in low-field M( T)
data, indicating the absence of spontaneous magneti-
zation. " Experimental sensitivity limited our search
to applied fields ~5 Oe. A search for kink-point ef-
fects at still lower fields is planned.

The dc susceptibility, determined from the inter-
cept of modified Arrott plots [m' & vs (h/m)'/v], re-
vealed that the susceptibility X saturates at the in-
verse demagnetizing factor for T, & T & T, —10 K,
and decreases at lower temperatures. The susceptibil-
ity reaches a finite, nonzero value at 4.2 K. Although
AP predict X= ~ for T ~ T„convincing counterar-
guments exist which require X to remain finite at
low temperatures, due to the spontaneous formation
of domainlike clusters driven by statistical variations
of the random anisotropy fields.

The origin of sufficiently large random anisotro-
pies, D, cannot be explained by dipolar or pseudodi-
polar interactions alone. Recently, Fert and Levy7
have extended the Ruderman-Kittel-Kasuya- Yosida
(RKKY) calculation to include spin-orbit scattering of
conduction electrons by nonmagnetic transition-metal
ions and found this to induce a surprisingly large
off-diagonal random exchange interaction of the
Dzyaloshinsky-Moriya type. Although their calcula-
tion is not intended for concentrated magnetic sys-
tems, we have used its formalism to estimate the
magnitude of spin-orbit-induced anisotropy. Within
this framework, the ratio of the anisotropic to isotro-
pic exchange energy is given by
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FIG, 4. Modified scaling: y=m/h' s vs x =t/h
+By ~ Q &~&~, using P =0.41 and 8 =4.8.

als. With these parameters, values of D/JaKKv calcu-
lated from (3) are within a factor of 2 of the D/J ob-
served experimentally, and an order of magnitude
larger than pseduodipolar interactions could provide
(see Table I).

We have demonstrated that the anomalous low-
field critical behavior of amorphous Fe-Mo can be
explained in the context of Aharony and Pytte's
theory of a nonferromagnetic transition in materials
containing random anisotropy. The amorphous na-
ture of these samples greatly reduces the nonrandom
anisotropy which would, otherwise, stabilize the fer-
romagnetic state. Inclusion of the AP correction to
the ferromagnetic equation of state greatly enhances
the scaling behavior of data in the critical regime.
The origin of the anisotropy is consistent with calcu-
lated local anisotropies induced by nonmagnetic im-
purities with large spin-orbit coupling. Future work
on amorphous Fe alloys with other nonmagnetic
heavy-metal diluents is planned.
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