
VOLUME )4, NUMBER 16 PHYSICAL REVIEW LETTERS 21 APRIL 1975

433 (1966).
W. F. Brinkman and S. Englesberg, Phys. Rev. 169,

417 (1968).
M. T. Beal-Monod, S. K. Ma, and D. R. Fredkin,

Phys. Rev. Lett. 20, 929 (1968).
YW. R. Abel, A. C. Anderson, W. C. Black, and J. C.

Wheatley, Phys, Rev. 147, 111 (1966).
Because the pure metals have such high spin-fluctua-

tion temperatures (Ts& =250 K for Pd), the T ln(T/TsF)
variation is spread out over a large temperature region
and connot be experimentally separated from the much
larger lattice contribution. Spin-fluctuation effects
have been observed in the specific heats of some dilute
alloys, PdNi, for example, where a model based on
local enhancement effects has been shown to be appro-
priate. [For a review see D. L. Mills, M. T. Beal-
Monod, and P. Lederer, in Magnetism V, edited by
H. Suhl (Academic, New York, 1973), Chap. 3].

9K. H. Bennemann, Phys. Rev. 167, 564 (1968).
' E. Bucher, W. F, Brinkman, J. P. Maita, and H. J.

Williams, Phys. Rev. Lett. 18, 1125 (1967).
'~Since the T31nT term due to spin fluctuations is ex-

pected to be strongly modified by the presence of atomic
disorder [P. Fulde and A. Luther, Phys. Rev. 170, 570
(1968)], it is not clear that such a term can be observed
in any concentrated disordered system. In UA12 we es-
timate the electronic mean free path to be sufficiently
long such that appreciable effects due to disorder are
expected only well below 1 K.

B. B. Triplett and N. E. Phillips, Phys. Lett. 37A,
443 {1971).

' A. C. Anderson, W. Reese, and J. C. Wheatley,
Phys. Rev. 127, 671 (1972).

'4R. J. Trainor, M. B.Brodsky, and L. L. Isaacs, in
"Magnetism and Magnetic Materials —1974,"AIP Con-
ference Proceedings No. 24, edited by C. D. Graham,

Jr., J.J. Rhyne, and G. H. Lander (American Institute
of Physics, New York, to be published). .

' A. C. Gossard, V. Jaccarino, and J.H. Wernick,
Phys. Rev. 128, 1038 (1962).

'6A. J. Arko, F. Y. Fradin, and M. B. Brodsky, Phys.
Rev. B 8, 4104 (1973).

'YThe computer-generated curves in Fig. 1 were ob-
tained using data between 3 and 6 K only. The validity
of the T31nT contribution is demonstrated by the fact
that the data lie upon an extrapolation of this curve
down to 0.8 K.

' The assumption of e = 250 K is based on an analysis
of the higher-temperature specific heat data reported
elsewhere (see Ref. 13). The value of T&F obtained is
insensitive to the e assumed; changing e by 50 K
changes the calculated Ts & by ~1.5 K.
' S. Doniach, in The Actilides, edited by A. J. Free-

man and J. B.Darby (Academic, New York, 1974),
Vol. 2, Chap. 2.

We neglect the temperature dependence of A, since
it varies only by about 10% between T =0 and about e/9
=30 K for UA12.

S. D. Bader, Ph. D. thesis, University of California,
1973 {unpublished) .

K. H. J. Buschow and H. J. van Daal, in Magnetism
and Magnetic Materials —19', AIP Conference Pro-
ceedings No. 5, edited by C. D. Graham, Jr., and J. J.
Rhyne (American Institute of Physics, New York, 1972),
p. 1464.

3F. Y. Fradin, private communication.
The existence of a narrow 5f' band in UA12 was first

proposed in the NMR study of Ref. 14.
A. J. Freeman and D. D. Koelling, in The Actinides,

edited by A. J. Freeman and J. B.Darby (Academic,
New York, 1974), Vol. 1, Chap. 2.

6M. B.Brodsky, Phys. Rev. B 9, 1381 (1974).

Magnetic Annealing and Directional Ordering of an Amorphous Ferromagnetic Alloy

B. S. Berry and W. C. Pritchet
IBM Thomas J. Watson Research Center, Yorktosen Heights, Nese York 10598

{Received 3 February 1975)

The amorphous ferromagnetic alloy Fe~5P&5C&0 has been found to respond reversibly to
magnetic annealing treatments. The response has been studied {a) by measurements of
the AE effect, which is unusually large, (b) by measurements of the magnetostriction,
and {c)by torque curves which yieM a value of 550 erg/cm3 for the uniaxial a,nisotropy
parameter K„. Internal-friction measurements reveal that the alloy is also susceptible
to stress-induced ordering, with an activation energy of 2.2 eV.

It is well known that the structure-sensitive
ferromagnetic properties of certain crystalline
solid-solution alloys can be significantly modi-
fied and made uniaxially anisotropic by anneal-
ing in a magnetic field. "' This behavior has been
successfully explained in terms of a directional-
ity induced in the state of short-range order of

the alloy by the magnetization M, a process
which necessitates local atom motion below the
Curie point, T C. Although developed to explain
the behavior of crystalline alloys, this mecha-
nism is actually of wide generality and should al-
so apply to amorphous alloys, since only shoxt-
xange directional order is involved. In confirma-
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tion of this view, we report here the observa-
tion of reversible magnetic annealing effects in
an amorphous ferromagnetic alloy of nominal
composition (in atomic percent) Fe»P»C», pre-
pared at California Institute of Technology by the
technique of splat cooling' and generously sup-
plied by Professor Pol Duwez. For present pur-
poses the alloy combines a reasonably high Curie
point (Tc = 330'C) with the advantages that it can
be heat treated up to and above Tc without crys-
tallization, and can be saturated in moderate
fields (- 100 Oe). Crystallization of the amor-
phous alloy has been studied by Rastogi and Du-
wez, 4 who concluded that the amorphous condition
is largely preserved to about 420 C. In the pres-
ent work crystallization has been found to pro-
duce several well-marked irreversible property
changes, including the total elimination of the
large hZ effect described below.

Measurements of the internal friction and ~
effect were performed on vibrating-reed sam-
ples about 2 cm long and 0.3 cm wide, cut from
foils of 0.004 cm thickness. The hk effect re-
fers to the variation of the uniaxial elastic con-
stant E (Young's modulus) with the intensity of
magnetization of a ferromagnetic material. The
modulus for the saturated condition, E~, is larg-
er than that for any other level of magnetization.
The difference ~ =E~ -E is caused by the inter-
action of the applied stress (in this case the os-
cillatory stress) with the domain configuration, '
which results in the addition of a magnetostric-
tive strain to the ordinary elastic strain. The
ratio of these strains is readily shown to be giv-
en by the ratio hE/E used in Fig. 1. These mea-
surements were made with a vibrating-reed ap-
paratus' equipped for in situ annealing in fields
of 100-500 Oe. After cooling to room tempera-
ture, removal of the annealing field, and applica-
tion of a standard ac demagnetization treatment,
the bE effect was obtained as a function of a lon-
gitudinal magnetizing field via measurements of
the resonant frequency of the sample. For refer-
ences, curve Z shows the behavior after a zero-
field anneal of 30 min at 360 C. ~/E starts off
with a value of 0.24 in the demagnetized condition
and doubles in size before decreasing to zero
with the approach to saturation. It is noteworthy
that the ~ effect is two orders of magnitude
larger than for crystalline iron. This striking
difference is attributed largely to the lack of mag-
netocrystalline anisotropy in the amorphous al-
loy, which allows a much greater response to the
applied stress by domain rotation. ' Another sig-
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FIG. 1. The 4F, effect of the amorphous Fe-P-C al-
loy, determined from measurements at the second tone
of vibration near 400 Hz. Z, after a zero-field anneal;
T, after a transverse-magnetic anneal; L after a lon-
gitudinal-magnetic anneal.

nificant feature of Fig. 1 is that the measure-
ments refer to the complete or fully relaxed ~
effect, free from eddy-current shielding which,
for higher frequencies and thicker samples, is
known to modify the field dependence and limit
the observed magnitude of the effect. ' The an-
isotropy introduced into the ~ effect by mag-
netic annealing was observed by repeating the
above measurements after anneals with a field
applied along either the longitudinal or the major
transverse axis of the reed. The standard an-
nealing schedule consisted of 30 min at 360 to
erase any previously induced anisotropy, fol-
lowed by cooling to room temperature in a field
of 100-500 Oe with holds of 30 min each at 325'C,
315'C, 290 C, and 260'C. It is clearly evident
that the longitudinal anneal suppresses the max-
imum and lowers the overall magnitude of the~ effect, while the transverse anneal has the
opposite effect, increasing the maximum bZ ef-
fect to the very substantial magnitude of 0.8.
These differences are readily explained in terms
of an induced easy axis of magnetization lying
parallel to the magnetic annealing direction. The
main point is that the easy axis causes a nonran-
dom or nonideal demagnetized condition' in which
most domains have magnetization vectors along
the easy axis and are separated by 180 walls.
In this condition the hE effect tends to be rela-
tively small because 180' walls are not stress
active and the predominant domain orientations
are not susceptible to stress-induced rotation.
If the sample is subsequently magnetized by a
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FIG. 2. Thermally activated internal friction of the
amorphous Fe-P-C alloy. The observed logarithmic
decrement (5) is corrected for a background loss 6~
due mainly to thermoelastic damping. Magnetoelastic
losses, normally present below Tc, were suppressed
by a magnetic field of 80 Oe.

field applied along the easy axis (curve L), the~ effect can be decreased by the removal of the
residual stress-active walls (those with a. 90'
component). On the other hand, when the mag-
netizing field is perpendicular to the easy axis
(curve T), magnetization must necessarily be
accompanied by domain rotation or growth into
orientations which enhance the stress sensitivity
and cause the ~ effect to increase.

The measurements of Fig. 1 have been repeat-
ed on several different samples using various
tones of vibration. While the results show differ-
ences of detail the major characteristics de-
scribed above are consistently reproduced and
appear to be stable indefinitely at room temper-
ature. Additionally, it has been clearly estab-
lished by repeated sequences of anneals that the
changes induced in the ~ effect are reversible
in the sense that any of the curves T, Z, or I.
can be recovered by repeating the appropriate
anneal. Taken together these observations show
that an anisotropy can be reversibly induced and
frozen into the alloy, and thus provide clear evi-
dence for a directional-ordering model involving
thermally activated local atom movements. Al-
though a detailed study of the magnetic annealing
kinetics has not been performed, it has been con-
cluded from experiments with different cooling
rates that an anisotropy close to the maximum

obtainable is developed in about an hour at 300'C.
Since by hypothesis this is roughly the time for
an atom to jump just once, we may estimate its
activation energy Q from the relationship

m =Av, exp(-Q /kT),

where zo is the atomic jump rate, A v, is a fre-
quency factor whose value can be expected to be
about 5x 10" sec"', k is Boltzmann's constant,
and T is the absolute temperature. The value of
Q estimated in this way is 2.0 eV. An indepen-
dent and more accurate measurement of the ac-
tivation energy for atomic movement in the amor-
phous alloy has been obtained from high-tempera-
ture internal-friction measurements (Fig. 2).
These data reveal a thermally activated relaxa-
tion behavior attributable to stress-induced or-
dering. An activation energy Q„=2.2 eV is ob-
tained from Fig. 2 by the frequency-shift meth-
od." The similarity of Q and Q„ is significant
because it indicates that similar atomic move-
ments are involved in both the magnetic anneal-
ing and the internal friction behavior. This is to
be expected if directional ordering is involved in
both effects.

Further evidence of magnetic annealing in the
Fe-P-C alloy is shown by the magnetostriction
results of Fig. 3. These data were obtained from
the sample of Fig. 1 in a separate sequence of
anneals. The measurements were made with a
Talysurf instrument in the manner described by
Simpson and Brambley, "with the flexible reed
mounted in a guide to keep it straight. The larg-
er magnetostriction seen after magnetic anneal-
ing in a direction transverse to the magnetization
direction is precisely the effect expected since
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FIG. 3. Magnetostriction of the amorphous Fe-P-C
alloy after a zero-field anneal (curve Z), and after
longitudinal- (L) and transverse- (T) magnetic anneals.
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FIG. 4. Determination of the anisotropy induced in
the amorphous Fe-P-C alloy by magnetic annealing.
The curve shown is the difference between the torque
curves obtained after magnetic anneals in two orthog-
onal directions, each measured with a saturating fjeld
of 800 Oe.

magnetization in this case involves the reorienta-
tion of most domains through 90'. Overall, the
results show that the magnetostriction is of pos-
itive sign, is of substantial magnitude, and var-
ies with magnetization in a considerably simpler
manner than is the case for crystalline iron. The
proximity of curve Z to curve L was somewhat
unexpected, and serves to suggest that, because
of shape anisotropy or other causes, curve Z
does not start from a truly random or ideal de-
magnetized state.

To characterize the induced anisotropy in the
Fe-P-C alloy in quantitative terms, the uniaxial
anisotropy parameter K„has been determined by
torque measurements on a disk sample nominally
0.004 cm thick and 1.6 cm in diameter. The mea-
surements were made with a taut-suspension
magnetometer of simple design, calibrated by the
usual oscillation method. " To eliminate the ef-
fect of a residual shape anisotropy (due to minor
nonuniformity in the thickness of the splat-formed
foil), Fig. 4 shows the difference in the torque
curves obtained after standard magnetic anneals
along and perpendicular to a reference direction
defining the sample orientation 0 with respect to
the measurement field. Following these measure-
ments further anneals were performed to demon-
strate that the induced torque difference could be
both removed by annealing in zero field and rein-
troduced with an appropriately shifted phase by
further magnetic anneals along other directions.
For the situation of Fig. 4, the difference in the
energies per unit volume can be written

8, —8, =K„(sin'8 —cos'8),

and the torque difference per unit volume follows

bT/V = -d($, -8,)/d8 = —2K„sin28. (3)

Comparing Eq. (3) with Fig. 4, it is seen that the
data exhibit the expected sin28 dependence, and
provide from the peak torque the value K„=550
erg/cm'. Since K„ is thus not particularly large,
but its effects are nonetheless substantial, we
are led to the general conclusion that a small in-
duced anisotropy can be of greater relative im-
portance in an amorphous alloy because there is
no magnetocrystalline anisotropy to compete
againSt lt.

As a final comment it may be remarked that an
amorphous solid is frequently simply thought of
as a material possessing a random structure,
whose properties are therefore necessarily iso-
tropic. Through the observation of phenomena
linked to directional short-range ordering, the
present experiments serve to emphasize that,
more precisely, it is the absence of long-range
order, rather than total randomness, that is the
characteristic feature of an amorphous solid.
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