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Exhaustive magnetization measurements have been carried out on the amorphous ferromag-

net Fe40Ni40P&4B6 in the temperature range 4.2 to 700 K in fields up to 16 kOe. Magnetization

at low temperatures is found to decrease in accordance with the predictions of an isotropic

nearest-neighbor Heisenberg model. It is observed that in this alloy the rms range of exchange

interaction equals roughly the mean nearest-neighbor distance. A theoretical interpretation has

been provided for the observation that the spin-wave stiffness constant D is smaller in amor-

phous than in crystalline ferrornagnets. Magnetization data taken in the critical region, besides

yielding the values for the Curie temperature and critical exponents as T~ =519.9+0.2 K, ,

P =0.38+0.01, y =1.31+0.02, and 5=4.46+0.04, satisfy the magnetic equation of state charac-

teristic of a second-order phase transition. The observed exponent values not only obey the

static scaling relation but also present a reasonable agreement with the theoretical values de-

duced from a three-dimensional Heisenberg model. They do, however, exhibit a slight but sys-

tematic shift towards the molecular-field values. This observation has been shown to imply an

increased effective range of the exchange interaction in the critical region. Long-range forces

are found to have a negligible influence on the critical fluctuations of magnetization. Critical

amplitude values suggest that the elementary moments involved in the magnetic order-disorder

transition are those forming a part of the giant superparamagnetic moments which are found to

exist for temperatures well above T&. Above 575 K, the susceptibility obeys the Curie-gneiss

law. A careful analysis of the susceptibility data reveals that the spin polarization of conduction

electrons gives a negligible contribution to the distribution of the magnetic moment and that the

moments on Ni and Fe atoms remain localized even in the paramagnetic state. No evidence

has been found for the indirect exchange between spins on magnetic atoms mediated by

conduction-electron spin, as conjectured by Kaneyoshi in amorphous ferrornagnets, in the

present glassy alloy.

I. INTRODUCTION

Soaring interest in amorphous magnetism" during
recent years has stemmed partly from the envisaged,
and to some extent already realized, technical applica-
tions of amorphous ferromagnetic alloys and partly
from the light these materials are expected to shed
on the effects of structural disorder on the solid-state
properties in general and magnetic properties, in par-
ticular. Amongst a wide variety of magnetic metallic
glasses prepared by the rapid-quenching technique,
perhaps the most thoroughly studied, ' ' as far as the
magnetic properties are concerned, is the glassy fer-
romagnet Fe4ONi40Pt4B6 (Metglas2826, manufactured
by the Allied Chemical Corporation, New Jersey). In
spite of such intense efforts, a number of points
(brought out in the following text) concerning the
low-temperature spin excitations and the critical
phenomena near the magnetic phase transition in this
alloy still remain obscure.

Early inelastic neutron scattering and magnetization
experiments reported on amorphous Co8pP20, "'
Fe75Pt5Cto, ' ' and (Fe093Moo07)soPtoBto (Refs. 17

and 18) alloys have demonstrated that (i) at long
wavelengths, such glasses exhibit well-defined spin-
wave excitations which satisfy a normal ferromagnetic
dispersion relation'

tee(q) = h~+Dq2+Eq +

with an effective energy gap Ag ((Dq arising from
the dipole-dipole interactions, ' ' (ii) at low tempera-
tures, magnetization decreases in accordance with the
Heisenberg-model prediction

AM( T) M(0) —M( T) JIT3/2 + CT5/2+
M(0) M(0)

(2)

and (iii) neutron scattering experiments yield a D
value which is consistently larger (by about 1.5
times) than that deduced from magnetization mea-
surements. Several arguments&4, &s, &s, 20, 2i put forward
to justify such a discrepancy between the values of D
as determined from magnetization and neutron-
diffraction studies can be summarized as follows: (a)
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The neutron-diffraction experiments give a direct
measure of the spin-wave stiffness constant D and
establish the existence of the long-wavelength spin
waves. But due to the lack of periodicity in noncrys-
talline materials, such measurements are limited to
low transferred moments (typically q «0.25 A ')
and hence to small scattering angles Ic, ts, 2o At higher
momentum transfers, the spin ~aves appear to be
diffused. By contrast, magnetization measurements
directly measure 8, the coefficient of the T'~' term in
Eq. (2), which is the "thermal average" of the total
contribution arising from spin waves of all wave-
lengths. (b) Besides the conventional spin waves,
there exist additional excitations, ' invisible to neutrons,

which also decrease magnetization according to the
Bloch T3~2 law and are more or less localized in na-
ture. (c) Rivier and Continentino" contend that in

amorphous magnets with negligible local anisotropy
(i.e., in a ground state of noncollinear local magnetic
moments) the diffusive modes ("diffusions") generat-
ed by longitudinal spin fluctuations contribute, be-
sides the spin ~aves, to the T' ' decrease of the rnag-
netization. But, unlike conventional spin waves, they
show up as a broad central peak in the inelastic neu-
tron scattering intensity.

Recent systematic spin-w'ave excitation, Moss-
bauer, and low-temperature magnetization studies on
amorphous (Fe„Nit „)75pt686A13 alloys, " "besides
confirming the previous observations (i) and (ii), re-
veal that the values of D obtained from magnetiza-
tion and Mossbauer measurements, though in good
agreement with one another for all the compositions
x, are either very close to (for x ~0.5) or greater (by
a factor -1.5) than (for x & 0.4) the corresponding
values measured by the neutron scattering experi-
ments. In view of the latter observation, the above
arguments (a) —(c) concerning the discrepancy
between D values as determined from magnetization
and neutron-diffraction studies cannot be generalized.
A close agreement between the results of Mossbauer
and magnetization measurements has also been
found ln the case of amorphous Fe75PI5CIO and
FeI „B„alloys.'6 2 7 Contrary to, the observations
made on the alloys just mentioned, magnetization
data9'0 taken on Metglas2826 give a spin-wave
stiffness constant value of D =—75 meV A' whereas
both neutron-diffraction' and Mossbauer' ' rnea-
surements yield identical results, viz. , D =—100
meV A2. While the values of D deduced from
Mossbauer and magnetization studies are fairly close
to one another for all the metallic glasses studied so
far, there seems to be no a priori reason to believe
that they should be widely different only in the case
of Metglas 2826.

Chien and Hasegawa *8 have performed Mossbauer
measurements on Metglas%826 to study its critical
magnetic behavior. They find that the temperature
dependence of the hyperfine field in the vicinity of

the Curie temperature can be fitted by a power law

H.rr( T) /H. rr(0) = D'(1 —( T/Tc) le, (3)

with the critical parameters P =0.32 +0.05 and
D' =1.03 +0.03. In sharp contrast with the above
value for the critical exponent P, bulk magnetization
measurements3 ~ on a large number of amorphous
magnetic alloys give a P value which is close to 0.4 (a
value well outside the error limit quoted above for
P). But, because no detailed magnetic data on Metg-
las2826 in the critical region have been reported so
far, a direct comparison between the P values ob-
tained from Mossbauer and magnetic studies on the
same alloy is not possible at present.

In an attempt to tackle the above-mentioned prob-
lems, we have carried out an exhaustive magnetic
measurement on amorphous Fe«wi«PI486 alloy in a
temperature range 4.2 to 700 X in magnetic fields up
to 16 kOe. The results indicate that the low-
temperature magnetization decreases according to Eq.
(2) up to about 0.5 Tc with the values for the coeffi-
cients 8 and C in excellent agreement with those ob-
tained from Mossbauer studies. '8 29 The observed 8
value is found to be very close to that predicted by
isotropic Heisenberg nearest-neighbor exchange-
interaction model. Furthermore, the range of the ex-
change interaction, calculated from the experimental
values of 8 and C, equals just the nearest-neighbor
transition-metal —transition-metal distance. A careful
analysis of the experimental data in the critical region
gives reliable values for the critical exponents, critical
amplitudes, and the Curie temperature. In the tem-
perature range 2.9 && 10 «(e) «4.2 ~ 10 '

[~ e(
= ~(T —Tc)/Tcl], our measurements, like previous
Mossbauer measurements, "demonstrate that Eq.
(3) is satisfied with the values for the spontaneous
magnetization critical exponent P and the corre-
sponding critical amplitude D' as 0.32 0.02 and
0.95 +0.01, respectively. However, for temperatures
very close to the Curie temperature, i.e., from

~ e~ =2.9 x 10~ to 2.2 && 10 ' (such a temperature re-
gion being inaccessible to the Mossbauer spectroscop-
ic method because of poor spectral resolution for
~ e~ & 10 ' due to broad inherent linewidths resulting
from hyperfine-field distribution) P assumes a value
of 0.38 +0.02 which conforms reasonably well with
the P values reported for other amorphous alloys.
As observed in other amorphous ferromagnets, 30~0

the critical exponents for the present alloy also have
values close to those expected from a three-
dimensional Heisenberg model, exhibit the same
anomalous behavior, ' ~ and obey the static scaling
relation. The experimentally observed critical ex-
ponent values suggest an increased effective range of
the Heisenberg exchange interaction in the critical re-
gion. In addition, it has been inferred from the criti-
cal amplitude values that in Metglas2826 the ele-
mentary moments involved in the magnetic order-
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disorder transition are not those of individual mo-
ments as in crystalline Ni but those forming a part of
the giant superparamagnetic moments which are
found to exist for temperatures well above the Curie
temperature. Magnetization data are observed to
satisfy the magnetic equation of state characteristic
of a second-order magnetic phase transition. Above
575 K, magnetic susceptibility obeys the Curie-%'eiss
law with the values of paramagnetic Curie tempera-
ture and Curie constant in close agreement with their
values found previously by Hasegawa and
O'Handley. From the high-temperature behavior of
the alloy, it is concluded that even in the paramag-
netic state the moments on Fe and Ni atoms are local-
1zed.

II. EXPERIMENTAL DETAILS

Ribbon of the amorphous Fe40Ni40P~486 alloy
(prepared by the rapid-quenching technique and com-
mercially known as Metglas 2826), having a
thickness —50 p,m and width -2 mm, was procured
from Allied Chemical Corporation, New Jersey. Us-
ing the Faraday method, magnetization versus
magnetic-field isotherms for this glassy material in
"as-received" condition were taken at approximately
10 K intervals from 4.2 to 300 K in fields up to 16
kOe. The details about the sample-holder design and
the procedure are given elsewhere. ' The sample
temperature was momtored by precalibrated carbon-
and platinum-resistance thermometers in the tern-

perature ranges 4.2—SO and 50—300 K, respectively,
and was held constant to within 0.1 K by controlling
either the input to a resistance heater or the helium
flow or both in a continuous-flow cryostat. Above
300 K, magnetization was measured in fields up to 16
kOe by a Prinston Applied Research (PAR) vibrating
sample magnetometer (model 155, having a resolu-
tion of about 10 emu) in conjunction with a high-

temperature oven assembly. The sample was heated

by means of a heater (situated in the annular space,
which was evacuated to a vacuum of 10 5 torr,
between the inner and outer walls of the oven) while

its temperature was measured by a Chromel-Alumel
thermocouple placed adjacent to it in the sample
chamber. A good thermal contact between the sam-

ple and thermocouple was ensured by maintaining a
small positive pressure of helium-exchange gas in the
sample chamber.

Having located the Curie temperature at Tc =520
K from the sharp kink observed in the temperature
dependence of low-field (15 Oe) magnetization, mag-
netization as a function of temperature was measured
at. constant external fields 50 Oe «0,„,«16 kOe in

the temperature interval ( Tc —50) ~ T ~ ( Tc +50)
K with temperature increasing at a rate of 30 K per
hour. In order to achieve sufficient accuracy in the
measurement near the Curie temperature, several
pieces of Metglas 2826 ribbon (each roughly 8 mm

in length) with a total weight of about 12 mg were
stacked side by side in the high-temperature sample
holder with the external magnetic field in the plane
of the ribbon pieces so as to minimize the demagnet-
izing field effects. Magnetization measurements in

an applied field of 10 kOe were continued to 700 K
to find out the magnetic behavior of this alloy in the
paramagnetic region.

III. RESULTS AND DISCUSSION

In order to achieve a clear and coherent presenta-
tion of the present findings, the text describing the
analysis and discussion of the experimental data has
been divided into the following subsections.

A. Temperature dependence of
spontaneous magnetization

The assumption that spontaneous magnetization
has a negligible variation with temperature between
absolute zero and 4.2 K leads to a value for spon-
taneous magnetization at absolute zero o-, (0) of
100.27 emu/g which corresponds to 1.14@,~ per
transition-metal atom (TMA) or M, (0) =754 G
[density for this alloy is taken to be 7.52 (Ref. 42)].
It is interesting to note that Hasegawa and O'Hand-
ley3 arrived at the same o., (0) value as above from
their magnetic studies on Metglas2826. As is well

known, a meaningful reduced magnetization
M, ( T) /M, (0) versus reduced temperature T/ Tc
curve can be obtained only when the Curie tempera-
ture Tc is determined unambiguously. A method,
~hose details are given in Sec. III C has been adopted
for this purpose and the value of T~ was found to be
519.9 +0.2 K, which is again in excellent agreement
with the Tc values determined for the same alloy in

Refs. 3 and 11. Having found values of M, (0) and

Tc, the values of spontaneous magnetization at dif-
ferent temperatures have been obtained in the tem-
perature range 4.2 «T «440 K by simply extrapolat-
ing the high-field saturated portion of the magnetiza-
tion versus field isotherms to zero field (the external
field being already corrected for the demagnetizing
field) and from 0.85T~ (442 K) to Tc by a parabolic
extrapolation" 37 '9 of the Arrott-Kouvel plots (i.e.,
M' vs H/Misotherms) to HIM=0.

The temperature dependence of reduced spontane-
ous magnetization for amorphous Fe40Ni40P|486 is

shown in Fig. 1. Theoretical predictions based on
molecular-field theory for S = —and S =1, which

describe reasonably well43 the temperature depen-
dence of reduced magnetization in crystalline Ni and
Fe. respectively, have been included in this figure for
comparison. It becomes immediately obvious that
the M, (T)/M, (0) vs T/Tc curve (henceforth re-
ferred to as universal magnetization curve) for the
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with the experimental findings (see Sec. III 8). Of
the various theories proposed under the second
category, only the molecular-field approach of Han-
drich46 provides results in a simple analytical form.
Starting from the Heisenberg Hamiltonian

H = —XJ»S, Kg

and assuming JJ = (J) +AJ» (where (J) denotes the
spatially averaged value of the exchange integral
between nearest-neighbor spins and AJ& is the fluc-

tuating part of the exchange integral arising from the
structural fluctuations in amorphous ferromagnets),
Handrich46 arrives at the following expression for the
reduced spontaneous magnetization in the mole-
cular-fieM approximation

0.6 0.7 0.& 0 9

T/ Tc

FIG. 1. Reduced spontaneous magnetization vs
reduced-temperature curve for amorphous ferromagnet
Fe40Ni40Pi486. Various curves through the data points are
results obtained from Eq. (5). Insert shoves the fractional
decrease in spontaneous magnetization due to increasing
temperature plotted against (T/Tc) ~ .

present alloy falls well below that for crystalline Ni or
Fe. This seems to be a feature which all the amor-
phous ferromagnetic alloys studies so far" '

have in common. Two general, but basically oppo-
site, theoretical approaches have been proposed to
justify the diminished curvature of the universal
magnetization curve in amorphous ferromagnets. In
the first approach, a fixed unique value is assigned to
the exchange coupling constant between the spins on
magnetic atoms and the amorphous nature of the al-

loy is taken into account by assuming a random dis-
tribution of local anisotropy field. 44 4' In the second
approach, the structural fluctuations in the amor-
phous materials are assumed to manifest themselves
in a distribution of exchange integrals. "" Despite
the fact that both the above-mentioned approaches
demonstrate that the universal magnetization curve
for an amorphous ferromagnetic material must
characteristically fall below that for the crystalline
counterpart, the second approach is usually preferred
to the first one for comparison with the experimental
results for two reasons. First, contrary to the ob-
served Mossbauer spectra, "' '9 the theories under
the first category predict a flat (structureless)
Mossbauer spectrum ' for amorphous ferromagnets
below the Curie temperature. Second, the prediction
based on the theory of Gubernatis et aI. 45 that an
identical value for the coefficient 8 of the T3~2 term
in Eq. (2) should be observed for both crystalline and
amorphous ferromagnets is in direct contradiction

M(»/K(0) = —,
'

[&,[(I+a)x]+g,[(l g)x) I

with

x = [3S/(S+ I )]j(rc/r) [M,(»/M, (0) ]

(5)

~here 8, is the Brillouin function and 0 & 6 & 1 is a
measure of the degree of disorder and is defined as
the root mean square of deviation from an average
exchange integral between two nearest-neighbor
splns:

~'= &(~J)'&/{J&'

Equation (5) clearly shows that (i) by setting b, =0,
the well-known molecular-field expression for crystal-
line ferromagnets, i.e., M, ( T')/M, (0) =8,(x) is
recovered and (ii) a progressive increase in the value
of 4 results in increased depression of spontaneous
magnetization over the entire temperature range for
T ~ Tc. %e have attempted to fit the observed tem-
perature dependence of spontaneous magnetization
for Metglas2826 in terms of the relation (5) by us-
ing various values of 4 both for S =

2
and 1 with the

result that the theoretical curves for 4 =0.3, 5 =1
and d =0.5, S =

2
give a reasonable overall fit to the

experimental data. Since the theoretical curves for
both 5=0.3, 5=1 and 5=0.5, 5=- exhibit rough-

ly the same variation, only the theoretical curve cor-
responding to 4 =0.5, 5 =

2
is included for the sake

of clarity in Fig. 1. Based on the Mossbauer studies
on Metglas 2826, Chien and Hasegawas too have ar-
rived at the same result.

Although Eq. (5) is capable of yielding a lower
universal magnetization curve for glassy ferromag-
nets, it is still far from giving a quantitative agree-
ment with the experimental results. As is evident
from Fig. 1, even for the most reasonable values of
6 =0.5 for S =

2
and 4 =0.3 for S =1 the data

points lie above the theoretical curve for tempera-
tures close to Tc and below for low enough tempera-
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tures. Similar disagreement between the theoretically
predicted (5 =0) and experimentally observed varia-
tion for spontaneous magnetization with temperature
has also been found in the case of crystalline fer-
romagnets. Such a discrepancy between the theory
and experiment arises basically from the inadequacy
of molecular-field approximation for temperatures ei-
ther in the low-temperature region, where spin-wave
description is more appropriate, or in close vicinity of
the Curie temperature where, as we will sec in

Sec.III C, the Heisenberg model gives better quantita-
tive agreement with the observed temperature depen-
dence of magnetization. At this stage, it is impera-
tive to mention that Vinczc et at. ,

ss based on their
Mossbauer studies on (Fel „Ni, )75B$5 alloys in both
amorphous as well as crystalline state, find no sub-
stantial difference between the reduced hyperfine-
field (hf) versus reduced-temperature curves of the
corresponding amorphous and crystalline alloys and
hence conclude that structural disorder has a minor
effect on the shape of hyperfine-field curve whereas
the high metalloid content is responsible for the rath-
er fast decrease of hf with temperature in these ma-

terials. Contrary to the above observation, Tsuei and
Lilienthal' find that the universal magnetization
curve for amorphous Fe75P15C10 alloy (this alloy crys-
tallizes at -400'C into a predominant Fe3P phase
wltll Fe3C and a-Fe as other minor phases) lies well

below that for crystalline Fe3P and the difference
between them is quite significant. Therefore, the
basic mechanism responsible for the faster decrease
of spontaneous magnetization with temperature in
amorphous ferromagnets compared with that in their
crystalline counterparts is still controversial. Never-
theless, a distribution of the exchange interaction, as
inferred from Mossbauer studies, remains a useful
concept so far as the magnetic and electrical proper-
ties of amorphous ferromagnets are concerned (for
details see Ref. 16).

B. Lo~-temperature magnetization and

spin-wave excitations

By now ample experimental evidence exists in the
literature to demonstrate that the decrease of mag-
netization with increasing temperature at low tem-
peratures not only in crystalline ferromagnetic materi-
als"'6 but also in amorphous fcrromag-
ncts"'6 ' " "29 is adequately described by the
theoretical prediction based on the Heisenberg
model, Eq. (2). The results of the magnetization
measurements performed on Mctglas2826 are plot-
ted again ( T/Tc)'i' in the insert of Fig. I [note that
tile subscflpt 5 lll M ( T)/M (0) has been dropped
both in Eq. (2) and in this figure for convenience].
It is clearly seen from this figure that Bloch's T law

holds for temperatures up to 255 K (0.49 Tc), in

agreement with the previous magnetic9' and
Mossbauer ' studies on the same glassy alloy, with

the coefficient 8 = 38 + 2 & 10 6 K ' '. However, a

much better fit to the observed data in an extended
temperature range 4.2 ~ T ~ 295 K could be ob-
tained by using both the terms in Eq. (2) and plotting
[4M(T)/M(0)]T "against T The. intercept and

slope of the least-squares-fit straight line through the
data points gave the values 8 =38 +2 && 10 6 K
and C =1.4+0.5 &10 8 K s~2, respectively. The
present values of 8 and C for Metglas 2826 together
with those determined from previous magnetic9'0
and Mossbauer"'9 studies on the sample are listed
in Table I, where the corresponding values for crys-
talline Fe and Ni and other relevant magnetic param-
eters have also been included for comparison. It is

evident from Table I that the presently determined
values for 8 and C differ from those observed in pre-
vious magnetic studies9'0 but are in excellent agree-
ment with the values deduced from Mossbauer mea-
surements. 9 Because of the wide difference in

thc Curie temperatures, a meaningful comparison
between the values of the coefficients 8 and C found
either in different crystalline ferromagnetic materials
and/or in various amorphous ferromagnets can be
made only when the normalized coefficients

83/2 8Tc and Cs//2 = CT~ ', as defined by an alter-
native form of Eq. (2), i.e.,

/3M(T)/M(0) =8„,(T/T, )'i'+C„,(T/T, )"+

arc used in place of 8 and C. Therefore, values for
normalized coefficients 83j2 and Csl2 arc also

given within the square brackets in Table I.
Although both crystalline and noncrystalline fcr-

romagncts follow the predictions of Heisenberg
model Eq. (2), the results for the glassy alloy under
consideration differ from those for crystalline fer-
romagnets in at least two ways: (i) the values of 83/I
exhibiting a close agreement among themselves for
cfystaii1ne feffolIlagflets Bfe fougllly four flmes slIlallef
in magnitude than that observed for the present al-

loy, and (ii) the temperature range-in which the T' '
term dominates is much wider (up to about 0.5 Tc) in

the case of Metglas 2826 than that for crystalline Fe
and Ni [0 «T «0.15 Tc (Ref. 56)]. ln spite of the
fact that the amorphous Fe40Ni40PI486 alloy and crys-
talline ferromagnets differ in the above respects, they
all exhibit comparable values for the coefficient of
T term, Csp. Similar observations have been
made from studies on other amorphous ferromagnet-
ic alloys. '"'"' ' '" Moreover, there exists suffi-
cient evidence to prove that the higher values for 8
are characteristic of only the glassy state. '9

For a crystalline ferromagnet in which crystal mo-
menta are quantized, the conventional spin-wave
theory shows that the q and q terms in the spin-
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TABLE I. Magnetization and spin-&eave parameters, and mean-square range of the exchange interaction for amorphous

Fe40Ni40P~486 and crystalline Fe and Ni. Numbers in the parentheses denote estimated uncertainty limits. Note that because of
the large uncertainty limits of the coefficient C, only the highest estimate of the rms range is given for Metglas 2826.

B(10~K.-3~2)

M, (o)
(0) Tc(K) Magn. Moss. M

C(10-8 K-»')
D (meV A2)

agn. Moss. Calc. Obs.

D/Tc
(meV A2K }

Cale. Obs.

Metglas 2.05' 754b 519.9b 38b

2826 {O.O2) (O.2) (2)
520& [0.45]h

(o.o2)
525' 56.4j

537' t.0.71]

38c,d 1 4b

(2) (o.s)
I0.47] [0,09]
(o.o3} (o.o3) (0.03)
4ok

(2)
fo.so]
(o.o2)

99b

(3)
78'

1OOe 0.19b 0.19' -6.4'

Fe 2 09' 1752' 1043'

2 19' 508' 631'

3 41

(o.2)
f0.115]
(o.oo7)

7.5[

(o.2)
t0.119]
(0.003)

0, 1'

(o.l}
f.o.o4]
(0.04)

1.5[

(o.2)
to. ls]
(0.02)

266"
(2o)
281q

340'
(4s)

286 Ill

(»)
278P

(3o)
28Sq

397III 433I
(7)

027& 0260 16a2 (Ref. f)
(o.o1) (o,o1) (2}

0.27&

0.64' 0.690 16a~ (Ref. f}
(o.o1) (2)

0.540

(o.o7)

'Reference 5.
bPresent stork.
'Reference 8.
dReference 29.
'Reference 28.
fValues estimated from Eq. (20) ~hen the values of Band C
determined in the present work and Ref. 56 are used; a
denotes the nearest-neighbor distance.
Reference 3.
"Numbers within the square brackets are the values of nor-
malized coefficients 83~2 and C5/2.
'Reference 10.
jReference 9,

"Reference 7.
'Reference 56.
~Calculated using the value of B obtained in Ref. 56 in Eq.
(8).
"6.Shirane, R. Nathans, O. Steinsvoll, H. A. Alperin, and
S. J. Pickart, Phys. Rev. Lett. 15, 145 (1965).
OCalculated using D values observed in footnotes n, r, and s.
t'Reference 26.
qReference 22.
'H. A. Mook, R. M. Nicklovv, E. D. Thompson, and M. K.
Wilkinson, J. Appl. Phys. 40, 1450 (1969).
'T. Riste, G. Shirane, H. A. Alperin, and S. J. Pickart, J.
Appl. Phys. 36, 1076 (1965).

wave dispersion relation Eq. (1) give rise to T'' and
T terms, respectively, in Eq. (2) and the coeffi-
cients of thc corresponding terms in these equations
are related through the expressions

and

C = g( ,') [g&,/u(0) 1-(k,/4~D)'~'( ,' ~) (r'), (9)—

where D is the spin-wave stiffness constant, ](—,)
=2.612 and g( 2 ) =1.341 are the Rieman f functions

and (r') is the average mean-square (ms) range of
the exchange interaction. Despite the fact that
translational invariance is totally absent in amorphous
ferromagnets and hence crystal momentum is no

longer a good quantum number, neutron-diffraction
measurements' ""'"' clearly show that the
amorphous ferromagnets do indeed exhibit well-
defined spin-wave excitations at long wavelengths
and the spin-wave dispersion data display the same q
dependence as expected for crystalline ferromagnets
[i.e., Eq. (1)j. At first thought the above-mentioned
observation may sound puzzling but reconciliation
with such a situation is brought about by a field-
theoretical calculation of Herring and Kittel' which
reveals that for spin waves with long wavelength
(wavelength exceeding many times the average atom-
ic distances) the details of atomic arrangement,
periodic or otherwise, are not important. Recently,
the existence of well-defined long-wavelength spin
waves in amorphous ferromagnets has been esta-
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blished through various theoretical treatments em-
ploying a quasicrystalline approximation.

As already mentioned above, the term BT' ' in Eq.
(2) arises from the fact that the quadratic dispersion
relation holds at small wave vectors [or equivalently,
from the finding that the spin-wave density of states
g(p)) —p)'j2 for small magnon frequency p)]. The
observation that 8 or 83~2 values for glassy ferromag-
nets are consistently several times larger than those
for crystalline ferromagnets, therefore, implies higher
low-frequency density of states for the amorphous
case. In conformity with the above argument, a
number of theoretical models indicate that increased
structural disorder results in higher spin-wave density
of states for low-frequency excitations. " '"The
values of the spin-wave stiffness constant D comput-
ed from Eq. (8) using the observed B values are list-
ed in Table I. The general observation ' ' that D
has a smaller value for ferromagnets in the amor-
phous state than for those in the crystalline state is
found to be maintained in the present system too. A

theoretical justification for this finding has been pro-
vided as follows. Starting from the Hamiltonian

N N

H = —$ QJjS, Sj
i 1 j

(10)

[where Jj=J(}r; —r j})= Jj, denotes the exchange
interaction between the spins S, and S& localized on
neighboring sites i and jwith radius vectors r, and
r j, respectively] for a system of N magnetic atoms

contained in a volume V, it can be shown that in

quasicrystalline approximation the expression for the
spin-wave energy of an amorphous ferromagnet is
given by'9

S(q) =2Spe f/(rr)g(rr)[1 —egp( —rq r;, ))d'r„

where pp = W/ V is the average atomic density,
r'j }fj}=

} r; —r j}, q is the wave vector and g(r„)
is the normalized pair correlation function which
denotes the probability of finding atoms at the site j
when some chosen atom occupies the site i.

For a perfectly isotropic case and in the long-
wavelength (small q) limit, the above expression
reduces to

)

Dq =Re[E(q)]= —Spp r(jJ(rj)g(rj) d rj q
) )

(12)

D=3S rJ rF r dr (13)

By choosing the origin at the site i and denoting the
distance between i and j sites by r, Eq. (12) simplifies
into

F(r) =(2/sr)' (Z//(gr)exp[ —(r —r()) /2(br) ]

(15)
[Z being the nearest-neighbor (NN) coordination

number, rp= Jt r F(r) dr, the mean value of the

NN pair distances and (Ar)'= Jt (r —rp)'F(r) dr,

the mean-square deviation of the NN pair distances],
a lengthy but straightforward calculation yields

D =D(0) [I —2Z(hr/rp) [AJ/J(rp) ] }, (16a)

with

D(0) =
3

[ZSJ(rp)rp ] (16b)

An independent estimate of J(rp) provided by the
expression for the Curie temperature T~ in the
molecular-field approximation'

Tc = [S(S+1)/3ks]N (J)

= [3 (3 + ( )/3gg i fF( ~)/(r) dr

= [S(S+1)/3k/) ] ZJ(r()) (17)

enables us to express D(0) as

D(0) = [kjj T~rp /(S +1)1 (18)

Taking Tc =519.9 K and rp ——2.54 A ', P3 Eq. (18)
gives the values of D (0) for the present alloy as 193

0
and 145 meV A for S =

2
and 1, respectively.

These D(0) values together with the values Z =12
(Ref. 63) and /)gr/rp =0.04 (Refs. 64 and 65) when

used in Eq. (16a) give /jJ/J(rp) =0.5 for S = —, and

0.3 for S =1. It is immediately noticed that the
above values of EJ/J for S =

2
and 1 are the same

1

as those obtained earlier by fitting the molecular-field
theory to the experimental data (Fig. 1). The obser-
vation that D for amorphous ferromagnets is smaller
than that for the crystalline counterparts has found a
similar interpretation as above in terms of the

where F(r) =4rrr'ppg(r) is the radial distribution
function. Next, we introduce J(r) in the form

J(r) =J(rp+ r —rp) = J(rp+ Sr )

with ro representing the mean nearest-neighbor dis-
tance and assume that the exchange interaction is
confined to the nearest neighbors only. Now that
gr « rp, J(r) can be expanded into a Taylor series
about r =ro in powers of 5r with the result

J(r) = J(rp) +(5r) J'(rp) = J(rp) +AJ(r), (14)

where b,J is the contribution to the exchange integral
resulting from the distribution in the nearest-
neighbor distance due to the structural fluctuations in
amorphous materials. In case the first peak in F(r)
can be approximated by a Gaussian probability densi-
ty function as follows:
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theories ' that assume a random-lattice model and
employ a binary collision theory. These theories, like
the one proposed above, give the expression for D as

D = D (0) (1 —h2) (19)

(20)

The values of ms range of the exchange interaction
for Metglas2826 and crystalline Fe and Ni evaluat-
ed from Eq. (20) are given in Table 1. From the ta-
bulated values, it is evident that the ms range of the
exchange interaction for Metglas 2826 roughly
equals the mean nearest-neighbor transition-metal—
transition-metal distance whereas in crystalline Fe or
Ni it is about four times the nearest-neighbor dis-
tance. This implies that at low temperatures the ex-
change interaction in amorphous Fe40Ni40P~486 is
essentially confined to the nearest neighbors only.
The above statement is further justified by the find-
ing that within the error limits the value of B3~2 for
Metglas2826 is fairly close to the value of 0.512 de-
duced for the case S =1 from a theory based on a
nearest-neighbor Heisenberg model.

with 4 and D(0) defined by Eqs. (6) and (16b),
respectively.

In addition to the above observation, Table I shows
that the value of D deduced from the present mag-
netization measurements, though in obvious

disagreement with the D values determined from the
previous magnetization studies, is very close to that
obtained from Mossbauer measurements and that ac-
tually measured by neutron-diffraction experiments.
Such a close agreement between the D values as
determined from magnetization, Mossbauer, and
neutron-diffraction studies suggests that the conven-
tional spin-wave theory completely accounts for the ob-
served low-temperature magnetic behavior and that
there is no need to invoke the concept of additional
excitations or diffusive modes at least for the glassy al-

loy under consideration.
The mean-square (ms) range of the exchange in-

teraction, defined as'

r2J(r) g(r) dr
(r') ="

„tJ( r) g (r) dr

in the case of amorphous ferromagnets, can be es-
timated either from Eq. (9) or from the following re-
lation: 100
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mation about the sharpness of magnetic phase transi-
tion at Tc is provided by the previous (zero-field)
Mossbauer measurements' on Metglas2826. From
these measurements, Chien and Hasegawa have
found T~ = 537 K to be sharply defined to within 2

K. This observation implies that Tc is as sharp as
0.4% and that the critical behavior can be studied for
values of ~e[ = [(T—Tc) l/Tc in excess of 1.9
& 10 3. Moreover, the fact that the crystallization
temperature for the present glassy alloy lies at least
150 K above Tc makes it possible to study critical
magnetic behavior without inducing crystallization in

the sample.
Magnetization data taken in the temperature range

(Tc —50) to ( Tc+50) K when plotted in the form
of a' vs H/a(with -H =H,„, 4rrNM—, where N is

the demagnetizing factor) isotherms at 0.5-K inter-
vals, give a set of smooth curves. A parabolic extra-
polation" " '9 of these curves to H/o=0 an.d o' =0
yields intercepts on a' and H/a axes equal to a,2,

the spontaneous magnetization squared (for T( Tc), and Xo, the inverse initial susceptibility (for
T ) Tc), respectively. The temperature dependence
of a, and Xo' so obtained and shown in Figs. 1 and 3
has been employed to construct the a, (do, /dT) ' vs.
T (Fig. 2) and Xo'(d Xo '/dT) ' vs T (insert in Fig. 3)

C. Magnetic behavior in the critical region

0 I

490 &95 500 505

T (K)

510 515 520

As already mentioned in Sec. II, magnetization as a
function of temperature in an applied field of 15 Oe
exhibits a sharp kink which gives the magnetic order-
ing temperature T~ =520 K to within +1 K. Infor-

FIG. 2. a, (da.,/dT) ~ vs Tplot for Metglas2826. This
plot gives the critical exponent P and Curie temperature (see
text). Insert shows the inverse susceptibility as a function of
temperature for T ) Tc.
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FIG. 3. Temperature dependence of the inverse initial susceptibility Xo'. The Xo'(dip'/dT) ' vs T plot sho~n in the insert
gives the critical exponent y and Curie temperature (see text),

plots which are known ' ' to give precise values
for Tc and the critical exponents, P and y, defined
by

(r, =ma( —«)», e (0 (21)

Xa' ——(/to/mo) a', a )0

[where e = ( T Tc)/Tc, and )710 and (Ao/No) are the
critical coefficients], respectively, from the intercepts
on their Taxes and from thc inverse slopes of thc
straight-line portions of these plots. Furthermore,
the»g-»g pi«s « ~. » I ~l ««o' »

I al have
been made in order to obtain values for the coeffi-
cients mo and (ho/mo) from the intercepts on their
ordinates. The values for critical parameters thereby
obtained are Tc = 519.9 +0.2 K, P =0.38 +0.01,
mq =123.3 +0.1 emu/g and P =0.32 +0.02, mo
=95.'7 +0.2 emu/g in thc temperature ranges
2.9 x 10 "~

I el « 2.2 x 10 ' and 2.9 x 10 '
—I.I

-5.9 x10-' and y =1.31+0.02, (/, /m, )
=14.05 +0.01 kocg/emu, and y =1.60+0.02 in thc
temperature regions 6.7 x10 '~ Ial ~6.0 x10 ' and
6.0 x 10 2 ~

I&I «8.0 x 10 ', respectively. It should
be emphasized at this point that the values

P =0.32 +0.02, ma/a, (0) =0.95 +0.01, and

y =1.60+0.02 match very well with their values de-
duced, respectively, from Mossbauers and Hall-

for the T~ values in the range 519.7 to 520.1 K.
These extreme values of Tc are obtained from Figs.
2 and 3. The lower part of Fig. 4 sho~s thc typical
result for thc value Tc =520 K. It is clearly seen that
Eq. (23) is obeyed in the above temperature range.
This observation suggests the following relation
between Tc and 5

Tc =520.0 —4.467(B —4.44) (24)

effect 0 measurements within the same or similar
temperature ranges as quoted above. However, for
temperatures in the immediate vicinity of the Curie
point, both P and y assume values which are very
close to those reportcd30 "36 40 for other amorphous
alloys. These values of P and y together with other
relevant parameters are listed in Table II. This table
also includes the corresponding values found for
critical-point parameters in crystalline Ni, "' The
present alloy, like other Ni-rich amorphous ferromag-
netic alloys, 36 40 gives an increased value for y for
temperatures in excess of Iel —0.06 and thereby sug-
gests that a short-range magnetic order persists for
temperatures well above Tc.

In an attempt to find the value of 5, the exponent
for the critical isotherm, the v-vs-0 data have been
tested against the relation
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TABLE II. Experimental and theoretical values for the critical-point parameters. Numbers in the parentheses denote estimat-
ed uncertainty in the least significant figure.

Parameters Fe4o»4pPi4B6 Ni' MFTb
Ising (fcc)

1
oo2' s=(—)~

2

Heisenberg (fcc)
S =oo~ ~cl,e1

2'

T, (K)
p

5
gf

0.,(0) (emu/g)

p,p( p, ~/at. %)
mp (emu/g)
hp (koe)
mp/o, (0)
9oho/'ka Tc
w ff(JMa)
c (%)
Do(10
Dpmp /hp

519,9(2)
0.38(1)
1.31{2)
4.46(4)
4.45(14)

-0.07(4)~

100.27
0.912

123 ~ 3(1)
1732.4(2.6)

1.23O(2)
0.204
7

13
1.426
1,7(4)

627.4
0.378(4)
1.34(1)
4.58(5)
4.s4(6)

—0.10(2)~

58.57

0.616
83.3

15 720
1.42
1.04

33.1
1.3(3)

0.5
1.0
3.0

0.0

1.73"
1 73"

1,0

0.312(5)
1.250(1)
s.oo{s)

0.125

1.486(1)
1.52'

1.81'

o.3s(s)
1.43(1)

O.38{3)
1.4os(2)
s.o(2)

—O. 14(6)

0,35
1.40
5.0

—0.1

'Reference 71 ~

Reference 76.
'C. Domb, in Phase Transitions and Critical Phenomena, edited by C. Domb and M. S. Green (Academic, New York, 1974), Vol.

3, p. 357.
G. S. Rushbrooke, G. A. Baker, Jr. , and P. J. Wood, in Phase Transitions and Critical Phenomena, edited by C. Domb and M. S.
Green (Academic, New York, 1974), Vol. 3, p, 245 and the references quoted therein.

'H. E. Stanley, in Phase Transitions and Critical Phenomena, edited by C. Domb and M. S. Green (Academic, New York, 1974),
Vol. 3, p. 485.

Value of 5 calculated using the experimental values of p and y in Eq. (25) of the text.
&Value of u computed from the relation o. =2(1 —p) —y using the observed values of p and y.
"For S=—.1

2'
'A. J. Guttmann, J ~ Phys. A 8, 1249 (1975).
~S. Milosevic and H. E. Stanley, Phys. Rev. B 6, 986, 1002 (1972); R. Krasnow and H. E. Stanley, ibid. 8, 332 (1973).
"M. Barmatz, P. C. Hohenberg, and A. Kornblit, Phys, Rev. B 12, 1947 (1975); A. Aharony and P. C. Hohenberg, ibid. 13, 3081

(1976).
'C. Domb, J. Appl. Phys. 39, 620 (1968); W. C. Muellner and J. S, Kouvel, Solid State Commun. 15, 441 (1974).

A similar relation between Tc and 5 has been previ-
ously reported by Arrott and Noakes" for crystalline
Ni. A comparison of Eq. (24) with the corresponding
relation obtained for crystalline Ni shows that in the
latter case 5 is about 25 times more sensitive to the
choice of Tc than that found in the present case.
Several transition-metal —metalloid-glassy alloys have
been found to exhibit the same behavior' ' so far
as the relation between T~ and 5 is concerned. The
above observation basically points to the fact that in
order to arrive at a reliable value for the exponent 5,
Tc in such amorphous systems need not be as sharply
defined as in crystalline ferromagnets. The 5 value
that comes out when Tc =519.9 +0.2 is substituted
in Eq. (24) and the value for Do = AD

s obtained from
the intercept on the ordinate of the 1nH vs lno- plot

g = I + (y/p), (25)

within the experimental error (see Table II). More-
over, compliance with the above relation implies that
the data should satisfy the magnetic equation of
state" '

m =f+(/), (26)

where plus and minus signs denote temperatures
above and below Tc, respectively, m =—o./~ e~~ is the
reduced magnetization and h —= 0/~e~a+'r the reduced

taken at T~ = 519.9 K are given in Table II.
At this stage, it is worth noting that the presently

determined values for the critical exponents obey the
static scaling relation'
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FIG. 4. Magnetization as a function of magnetic field for
a few constant-temperature values T ~520 K (a). lno- vs

lnH plot for T =520 K (b). The inverse slope of the least-

square-fit straight line through the data points gives the
value for the critical exponent 5 as 4.44.

magnetic field. Equation (26) demonstrates that
when m is plotted against h, two universal curves
result: f+(h) for T & Tc and f (h) for T ( T~ In.-

stead of making the above-mentioned plot, it is cus-
tomary" '9 ~'" to plot m' vs h/m to test the validity
of Eq. (26). Such a plot shown in Fig. 5 clearly
demonstrates that the present data satisfy the mag-
netic equation of state. In this figure, the intercepts
of the universal curves with the axes specify the
values of critical coefficients, mo ( T ( Tc) and

ho/mo ( T & Tc), appearing in Eqs. (21) and (22).
These coefficients, in turn, give the values for the
normalized quantities mo/o. , (0), poho/ks Tc (where

p0 is the average magnetic moment per alloy atom at
0 K) and Domo/ho as shown in Table II. The
theoretically predicted values for the critical ex-
ponents and critical amplitudes are also included in

this table for comparison.

Table II shows that the observed critical exponent
values are fairly close to the corresponding values for
crystalline Ni whereas, amongst the theoretical
values, they are in reasonable agreement only with
those predicted by a three-dimensional Heisenberg
model. Such an agreement at first sight would sug-
gest that the short-range forces dominate in the criti-
cal region. But on closer examination, the exponent
values present a slight but systematic shift (more
marked in y and g values) towards molecular-field
values. In order to ascertain whether or not long-
range forces (e.g. , dipole forces) have any influence
on the critical fluctuations of magnetization, we use
the criterion of Kadanoff et al. ' that the effect of

60

50

40

CV

P4 30

20

m 2

10

0 h/m 10 15 20

h/m I10 Oeg/emu)
4,

FIG. 5. Square of reduced magnetization m2 vs reduced inverse susceptibility h/m for temperatures below and above Curie

temperature.
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long-range forces can be neglected in case

~ t~ && [pM, (0)/ks Tc) ' s" "—= r

where p, = g psS and M, (0) is the saturation magnet-
ization at 0 K. Using the typical value of t =—2

&&10 for crystalline Fe or Ni and remembering that
for our alloy the critical exponents could be deter-
mined up to

~
e( =2 x 10 2 for T ( Tc and 6 && 10 2

for T & Tc, we find that
~

e~ is at least 10 && t It .is,
therefore, not surprising that the present exponent
values closely follow the predictions of the Heisen-
berg model. Additional support to the above state-
ment is provided by the observation that the
specific-heat exponent e, calculated using the ob-
served values of P and y in the relation
a =2(l —P) —y, agrees both in magnitude and sign
(see Table III) with its value in terms of Heisenberg
model. Furthermore, long-range forces are expected
to get severely damped in amorphous materials with

a very short mean-free path. "'" In view of the fore-
going text, the finding that the critical exponent
values exhibit a systematic shift towards the
molecular-field values should imply that the ex-
change interactions in the critical region are not con-
fined only to the nearest neighbors as normally as-
sumed in the theories based on Heisenberg model
but instead involve the next-nearest neighbors too.
A firm theoretical basis for the above argument is

provided as follows. Within the framework of a clas-
sical Heisenberg model, Binder and Muller-
Krumbhaar employing a "self-consistent" Monte
Carlo technique have shown that the values of P and
5 change from 0.33 +0.02 and 5.1 +0.2, in case only
the nearest-neighbor interactions (Jt) (Ref. 78) are
considered, to 0.39 +0.02 and 4.0 + 0.3, respectively,
when the next-nearest-neighbor interactions
(J2=5Jt) (Refs. 85 and 86) are also included. Using
the series expansion method, Paul and Stanley have
demonstrated that y decreases slowly with an increas-

ing J2/JI ratio and attains a constant value of 1.2 for

J2 ~ 5JI. One at once notices that the exponent
values quoted above for the case J2 = 5JI not only
conform well with the presently determined values
but also satisfy, within the error limits, the static scal-

ing relation, Eq. (25). It is, however, not clear as to
how one can reconcile to a situation wherein the ex-
change interactions between the next-nearest neigh-
bors are five times stronger than those between the
nearest neighbors. One possibility could be the su-

perexchange interactions between the next-nearest-
neighbor magnetic atoms mediated by a metalloid
atom separating them but this does not explain why

similar exponent values are also observed for crystal-
line Ni. At this point, it should be hastily added that
the universality hypothesis, which predicts critical ex-
ponents to be independent of such irreievant features
of the Hamiltonian as the ratio J2/Jt, has to date not

found a firm support in terms of the theoretical cal-

culations based on Heisenberg model.
Additional features presented by Table II can be

summarized as: (i) While m0/a. ,(0) value for Ni lies

between the values given by the Heisenberg model

for S = —, and ~, the corresponding value for the al-

loy under consideration is in striking agreement with

the Heisenberg value for S = ~. The above observa-
tion is consistent with the fact that the observed ex-
ponent values too are closer to the Heisenberg values

for S =~ than to those for S = 2. (ii) The experi-

mental values of the normalized critical amplitude
DDm0s/h0 for both Metglas 2826 and crystalline Ni

compare with the theoretical values the same way as
those of m0/o. (0). However, large uncertainty in

the determination of D0m0 /It0 arising basically from
the observed error limits for 5 makes the comparison
with theory less conclusive than that for m0/o. ,(0)
primarily because the latter normalized quantity can
be estimated with much greater accuracy (see Table
II) than the former one. (iii) Only in the case of Ni
does the experimentally evaluated value of @pl'r0/

k& Tc show any agreement with theory; the value for
amorphous Fe40Ni40PI4B6 alloy is at least one order of
magnitude smaller. Since h0 is presumably an effec-
tive exchange interaction field, the product of h0 and
an average effective elementary moment (p,,ff) in-

volved in the critical-point transition is expected to
equal k~Tc. Such seems to be the case for Ni when

jx ff is identified with p,0. However, this is clearly not
the case for the alloy in question unless p,,ff is taken
to be very much larger than p,0. Therefore, in order
that p,,rrh0 equals the theoretical estimate (i.e., =1.6,
the mean theoretical value), we must take p,,rr for the
present alloy to equal 7 p, s (Table II). Moreover, if
the concentration of such effective moments is c,
then c = p0/p, ,rr. The value of c obtained in this way

is given in Table II. Evidently, c in our case
possesses a much smaller value than the atomic con-
centration of either Fe or Ni. This finding implies
that only a small fraction (-0.3) of the Fe atoms
(considering the fact that Ni in this alloy has a negli-

gibly small moment88) plays a central role in the
magnetic order-disorder transition.

D. Magnetic behavior above
the Curie temperature

Above T~ Metglas2826 exhibits a superparamag-
netic behavior as inferred from (i) the increased
value of y above T —551 K (insert of Fig. 3) which
is a manifestation of the fact that the short-range
magnetic order persists for temperatures well above
Tc, (ii) magnetization-versus-field isotherms taken at
as high temperatures as T —570 K in fields up to 16
kOe (such isotherms are shown in the upper part of
Fig. 4 for a few temperature values up to 553 K)
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TABLE III. Parameter values obtained by Curie-Weiss analysis of X vs T curve for Metglas2826; for comparison, the corre-
sponding values for crystalline Fe and Ni are also included. Td denotes the temperature above which the Curie-Weiss law is

obeyed.

Sample
p, =gS

(p,~/TMA)
p, ff

= g [S(S+1)] ~~'

(JM,~/TMA)
pp =gS

(p,'/TMA)
Tc
(K)

8 (() —T~) /T~ Td C
(K) (10 ) (K) (10 emu Kg ')

Fe4oNi4oPi4B6

Fe (Cryst. )

Ni (Cryst. )

1.14'
1.14b

2.216'

0.616'

3 17a

313

3.20'

1.61'
1.38d

2.14'
2.10b

2.32

0.85
0.70

631c 650'
712d

519.9' 553'
520b 556'

1043' 1093'

6.35
6.92

4.79

3,01
12.84

575a

580b

1102d

1.58'
1.54b

2.27'

0.55'
0.405d

'Present results.
Reference 3.

'Values taken from R. S. Tebble and D. J. Craik, Magnetic Matenals (Wiley, New York, 1969); and A. H. Morrish, The Physical
Principles of Magnetism (Wiley, New York, 1965).
Reference 91.

show a finite curvature characteristic of a super-
paramagnetic behavior, and (iii) the alloy disorders
magnetically only above 575 K (insert of Fig. 2).
The magnetization-versus-field isotherms for
T ~ 520 K have, therefore, been analyzed in terms
of the relation'

a(H, T) = X+( .T) H + p+( T) c+( T) B,(x)

where p,
+ and c+ are the average cluster moment in

p, ~ and the number of clusters per gram, respective-
ly, B,(x) is the Brillouin function with x = p+H/ks T
and X+(T), defined as X+(T) =limH „(do/dH) r,
is the high-field susceptibility which is normally tem-
perature dependent'. Using the values of X+ comput-
ed at different temperatures from the slope of o- vs 0
curves at 15 kOe, we estimate the values for p+(c+)
at T =522 and 542 K as 2.1 x 103p,s (0.8 x 10'8 g ')
and 1.1 x 10 p, s (1.0 x 10' g '), respectively.

In the temperature region 575—645 K, the suscep-
tibility obeys the Curie-Weiss law X= C/( T —O~)
(insert of Fig. 2) with the values for C, the Curie
constant, and Op, the paramagnetic Curie tempera-
ture, given in Table III. For comparison, the corre-
sponding values for crystalline Fe and Ni are also in-

cluded in this table. The values for C, Op, and T~
deduced from the present magnetization measure-
ments are in excellent agreement with their values
found in Ref. 3. Above 645 K the structural relaxa-
tion effects become apparent when the data points
start deviating from the Curie-gneiss law behavior
and at T = 651 K the susceptibility exhibits a sharp
jump indicating a transition to the crystalline state.
This value of the crystallization temperature T„=651
K also agrees fairly well with its value determined in
Refs. 3 and 11. From the Curie constant C, we ob-

tain p,rr=g[S(S+1)]' which, in turn, gives the
value for the average paramagnetic moment pp =gS
as 2.14@,q per transition-metal atom. Expressing the
sample composition as (Fe„Ni~ „)soP&4B6 with x =0.5
and taking the moment per Ni atom ( p N, ) as 0.1 ps
for this particular alloy composition, ' it follows from
the relation p, = (1 —x) p,N;+xp, „, (where p. is the
average moment per transition-metal atom and p, F, is
the moment per Fe atom), using p, =1.14ps, that
p, F, =2.18p,~. This value is very close to that deter-
mined for pp.

In crystalline Fe and Ni, the moment in the
paramagnetic state exceeds that in the ferromagnetic
state (see Table III). This enhancement has been un-

derstood ' in terms of a nonlocatized negative spin po-
larization of conduction electrons amounting to
0.21p,& per Fe atom ' and 0.105@,~ per Ni atom, ' as
determined from polarized neutron-diffraction mea-
surements. However, in amorphous Fe4oNi4oP~4B6 al-

loy, such a moment enhancement is not obvious.
This permits us to conclude that spin polarization of
conduction electrons, if any, gives a negligible contri-
bution to the distribution of the magnetic moment in

the present alloy and that moments on Ni and Fe
atoms are localized even in the paramagnetic state.

E. Exchange interactions

Two approaches, both based on the Heisenberg
model, are generally followed to estimate the value of
effective exchange interaction in ferromagnetic ma-

terials. In the first approach, the value of J is deter-
mined by applying spin-wave theory to the measured
Iow-temperature saturation magnetization [i.e. , by
first evaluating the value of D from Eq. (8) and then
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TABLE IV. Values of Jdeduced from spin-eave theory and the Rushbrooke-Wood formula.
[The values of the stiffness constant D directly measured by neutron-diffraction experiments have
been used in Eq. (16b) to calculate the values for J. Such a choice of D values does not alter the
results in any significant ~ay since the D values deduced from Eq. (S) using the 8 values obtained
from the magnetization measurements are quite close to those observed in neutron-diffraction
studies. ) SW-spin ~ave; HT —high-temperature series expansion.

Material
D

(meV A')
rQ

(A)

J
(K)

[SW, Eq. (16b)]

J
(K.)

lHT, Eq. (27)1

Metglas 1.00
2826

0.50

Fe

12' 100b

281'

520

1043

2.54'

2.48

90

179

125

116

0.30 12 387" 631 2.49 603 335

'Reference 63.
Reference 28.

'Reference 22.
dBecause of the significant difference in the values of D observed from neutron-diffraction studies
on Ni, the mean value is used for computing the value of J.

substituting it in Eq. (16b)) whereas in the second
one J is calculated from the expression

ks &clJ =
s6 (Z —1)[I I S(S + 1) —1 } (27)

which is obtained, as shown by Rushbrooke and
Wood, 95 by expanding the susceptibility above the
Curie temperature in powers of J/ks T. Various sym-
bols appearing in Eq. (27) have their usual meaning.

The values of Jobtained from the above-men-
tioned methods for Metglas 2826 and for crystalline
Fe and Ni are listed in Table IV. The main features
of this table can be summarized as follows: (i) for
amorphous Fe4QNi4QP&4B6 alloy, the deduced Jvalues
are in excellent agreement with each other in the case
S =1 whereas they are in obvious disagreement
(high-temperature value being -1.4 times greater
than the iow-temperature value) for S = —, and (ii)
contrary to the above observation, the low-tempera-
ture J values greatly exceed those found at high tem-
peratures for crystalline Fe and Ni. The discrepancy
between the Jvalues observed for Fe and Ni basically
points to the fact that some of the 3d electrons in
them are itinerant and hence the Heisenberg interac-
tion remains but a poor approximation for iron-group
metals. A situation similar to that found above for
the case S = —, in Metglas 2826 is found to occur in

crystalline Gd too. 4 The discrepancy between the
high- and low-temperature J values in that case has
been attributed~6 to the interactions beyond nearest

neighbors which are thought to be of the oscillatory
Rudderman-Kittel-Kasuya- Yosida (RKKY) type. "
Recently, Kaneyoshi and co-workers'4 9' have conjec-
tured that in amorphous magnetic alloys there exists
an indirect exchange interaction which for crystalline
ferromagnets takes the usual RKKY form. In view
of the fact that the observed g (Table I) and p, ff

(Table III) values indicate for Metglas2826 a spin
value S =1.11 (a value very close to that observed
for Fe) for which both spin-wave theory and high-
temperature series method yield values for J in agree-
ment with each other, the above remarks lead us to
the following conclusions: (a) the present glassy al-

1oy is a better Heisenberg ferromagnet than crystal-
line Fe or Ni and (b) no evidence for the type of in-

direct exchange interaction as conjectured by
Kaneyoshi is found in amorphous FeqQNi4QP~4B6 alloy.
Both these conclusions are consistent with our earlier
deductions.

IV. CONCLUSIONS

Exhaustive magnetization measurements per-
formed on the amorphous ferromagnet Fe4QNi4QP~4B6,
besides removing the doubts raised by the previous
investigations concerning the magnetic behavior of
this glassy alloy, permit us to draw the following con-
clusions: (i) conventional spin-wave theory com-
pletely accounts for the observed low-temperature
magnetization behavior, (ii) the spin polarization of
conduction electrons (in the ferromagnetic state)
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makes a negligible contribution to the distribution of
magnetic moment, (iii) moments on Fe and Ni atoms
remain localized in the entire temperature range
T «645 K, (iv) the exchange interaction, though
confined to the nearest neighbors only at low tem-
peratures, involves the next-nearest neighbors also in

the critical region, and (v) the elementary moments
involved in the magnetic order-disorder transition are
those forming a part of the giant superparamagnetic
moments which are found to exist for temperatures
well above T~.

To summarize, the Heisenberg interaction
represents an approximation better suited to amor-
phous ferromagnets like Metglas2826 than to crys-

talline ferromagnetic materials like Fe or Ni. A dis-
tribution of the exchange integrals in the Heisenberg
model provides an adequate description for the influ-
ence of amorphousness on the magnetic properties of
Fe40Ni40P&486 alloy. Structural disorder results in a
reduction of the exchange coupling constant, J, and
the spin-wave stiffness constant, D.
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