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Critical phenomena and giant superparamagnetic moments above Curie
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S. N. Kaul
1nstitut fiir ExperiI»entalphysik I V, Ruhj UItiversitat Bo(.'huI», 4630 Boehto», 8'est Ge n»a»v

(Received 1 May 1980)

Results of the magnetization measurements performed on the;imorphous Fe2QNi6pP~486 'illoy

in the temperature range 210 to 255 K in fields up to 10 kOe;ire reported. M;ignetic d'it i t'iken

in the critical region, when analyzed with caution, give the values for the Curie temperature ind

critical exponents P, y, and 5 as 227.7+0,5 K, 0.39+0.02, 1.33+0.05, and 4.45+0,07, respec-

tively. A close agreement between the above exponent values and those derived from the

theories based on a three-dimensional Heisenberg model suggestive of the domin'int short-

range forces in the critical region (long-range forces, e.g. , dipolar forces are shown to hive

negligible effect on the critical fluctuations of magnetization) h is been observed. The d it;i s itis-

fy the magnetic equation of state characteristic of 'i second-order phase tr insition over the entire

temperature range of the present investigation. A det iiled in ilysis of the m ignetization versus

field isotherms taken above T& reveals the existence of giant superp ir im ignetic clusters in the

present alloy for temperatures above T&. A small pe ik, which shifts to higher temperatures

when the field strength is increased, observed in the m;ignetiz ition versus temperature curves
above Tc for fields ~ 100 Oe has been shown to 'irise from the freezing of the ferrom'ignetic

order within the giant clusters. Finally, i physic il basis is provided for observing different

values for the ferromagnetic ordering temperature as determined by i loc'il me isurement like

the Mossbauer effect, on one hand, and resistivity ind the present bulk m ignetic me isure-

ments, on the other.

I. INTRODUCTION

Complete failure" of the mean-field theory to ar-
rive at correct numerical values for the critical indices
in two and three dimensions has triggered immense
theoretical as well as experimental activity in the field
of critical phenomena. During the last two decades, a

large number of theoretical investigations on critical
phenomena employing renormalization-group, high-
temperature series expansion, cumulant expansion,
and Monte Carlo techniques in the Ising and Heisen-
berg spin models have appeared in the literature, ' "
and the detailed magnetic studies in the critical region
performed on ferromagnets in the crystalline
state" ' have shown that the experimental values of
the critical exponents folio~ closely predictions of the
theories based on a three-dimensional Heisenberg
model. - Recently considerable interest has been
shown in a similar. comparison between theory and
experiment in amorphous ferromagnetic systems. '
A study of this type (motivated pr'imarily by the basic
questions such as: Do the amorphous ferromagnetic
systems, like their crystalline counterparts, exhibit a
second-order magnetic phase transition and if so,
how does a total loss of crystalline symmetry in these
materials affect the critical behavior?) already carried
out on amorphous Co7QB2QPfp FespP)3C7,
Fe32Ni36Cr~4P~2B6 (Metglas 2826A), Fe2qNi49P]4B6Si2

(Metglas 2826B), and Gd80Auqo alloys'6 " shows that
these systems exhibit a well-defined magnetic phase
transition with the reduced magnetization and field
following an equation of state derived for second-
order phase transition " "and with the critical
exponents satisfying an equality relation resulting
from the static scaling law. ' ' Like crystalline sys-
tems, these alloys (except for Metglas 2826B) also
give critical exponent values in striking agreement
with those derived for a three-dimensional Heisen-
berg model. However, for all the amorphous materi-
als studied so far it is observed that the value of the
exponent P tends to be close to 0.4 (Refs. 30 and 33)
rather than to the value 0.37 generally accepted for
the Heisenberg model. It is, therefore, imperative to
establish whether such a trend is representative of
only the few above-mentioned systems or is it main-
tained for all other amorphous ferromagnetic alloys
as well?

Understanding of the physical mechanisms in-
volved in spin-glass, mictomagnetic and super-
paramagnetic regimes as progressive steps of magnet-
ic ordering between the Kondo concentration and the
critical concentration for the onset of a long-range
homogeneous ferromagnetic ordering in transition-
metal —metalloid amorphous alloys has become partic-
ularly important because the complex nature of these
intermediate magnetic regimes is found to have a
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direct bearing"' ' on the so-called "resistivity-
minimum paradox" associated with such systems.
Such an investigation carried out only on the amor-
phous systems like (Fe,Pd)soP2p, (Fe,Pd)spSi20,
(Fe,Ni)79P]3BS, and (La, Gd)8oAu2O alloys" ' is still

in its infancy. Recently, the amorphous
Fe„Ni8p P&486 alloy series has attracted the attention
of a number of workers for a similar type of study.
Mossbauer data taken on this system reveal a criti-
cal concentration above which ferromagnetism ap-
pears as x, = 8, a spin-glass-type behavior for the al-

loy with x =10 and above this concentration a nor-
mal long-range ferromagnetic ordering. From low-

temperature specific-heat and magnetic-susceptibility
measurements, a typical spin-glass behavior has
been observed for alloys with x =3, 5 whereas the al-

loy with x =7 has been found to exhibit a mictomag-
netic behavior. A comprehensive magnetic study' of
the amorphous Fe~pNi7pP~486 alloy demonstrates that
in this alloy, both spin-glass and mictomagnetic prop-
erties, existing for temperatures below —45 K, are
accompanied above this temperature by a characteris-
tic superparamagnetic behavior. Magnetoresistance
results44 indicate that the tendency towards the for-
mation of superparamagnetic clusters in this alloy
system extends up to the highest concentration stud-
ied, i.e., x = 13, while the specific-heat and resistivi-
ty4' studies support an inhomogeneous long-range
ferromagnetic behavior in the Fe2pNi6pP~486 alloy.
Though a long-range ferromagnetic ordering has been
reported for x ~ 30, there exist in the literature no
magnetic data for the intermediate concentration
range 10 & x ( 30 to throw light on the critical con-
centration for the onset of a homogeneous long-
range fe romagnetism in the amorphous
Fe„Ni8p +P ~486 alloy system.

We chose to study in detail the magnetic behavior
of the amorphous Fe2pNi6pP~486 alloy in the critical
region for the following reasons: (i) to establish
whether the general trend which the exponent P ex-
hibits in the amorphous materials studied previously
is also maintained in the present alloy; (ii) to arrive
at the critical concentration for the onset of a homo-
geneous long-range ferromagnetic ordering in the
amorphous Fe„Niso „P~4B6 system; (iii) to ascertain
whether this alloy exhibits an inhomogeneous long-
range ferromagnetic behavior as suggested by the in-
direct measurements, namely, resistivity and specific
heat; and finally (iv) the fact that the Curie tempera-
ture of this alloy lies well below its crystallization
temperature allows us to perform such a study
without any complications due to the structural relax-
ation effects.

In this paper, the results of magnetization mea-
surements performed on amorphous Fe2pNi6pP&486 al-

loy in the temperature range 210 to 255 K in fields
up to 10 kOe are reported. Determination of the
spontaneous magnetization and initial susceptibility

values at different temperatures in the critical region
from the Arrott plots permits evaluation of the criti-
cal exponents and the Curie temperature. A close
agreement, suggestive of the dominance of the
short-range forces in the critical region, is found
between the experimental critical exponent values
and the corresponding theoretical values deduced for
a three-dimensional Heisenberg model. Marked non-
linearity in the Arrott plots, resulting in large devia-
tion of the data points from the asymptotic behavior
dictated by the magnetic equation of state for fields
~ 700 Oe, has been attributed to superparamagne-
tism in this alloy and a detailed analysis of the
magnetization-versus-field isotherms taken at dif-
ferent temperatures above the Curie temperature T~
demonstrates clearly the existence of giant super-
paramagnetic clusters. In addition, a clear physical
insight into the different ferromagnetic ordering tem-
peratures obtained for this alloy from previous
Mossbauer and resistivity measurements on one
hand, and from the present bulk magnetization mea-
surements on the other, is provided. It is observed
that the present alloy exhibits an inhomogeneous
long-range ferromagnetic ordering and represents a
composition in the amorphous Fe„Nisp P&486 alloy
series just above the percolation concentration.

II. EXPERIMENTAL RESULTS AND DISCUSSION

The magnetization measurements were made on
the amorphous Fe2pNi6pP~486 alloy ribbons of about
1.25 mm width and 0.03 mm thickness employing
Faraday method and a procedure described in detail
elsewhere. "' With the external magnetic field
directed along the ribbon breadth and the tempera-
ture increasing from 210 K at a rate of 0.5 K/min,
the magnetization as a function of temperature was
measured for constant external fields up to 10 kOe in
the temperature interval between 210 and 255 K.
The relative accuracy of the present measurements
was found to be better than 0.1%.

The results of the temperature dependence of mag-
netization taken at various constant values of the
external magnetic field in the temperature range 210
to 255 K are depicted in Figs. 1 and 2. These figures
show clearly that the present alloy exhibits a well-
defined magnetic phase transition at T& =228 K, ob-
tained from the kink observed in the magnetization-
versus-temperature curve taken at 28.5 Oe (see Fig.
l). With increasing field strength the kink point
shifts to lower temperatures, as is usually observed in
ferromagnetics in crystalline or amorphous state.
Furthermore, for low values of the external field
~ 100 Oe, magnetization as a function of tempera-
ture above T~ is seen in Fig. 1 to go through a peak
(observed only when full resolution of the apparatus



23 CRITICAL PHENOMENA AND GIANT SUPERPARAMAGNETIC. . . 1207

~~

Hex

1.0 ~ ~

~ » ~ ~
~ ~

100 Oe ~
0

CJI

Eo 0.5—
X

238

234

~P

/
3 /

/

QJ

230
0 40 80

~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~

50 Pe

100 Oe+oo»+ ~

4

.~ ~, 50Oe

.""~. 28.5 Oe
~ »

~ ~
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ »»

»

240 245 250
T [K)

»» » »»» ~ ~ ~ ~
~ ~ ~ ~ »~ ~ ~ ~

~ ~ ~ ~ ~~ ~ ~ ~ ~ ~
~ ~ ~ » ~~» ' ~ ~ »

~ ~ ~~ ~ ~ » ~ ~
~ ~

H,„[kOe)
~ ~

' ~
~ 10

~»

~ ~ ~ ~»» » »»» i » »
~ ~» » ~ I

» ~ ~

40»
~ ~

~ ~

30 » ~
~ ~

~ 20
E

X

10—

I I I

~ » ~ ~ ~ » ~ ~ ~ ~~ ~~ ~
~ » ~ » 5~, ~~ ~ ~ ~ » ~ ~

~ ~ ~ ~ ~ 3
»

~ ~ »
~ ~ » ~ ~ ~ ~

~ ~ »~ »
~ ~ ~ ~ » » »» ~ » »~ ~ »

~ ~ ~ ~ ~ ~ ~ ~
4

~ ~ ~ . ~ ~ ~ ~ ~
~ »

~
' ~ ~ 0.7 ' ~ ~~ ~ ~ ~

~ ~
~ ~ ~ ~

~ ~

~ ~ ~ ~~ ~ ~ ~~ » ~ ~

~ ~ »»»» ~~ ~~ ~ ~ ~ ~ » ~
I I

0

~oeeoos» ~»
~y

~g
~y

~ »
~ ~ ~ » ~ ~~

228 K ~

215 220 225 230 235 240 245 250
T (K)

~ »» ~ » '~ ~ » ~ ~ ~ '~ ~ » ~ » ~ ~ ~ ~ ~ »~
~ ~

28.5 Oe
~ » ~ ~», ~»

~ » ~ ~ ~ ~ ~ »» ~ ~ »» ~ ~~ » ~ »» ~ »»~ » ~»»» ~ ~
I I I I I I ~ 4 ~ ~ »»»»C

215 220 225 230 235 240 245 250

T(K)

FIG. 2. The temperature dependence of magnetization
for constant external magnetic fields (0.3 ~ ff,,„» 1() kOc)
in the temperature region 210 to 255 K.

FIG. 1. Magnetization as a function of temperature for
constant external magnetic field values of 28.5, 50, and 100
Oe. The left-hand-side insert in this figure depicts the varia-

tion of the peak position T with the external field H«
whereas the right-hand-side insert shows magnetization plot-

ted against temperature on a very sensitive scale in the tem-
perature range 235 to 252 K.

A. Critical exponents, static scaling
relation between them and

magnetic equation of state

is used) which shifts to higher temperatures as the
field value is progressively increased from 28.5 Oe.
The above observation is made obvious by plotting
magnetization on a very sensitive scale in the tem-
perature region 235—252 It' in the right-hand-side in-
sert of Fig. 1. For reasons which will be clear later
on, we defer the physical interpretation of such a

peak in magnetization-versus-temperature curves un-
til the later part of this section and instead proceed to
evaluate the critical exponent values with a view to
establish whether or not the phase transition in the
present alloy manifests a second-order magnetic
phase transition as evidenced previously in crystalline.
systems and in some amorphous alloys. However,
before embarking upon such a venture, it seems
necessary to define in brief the critical exponents, the
static scaling law and the magnetic equation of state.

The second-order phase transition around the Cu-
rie point Tc is known'. ' " to be characterized by a
set of critical exponents (P, y, and 8) and a magnet-
ic equation of state. The temperature dependence of
the spontaneous magnetization M, = limg pM JUst
below Tr is governed by P through the relation

and that of the inverse initial susceptibility
Xo

' = lim~ o(H/M) just above T&- by y through the
relation

xo' ——3+[(T/Tc) —l ]"

The exponent 5 relates M and H at T& as

M =BH' (3)

s =1+ (y/P) (4)

The static scaling hypothesis developed by several au-
thors'" "gives the following relation between the
exponents P, y, and 5:
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and thereby demonstrates the fact that only two of
the three exponents are independent. The magnetic
equation of state '"' " in the critical region in its
simplest form can be written as

h/m =f+(m)

20

15

where the plus and minus signs denote temperatures
above and below, Tc, respectively, m =—M/~e~~ is the
reduced magnetization and h =—H/~ a~

a+~ the reduced
field with e = (1 —T/T&) Equa. tion (5) implies that
h/m as a function of m falls on two different univer-
sal curves: f (m) for temperatures below Tc and

f+(m) for temperatures above Tc.

10

Pv

Ee
fV
C)

P4

Critical exponents

Equations (1) and (2) clearly show that the compu-
tation of the values for the critical exponents P and y
needs evaluation of M, and Xo' as functions of tem-
perature, respectively, Following the conventional
method, based on the molecular-field theory and
developed by Arrott and Kouvel, ' the values of M,
and X0' at different temperatures have been deter-
mined, respectively, from the intercepts along M'
axis (i.e., H/M =0) and H/M axis (i.e., M'=0) of
the M2 versus H/M plots made at different tempera-
tures below and above Tc. However, some caution
is needed to use such plots because the normal pro-
cedure of obtaining M, simply by extrapolating the
linear high-field portion to H/M =0 leads to errone-
ous results so far as the true values of M, and T~
are concerned. A better procedure, ' which gives
the value of T~ determined from the Arrott-Kouvel
plot in agreement with the values obtained by other
techniques, namely, kink-point method and magneto-
caloric effect, is to employ a parabolic extrapolation
of the M' vs H/M curves instead of a linear one.
Consequently, we adopt this procedure to evaluate
the temperature dependence of M, and X0' from the
plots given in Fig. 3. This figure shows M' vs H/M
curves (where H has already been corrected for the
demagnetizing field) plotted at 1.25-K intervals (for
clarity sake) in the temperature range 210.5 to 250.5
K and gives the value for Tc as 228 K, which is in

excellent agreement with that obtained by the kink-
point method. In order to minimize errors inherent
in such extrapolation techniques, M' as a function of
H/M was plotted on a very sensitive scale at tem-
perature intervals of about 0.6 K in the above tem-
perature range and the temperature dependence of
M, and X0 obtained thereby is shown in Figs. 4 and
S, respectively. Equations (1) and (2) can be written
in an alternative form as

0
0 100 200

H/M (Oeg/emu)
300 400

20

15

]0Ol

E

X

0
210 215

T(Kj
220 225

FIG. 3. M2 vs H/M plots made at 1.25-K intervals in the
temperature range 210.5 to 250.5 K give value for T& as 228
K. Intercepts with M and H/M axes give the values of
spontaneous magnetization and inverse initial susceptibility
at different temperatures, respectively.

I d(lnM, )

dT

dM,=M, = ( T —Tc)/P (6)

FIG. 4. Spontaneous magnetization M, as a function of
temperature. Insert shows plot of M, (dM, /dT) ' vs tem-
perature which gives the critical exponent P and Curie tem-
perature (see text).
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FIG. 5. Temperature dependence of the inverse initial

susceptibility Xo'. Insert shows the Xo'(dXo'/c/T) ' vs tem-

perature plot which gives the critical exponent y and Curie
temperature (see text).

above T~ y decreases smoothly with temperature and
approaches unity at a temperature beyond which
Curie-gneiss law is obeyed. A dashed line corre-
sponding to y = 1 is included in this insert to eluci-
date the above finding which, in turn, suggests that a
short-range magnetic order persists for temperatures
well above T~.

In Fig. 6, lnM is plotted against lnH for the T&

values obtained from Figs. 4 and 5, i.e. , 227.4 and
228 K. It is evident from Fig. 6 that Eq. (3) is valid
for fields in excess of 700 Oe (lower the field value
than 700 Oe, more the magnetization values deviate
from these least-squares straight-line fits) with
5=4.49 and 4.40 for 227.4 and 228 K, respectively.
Although such deviations at low values of the field
can, in part, be attributed to the difficulty in estimat-
ing the correct value for the demagnetizing field and
to the "rounding effect" due to the finite size' of
the samples, a more plausible explanation is given in
the later text. Validity of Eq. (3) in a wide tempera-
ture range suggests the following relation between T~
and 5.

d ( InXo & )

dT

r
T I

~Xo= Xo
dT

=(T —T, )/y (7) Tc = 228.0 —6.667(8 —4.40)

It is evident from these equations that the plots of
M, (dM, /dT) ' vs T and xo'(dxo /dT) ' vs T should
be straight lines with slopes ( I/P) and (I/y), respec-
tively, and such straight lines when extrapolated to or-
dinate equal to zero should yield intercepts on their T
axes equal to the Curie temperature. According to
Kouvel and Fisher, " the above-mentioned plots,
shown in the inserts of Figs. 4 and 5, give precise
values of Teer p, and y. However, certain sources of
error deserve proper attention. First, small variations
are possible while drawing a smooth curve through
M, or Xo data points. Second, the temperature T at
which the local derivative dM, /dT or dXO dT is de-
fined as uncertain to within +0.05 K. Also, due con-
sideration should be given to the accuracy limit
+0.05 K of the temperature measurement. All these
combined together give two-dimensional uncertainty
limits which are included in the size of the close-
circled points in the inserts of Figs. 4 and 5. The
straight lines obtained from a least-squares fit
through the centers of the data points in these inserts
give values of P =0.39, Tc =227.4 K and

y = 1.33, T~ = 228 K, respectively. In order to evalu-
ate the limits of uncertainty in these values, the
least-squares fits through the edges of the data points
are made to yield P = 0.39+ 0.02, Tc = 227.4+ 0.2 K

and y = 1.33+0.05, Tz = 228.0+ 0.2 K. Large de,via-

tions of the data points from the linear fit corre-
sponding to y =1.33 apparent in the insert of Fig. 5

above 241 K point to the fact that the values of y in-

creases continuously even up to 255 K (this plot has
been extended to 255 K to test the validity of this
statement) contrary to the usual observation" that

A relation similar to Eq. (8) has been previously ob-
served by Arrott and Noakes' for crystalline Ni but
with the coefficient of the second term about 40
times smaller in magnitude than that given in Eq.
(8). The above comparison indicates that in their
case 5 is about 40 times more sensitive to the choice
of T~ than that found for the present alloy. It is,
therefore, not surprising to note that relatively large
uncertainty limits are associated with our values for
T~ and 5. Using the value of Tc =227.7+0.5 K (ob-

4

4.49

FIG. 6. lnM vs lnH plots for 227.4 and 228 K. l he slope
of the least-squares-fit straight lines through the data points
gives the values for the exponent 5 as 4.49 and 4.40 for
temperatures 227.4 and 228 K, respectively.
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tained from the maximum error limits deduced previ-
ously from Figs. 4 and 5) in Eq. (8), the value of 5
without any loss of accuracy comes out to be
4.45+0.07. Substitution of the values
p=0.39+0.02 and y=1.33+0.05 in Eq. (4) yields
5=4.41+0.3, which is in conformity with its presently
determined value. The value of the specific-heat ex-
ponent n computed from the relation
a=2(1 —P) —y is found to be —0.11+0.01.

The present values for the critical exponents con-
form reasonably well with the values P = 0.37,
y =1.37, 5=5.0, and o. = —0.1 predicted'by
theories based on a three-dimensional Heisenberg
model. Close agreement between the experimental
and theoretical values implies that the short-range
forces dominate in the critical region. In order to
rule out any influence from the long-range forces
(e.g. , dipolar forces), we use the criterion of Ka-
danoff et al. ' that the effect of long-range forces on
the critical fluctuations of magnetization can be
neglected in case

e » [p,M, (0)/kT j'apts

where p, =g p, sS is the moment per spin and M, (0)
the saturation magnetization at 0 K. The value of
"t" for Fe and Ni calculated using their S and M, (0)
values is found to be 0.002 and 0.003, respectively.
Experimentally, we have determined the critical ex-
ponents for the present alloy in the regions
)e( =. 0.066 for T ( Tc and 0.057 for T & Tc. Con-
sidering the fact that ~e~ —25t, the agreement
between the present and Heisenberg values is not at
all surprising. Furthermore, long-range forces are
expected to be significantly reduced in amorphous
materials with a very short mean-free path. "

cients in Eq. (9) are related to the coefficients in Eqs.
(I) and (2) as follows:

a+ 3+ ho/mp T & Tc

and

(10)

Figure 7 clearly demonstrates the validity of Eq. (5)
over a wide temperature range and gives the values
for the intercepts ha/mo and mo as 2.88 + 0.08 x 10'
Oe g/emu and 52.92+0.45 emu/g, respectively. The
central dash-dot line represents the asymptotic form
of the two universal curves for large m. Equation
(10) has been used to cross check the intercept
values obtained from Fig. 7 so as to gain more confi-
dence in them. The values of the coefficients A+ and
A determined from the intercept values on the ordi-
nates of the log-log plots of Xo' vs ~1 —T/Tc ~

and M,
vs I I —T/Tcl, respectively, are found to be 2.88 x 10'
Oeg/emu and 52.84 emu/g, in close conformity with
the previously evaluated values of ha/mo and mo.

50
x10 3

40

30

2. Magnetic equation of state

In the limit of large m (i.e., when the thermal ef-
fect is dominated by the field effect) the magnetic
equation of state given by Eq. (5) reduces to
f+(m) ~ ms ' and in a sense represents another ver-
sion of Eq. (3) which is normally valid for small m.
For small m the thermal and magnetic field effects
become equally important and hence materials with
different magnetic properties give different asymptot-
ic forms experimentally. However, the general
asymptotic form which has gained sufficient recogni-
tion' "' over the years is given by

20

10

m, —

0&.
Q hp/ mo 12 x10

h/m = + rt++ b+m'

where plus and minus signs have the usual meaning.
We, therefore, plot m' vs h/m in Fig. 7 and define
the intercepts of the curves obtained thereby with the
mt and h/m axes as mo2 and ho/mme respectively. Us-
ing the definition of the reduced field, h, and reduced
magnetization, m, it is easy to show that the coeffi-

H/M

m l1- T/T, IY

FIG. 7. Square of reduced magnetization
mt =M2/~1 —T/T& ~2S vs reduced inverse susceptibility
h/m = (H/M)/I I —T/Tc ~v for temperatures below and
above Curie temperature T&, where M is in emulg and H in
oe. The dash-dot line indicates the asymptotic behavior of
the two universal curves for large m.
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At this stage it seems worthwhile to mention that
marked deviations (not very apparent from Fig. 7)
from the universal curves result for fields ~ 700 Oe.
Such deviations, however, become quite evident
when the log-log plots of (m' —mo ) vs h/m and m'

vs [(/t/m) —(Ao/mo) ] shown in Fig. g are made to
check the formerly established asymptotic relations
[Eq. (9)] for small m. In this figure universal curves
for temperatures above and below T~ are seen to ap-
proach the asymptotic behavior for large m given by
the dashed lines. Deviations of the above nature ob-
served throughout the present investigation originate
basically from the strong nonlinearity in the Arrott
plots (Fig. 3) and hence signal the presence of super-
pararnagnetic clusters due to either chemical inhomo-
geneities or magnetic polarization clouds. ""Addi-
tional evidence supporting this point of view is pro-
vided by the following observations: (i) persistence
of the short-range magnetic order for temperatures
well above T~ as evidenced by the deviation of the
data points from the straight-line relationship
between Xo'(dXO'/dT) ' and T for temperatures in

excess of 241 K (insert in Fig. 5); (ii) M, vs T and
Xo' vs T curves do not yield a unique value for T&,
i.e., the latter curve gives higher value for T~ than
that obtained from the former one (see inserts in

Figs. 4 and 5); (iii) a higher value for the ordering
temperature is obtained from a local measurement,
viz. , Mossbauer effect4 for the Fe20Ni60P]4B6 alloy
than the one from the present bulk magnetization
measurements; (iv) M vs H curves taken at various
temperatures well above T& reveal a nonlinear rela-
tionship between magnetization and field characteris-
tic of the superparamagnetic behavior; (v) resistivity
data"' taken on the present alloy show that above T~

the temperature derivative of resistivity decreases
very slowly over a temperature interval which is
about 20 times broader than that observed in crystal-
line Ni or Fe; (vi) no specific-heat anomaly has been
observed" for the alloy in question at T~ implying
thereby that the spin entropy is released over a wide
temperature region; and finally (vii) a superparamag-
netic behavior has already been observed in parallel
systems, namely, amorphous (Fe„Ni~ „)79P~3BS and
(Fe„Ni~ „)SOP~OB]o alloys "4 for x & 0.25.

Encouraged by such strong evidence in favor of
superparamagnetism in the present alloy,
magnetization-versus-field isotherms taken above T&
have been analyzed for superparamagnetic behavior.
It is immediately noticed that the plots of M vs H/T
do not fall on a universal curve meaning thereby that
the cluster moment depends on temperature and the
clusters are not independent but interact with one
another. Consequently, the M vs H curves for
T ~ 228 K have been analyzed using the relation"'

M(H, T) = X'(T)H + p, '(T)c"(T)8,(x), (11)

where p,
'

and c' are the average cluster moment in

p, ~ and number of clusters per gram, respectively,
B, ( )xis the Brillouin function with x = p, 'H/ksT and
x (T) is a band-polarization susceptibility which is
normally field independent but temperature depen-
dent. The values of X', defined as X ( T)
=limH (dM/dH)r, at different temperatures
evaluated from the slope of M vs H curves at the
highest field value (10 kOe) are used to determine
the temperature dependence of p,

'
and c'. Figure 9

shows the computed temperature dependence of
p, ', c', and X'. The salient features presented by
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this figure are summarized as follows: with tempera-
ture approaching T~ from the high-temperature side,
(i) the average cluster moment p,

' as a function of
temperature increases at first slowly in the tempera-
ture interval 2SS—245 K and then steeply for tem-
peratures below 245 K until a temperature 235 K is
reached beyond which the rate of increase in its value
again slows down; (ii) the average cluster concentra-
tion increases rapidly, attains a maximum value at
245 K, from 245 to 238 K falls rapidly and assumes a
constant value for temperatures below 235 K; and
(iii) the susceptibility X" decreases sharply up to 245
K, the rate of decrease slows down in the tempera-
ture interval 245—238 K and below 238 K again de-
creases at a fast rate which for temperatures close to
Tc approaches the rate of decrease exhibited in the
temperature region 255—245 K (see the dashed line
in Fig. 9).

The above-mentioned findings lend themselves to
a straightforward explanation which is given below.
In the temperature interval 255—245 K, the super-
paramagnetic clusters increase in number at a much
faster rate than they grow in size and the temperature
dependence of X' is primarily governed by an increas-
ing number of relatively small clusters whereas from
245 to 235 K two or more clusters coalesce to form a

single giant cluster, and consequently result in a rapid

decrease in the number of clusters and a sharp in-
crease in the average cluster moment (formation of
such giant clusters enhances the value of X' as is evi-
dent from the upward shift in its value relative to the
dashed line and a hump in X' vs T curve, see Fig. 9).
For temperatures below 235 K, the giant clusters nei-
ther grow in size nor increase in number but instead
the moments within them get more and more or-
dered with lowering temperature and such a process
manifests itself in a slow increase in the average clus-
ter moment and the consequent decrease in X' with
temperature.

Having understood the physical mechanism respon-
sible for the observed magnetic behavior above T~,
we are now better equipped to explain the existence
of a small'peak in the magnetization-versus-
temperature curves for fields ~ 100 Oe and its shift
to higher temperatures as the field strength is in-

creased. It should be mentioned at this stage that
similar peaks (with relatively small shift to higher
temperatures with increasing field value) have been
recently observed in the magnetic susceptibility of
crystalhne Pd-Co, (Pd95Rh5)-Co, Au-Fe, and Pd-Fe
alloys" well above their percolation limit and attri-
buted to the onset of long-range ferromagnetic order
in them. However, in the present case such an in-

terpretation does not seem plausible for two reasons.
First, of all the above-mentioned crystalline systems,
the largest peak shift of about 5 K to higher tempera-
tures in a field value of 500 Oe has been observed
for Au-Fe (Ref. 59) which should be compared with
the same value of peak shift (i.e., 5 K) we observe
for our alloy at a field value of only 100 Oe. The ob-
vious deduction from this comparison is that the
peak shift in our case is five times as sensitive to the
field as has been observed in Au-Fe system. Such a
large peak shift and that, too, to higher temperatures
cannot be reconciled with a long-range ferromagnetic
ordering. Second, no remanence at 232 K could be
detected within our experimental accuracy when the
present alloy was cycled in a field of 16 kOe, an ob-
servation which clearly rules out any possibility of at-
tributing the peak under consideration to the onset of
a long-range ferromagnetic ordering in our alloy. We
contend that a peak of the present type signals the
freezing of ferromagnetic order within the giant su-
perparamagnetic clusters because an appreciable shift
in the peak to higher temperatures can then result
from the fact that at higher temperatures higher
fields are required to align the moments within the
clusters and it is only when the alignment within the
clusters is complete that the susceptibility exhibits the
proper divergence. Furthermore, for fields ~100
Oe, there could be still a sizable number of clusters
sitting in hard directions and a peak in M vs T curves
does not appear for fields ~300 Oe since such fields
are sufficient to make body rotation of the clusters
possible. The dependence of the peak position T' on
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field is shown in the left-hand-side insert of Fig. 1.
Since the peak in M vs T curves shifts to higher tem-
peratures by about 2.5 K when the field strength is
doubled, a parabolic extrapolation (dashed curve)
through the data points is used to find the value of
T" at H =0. Such a procedure gives T"(H =0) with
the error limits as 233 + 1 K.

The overall physical picture that emerges from the
present investigation can be summarized as follows:
with temperature decreasing from T )) 255 K, many
of the randomly positioned and freely rotating spins
build themselves into clusters which can then grow in
size and rotate as a whole. Further decrease in tem-
perature results in not only increasing the number of
such clusters and decreasing their relaxation rate but
also in making a ferromagnetic interaction, which
progressively builds up in strength, operate between
them on a microscopic scale until a temperature—245 K is reached when the number of such newly
formed clusters no longer increases but instead the
ferromagnetic interaction between the statistical
near-neighbor clusters on a microscopically localized
scale becomes so strong as to make two or more of
such clusters merge into one another to form a single
giant cluster. The formation of giant clusters causes
overall thermal relaxation rate of the clusters to de-
crease very rapidly since the individual clusters form-
ing a giant cluster possess a much shorter relaxation
time than that possessed by the giant cluster after it
has been formed. A process of this type continues
till T —237 K below which the moments within the
giant clusters get more and more ordered since by the
time a temperature —237 K is reached, the thermal
relaxation rate of the giant clusters has slowed down
considerably. At a temperature —234 K, the relaxa-
tion time of the giant clusters becomes long enough
compared with the lifetime of the Mossbauer transi-
tion (- 10 8 sec) (the latter measurement can now
detect the short-range order within them) and the
Mossbauer spectrum of Fe appears. ' Around 232 K
the ferromagnetic order within the clusters freezes
whereas belo~ this temperature a long-range fer-
romagnetic interaction between the giant clusters is
suddenly switched on so as to form an infinite cluster
with an infinite chain of near-neighbor Fe atoms
(note that for nickel-rich amorphous alloys, Ni
possesses negligible or zero moment4'). The onset of
a long-range ferromagnetic ordering in the present al-

loy is marked by a steep rise in magnetization below
232 K to very large values and a knee in M vs T
curves at T —228 K (see Fig. 1). Another observa-
tion in support of the above statement is that a hys-
teresis loop (with a saturation magnetization value of
49.5 emu/g) characteristic of ferromagnetics in the
amorphous state was observed at 77 K when the alloy
was cycled in a field of 16 kOe. In view of the fore-
going text, it is not surprising to note that the first
temperature derivative of alloy resistivity gives the

ordering temperature as 230 K since at that tempera-
ture the size of the clusters greatly exceeds the
mean-free path of the conduction electrons (a situa-
tion when the spin-disorder scattering is appreciably
reduced) and a change in the slope of resistivity-
versus-temperature curve results.

Finally, it should be remarked in the passing that
the values for the critical exponents determined in

the present work could be influenced to a small ex-
tent by the presence of giant superparamagnetic clus-
ters above T~. The above statement is true, in par-
ticular, for the critical exponent P since presence of
such clusters gives rise below T~ to appreciable non-
linearity in the Arrott plots which, in turn, could
result in some error in the determination of P in
spite of the best efforts to minimize the same. The
observation that the presently determined exponent
values are in close agreement (except for P) with
those obtained previously for the so-called "Fe-Ni
phase" in Metglas 2826A (Ref. 33) lends further
support to this viewpoint. Therefore, more experi-
mental data on a number of other amorphous mag-
netic alloys are needed to establish the trend that for
magnetic alloys in the amorphous state the vaiue of P
is close to 0.4 rather than to the Heisenberg value of
0.37.

III. SUMMARY

Exhaustive magnetization data taken in the critical
region of the amorphous Fe~pNi6pP]4B6 alloy when
analyzed with caution enables us to arrive at reliable
values for the critical exponents. The exponent
values are found to follow closely the predictions of a
three-dimensional Heisenberg model. This observa-
tion points to the fact that the short-range forces
dominate in the critical region. Long-range forces,
e.g. , dipolar forces, have been shown to have negligi-
ble influence on the critical fluctuations of magneti-
zation. A detailed analysis, which allows for changes
in the average cluster moment and cluster concentra-
tion with temperature, of the experimental data taken
above T& reveals the existence of giant super-
paramagnetic clusters. The physical basis for observ-
ing different values for the ferromagnetic ordering
temperature as determined by Mossbauer effect on
one hand, and resistivity and the present magnetiza-
tion measurements on the other, has been provided.
In conclusion, the present alloy is an inhomogeneous
long-range ferromagnet and represents a composition
in the alloy series Fe„Ni8p P]4B6 just above the per-
colation limit.
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