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Transmission ' Fe Mossbauer spectroscopy has been used to investigate magnetic and hyperfine
interactions in the quaternary metallic glass FeslBl3 5Si3 5C2 (Metglas 2605SC) over a temperature
interval 77—900 K. The Curie temperature T& and the complete crystallization temperature are
found to be 698+2 K and 835+2 K, respectively. The reduced average hyperfine magnetic field
H ff( T) /H, f f (0) vs T/Tc shows a flatter curve in comparison with the Brillouin curve for 5= 1 .
This behavior is explained on the basis of Handrich's model of amorphous ferromagnetism in which
the parameter 5, which is a measure of fluctuations in the exchange interactions, is assumed to have
a temperature dependence 5=6O(1 —T /Tc), as proposed earlier by us, with 5O

——0.60. The average
hyperfine field H, tt(T) could also be fitted to the expression H,tt(T)=H, tt(0} [1—8,~2(T/
Tc) —C5q2(T/Tc) . j, wit—h H, (tt)0=290+5 kOe, 83~t ——0.29+0.02 and C5&2 ——0.29+0.02 in

the range 0.11&T/Tc &0.92, which indicates the presence of spin-wave excitations over rather
large temperature interval. The distribution of a hyperfine-magnetic-field P(H) curve at each tem-

perature has a prominent and almost symmetrical peak. The full width at half maximum of the
peak decreases monotonically with increase in temperature. Temperature dependence of H,ff(T) has
been further analyzed to obtain the critical exponent P, and is found to be 0.31+0.02 in the tempera-
ture range 0.11 & T/T~ & 0.9.

I. INTRODUCTION

There have been extensive efforts to experiment with
different alloy compositions based on the basic iron-boron
metallic glass system to understand the role of transition-
metal and metalloid atoms in glass formation, and to
understand their influence on the thermal stability and the
magnetic properties of metallic glasses. Considerable
studies have been reported on the binary and ternary
glassy alloys such as Fe-B,' Fe-B-Si, ' etc. Currently,
there is an interest in the study of quaternary systems
such as Fe-B-Si-C alloys.

This paper reports the results of a study of the metallic
glass alloy Fes~B$35Si3&C2 (Metglas 2605SC) by Fe
Mossbauer spectroscopy up to its crystallization tempera-
ture with an emphasis on the hyperfine magnetic interac-
tions. A preliminary report of this work has already been
published previously. ' A detailed account of the cry-
stallization studies of metallic glass Fes&B&3 &Si35CQ by
Mossbauer spectroscopy, electrical resistivity, differential
thermal analysis, and x-ray diffraction has recently been
reported from this laboratory. While this work was in its
final stages, the Mossbauer study on the same alloy by
Saegusa and Morrish, published recently, was brought to
our attention. ' Therefore, we discuss here the features
such as temperature dependence of the parameter 5, which
represents the fluctuations in the exchange interaction,
hyperfine-field distributions in the Mossbauer spectra of
amorphous Fe8lB][3 5S13 5C2 critical exponent, etc., which
are not discussed by Saegusa and Morrish. The Curie and

crystallization temperatures of Fes~B&3 5Si3 5C2 reported
here are compared with those of Saegusa and Morrish.
An effort is made to critically look at the variations in the
analysis of hyperfine-field distribution by varying the
number of terms in the Fourier series, and also by closely
comparing the results in related crystalline systems with
the amorphous material under investigation.

II. EXPERIMENTAL

Metglas 2605SC (nominal composition FestB]3 5Si3 5CQ)

was supplied by the Allied Chemical Corporation (U.S.A. )

in a ribbon form, 2.54 cm wide and -30 pm thick. The
investigations were carried out in the temperature range
77—900 K. Experimental details and methods of analysis
of data can be found elsewhere.

A. Mossbauer spectra, magnetization axis, and linewidths

Mossbauer spectra of the "as-received" glassy alloy
Fes&B~3 5Si3 5C2 recorded in the temperature range 77—900
K are shown in Figs. 1 and 2. The six-line pattern, which
is indicative of the ferromagnetic state of the sample is
observed up to 640 K. The absorption lines are, as usual,
characterized by rather large widths I (approximately
0.6—1.6 mm/s), in comparison with the linewidth (0.28
mm/s) in the Mossbauer spectrum of a thin iron foil taken
under the same experimental conditions. At 675 K, the



29 STUDY OF MAGNETIC AND HYPERFINE INTERACTIONS IN. . . Fe8~8~3 &Si3 5C2 4897

81 13.5 '3.5 2

a
~ ~

548 K

CL
e-w

a ~~k
rag "-OOF

502 K

~aaOa~a-
Q3 - r-' e

400 K

P ~yy- -w

$% ~

3 0 3

VELOCITY (mrn/s)

FIG. 1. Mossbauer spectra of amorphous Fes&8/3 5Si3 5C2 at
various temperatures below 550 K. Higher-temperature spectra
are shown in Fig. 2.

T'he Curie temperature (Tc) of Fes&8/3 5S13 5C2 therefore
lies between 675 and 700 K. At 750 K and above, the
spectrum shows a complex profile due to crystallization of
the glassy sample. Both Curie and crystallization tem-
peratures have also been determined accurately by the
thermal-scan method, as previously reported. Analysis of
Mossbauer data was performed as reported earlier.

Large linewidths in six-line Mossbauer spectra of rnetal-
lic glasses are usually explained by invoking the existence
of a distribution of values of hyperfine magnetic fields,
electric field gradients at the Mossbauer-probe atom, and
isomer shifts which arise from the amorphous nature of
solids. However, it is observed here that the broadening is
not the same for all lines, and that the linewidth increases
from the central to the outermost lines of the spectrum,
i.e.,I ~ 6& I 2 && I 34. This shows that the major broaden-
ing is caused by the hyperfine-magnetic-field distribution,
and the effect of the distribution of other hyperfine pa-
rameters is comparatively less. Furthermore, an asym-
metry in linewidths as well as some asymmetry in line in-
tensities are also observed. For example, at 301 K full
widths at half maxima (FWHM) for the six-line patte n
are

I,:I :I :I :I :I ::1.62:1.17:0.76:0.77:1.38:1.58.

Fe81813 5Si3 5C2

p& ~ eo

804 K

six-line pattern collapses to a broad two-line pattern. This
persistent line broadening indicates that the magnetic in-
teractions are still present at 675 K. The spectrum at 700
K changes to a quadrupole-split paramagnetic doublet.

Note that I ~
—I 6, I z ~ I 5, and I 3

—I 4 in this case. Vari-
ous explanations such as a linear relationship between the
isomer shift 5~s and the hyperfine magnetic field H, ff,

'

and a linear relationship between H, fr and (5&s+e), where
e is a measure of quadrupole splitting, " have been pro-
posed to explain this asymmetry Le Caer and Dubois"
have shown that it is possible to account for this asym-
metry in the Mossbauer spectra by assuming the anisotro-
pic hyperfine fields observed in related crystalline systems
such as iron borides, ' ' in addition to the variation of
H ff with 5's, the major contribution coming from the
former. Information regarding the width of the
hyperfine-magnetic-field distribution can be inferred from
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FIG. 2. Mossbauer spectra of Fe8~B/3 5S13 5C2 at temperatures
between 600 and 805 K. The sample is the same as in Fig. 1.
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FIG. 3. Average linewidths of 1 and 6, 2 and 5, and 3 and 4
of amorphous Fe8&BI3 5Si3 5CQ as a function of temperature.



studying the temperature dependence of the widths of
lines l and 6. Figure 3 shows the temperature dependence
of FVPHM of lines l and 6, 2 Rnd 5, and 3 and 4. It is ob-
served that I ) 6 dccfcRscs monotonlcally over thc whole
temperature range if the point I i 6 (600 K) is ignored.
This behavior indicates that the distribution in exchange
interaction is narrow, as would be the case for long-range
interactions, and therefore averages out the effect of the
disordered structure. ' The Curie temperature also is
sharply defined for this alloy, indicating that there are
Ilo local ieglolis liavlilg a distribution of Curie teiiipel'a-
tures. Therefore, the previous assumption, that the
broadened Mossbauer spectra in an amorphous alloy is
due to a significantly wide distribution of hyperfine mag-
netic fields, does not seem to be fully valid. Besides
hyperfine-field distribution, other effects may also be im-

portant in the line broadening of amorphous alloys. Fig-
ure 3 also shows I 2 5 and I 3 4 as a function of tempera-
ture. Linewidth I 3,4, also shows a n1onotonic decrease
with a rise in temperature. All these observations lead to
the conclusion that the width of the distribution of hyper-
fine magnetic fields, whatever the width of the distribu-
tion, decreases with increasing temperature. This is fur-
ther confirmed by our calculations of the probability dis-
tribution of hyperfine magnetic fields P(H), discussed in a
later section.

Mossbauer lines are observed to be symmetrical about
the centroid, below Tc, and hence the quadrupole effect
averages out to be zero in this amorphous alloy, as found
in other metallic glasses. The effect of quadrupole in-
teraction is seen only above Tc. The isomershift 5is of the
Mossbauer spectrum at 300 K is found to be 0.15 mm/s
relative to iron. 5is is found to be linearly dependent on
temperature (100& T & 650 K) with a coefficient approxi-
mately equal to —7&&10 ~ mm/s K.

B. Curie and crystallization temperatures

Tlie Ciirie teiilpeia'tuie ( Tc) of FesiBi3 gS13 sC2 was de-
duced by two methods: (1) by plotting average hyperfine
magnetic field versus absolute temperature, and (2) by the
thermal-scan method. Average hyperfine magnetic fields
H,fr(T) were calculated from the least-squares-fitted line
positions of the outermost lines in the six-line Mossbauer
spectra. From a plot of H,ff(T) vs T, values of H,ff(0)
and Tc are obtained by extrapolation. These values are
found to be H,rf(0) =290+5 kOe and Tc——690+10 K. A
large uncertainty in Tc in this method is due to a lower
number of points near Tc. A more accurate determina-
tion was accomplished using the thermal-scan method as
reported earlier (at a heating rate of 3 K/min), and was
foUnd to bc 698+2 K. Thc thermal" scan nlcthod also
showed that the crystallization is complete at approxi-
mately 835 K. However, it is not easy to infer the onset
of crystallization by this method, but Mossbauer spectra
taken at 700 and 750 K, as shown in Fig. 2, clearly show
that the onset of crystallization takes place before 750 K.
Our recently rcpoItcd clcctrica1-resistivity measurements
Rnd differential thermal analysis also corroborate the on-
set of crystallization taking place at -750 K. Saegusa
and Morrish have recently reported a Curie temperature

of 668+2 K for this alloy, which is almost 30 K less than
our value. Similarly, they have observed the onset of the
crystallization of this Metglas at 655 K, which is also
much less than ours, and is also less than their magnetic
ordering temperature Tc ——668+2 K. The temperature T„
at which fast crystallization sets in for our sample was
found to be approximately 810 K (heating rate 3 K/min),
and the temperature at which fast crystallization is comp-
leted is -835 K. On the other hand, Saegusa and Mor-
rish have reported the crystallization temperature for
Metglas 2605SC to be 788+2 K (heating rate 5 K/miii),
and the crystalhzation is completed at approximately 800
K. Thus a difference of approximately 30 K in Tc and 20
K in T~ is observed between our measurements and those
of Saegusa and Morrish, their Tc and T„having lower
values.

This rather large difference in observed Tc and T„by
us and Saegusa and Morrish prompted us to repeat the
thermal scan measurements and to see whether our fur-
nace was properly calibrated. The repeated measurements
on the samples taken from two different batches of the
nbbon also gave Us thc saIDc Tc and T~. Our earlier mea-,
surements of T„by the electrical resistivity and the dif-
ferential thermal analysis also gave the same value of T„
within experimental accur'Rcy as found by Mossbauer
measurements, dispelling any doubt about the Mossbauer
furnace calibration. In order to further investigate the
calibration problem of the furnace, we ran other samples
whose Tc were known, and we found that the results were
reproducible within +5 K. Thus the difference in values
of Tc and T„reported by us and Saegusa and Morrish
must have some other origin such as a difference in the
nominal composition of Metglas 2605SC. Other possibili-
ties, such as differences in the heating rate, clamped, and
unclamped sample, may be ruled out due to the large
difference in the observed Curie temperature and crystalli-
zation temperature.
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FIG. 4. RHMF vs reduced temperature of amorphous

Fea&B&3 5Si3 5C2 for spin S= l. Closed circles represent our ex-
perimental points and the triangles are the experimental data of
Ref. 8. The results obtained from Eq. (1) are shown by the fol-
lowing curves: a, for 5=0; b, for 5=0.5; e, for 5=0.6(1—t');
and d, for 5=0.7(1—t ) with t =T/T~.
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C. Temperature dependence of hyperfine magnetic field H,ff

Reduced hyperfine magnetic field (RHMF) H fef(T)/
H ff(0), vs reduced temperature T/Tc is plotted in Fig. 4.
Figure 4 also shows the Brillouin curve for spin S= 1

along with the data of Saegusa and Morrish. It is seen
that the experimental data lie below the Brillouin curve as
found for many other iron-rich metallic glasses 's'
and other amorphous magnetic systems. This depar-
ture of experimental data from the Brillouin curve has
usually been explained, at least qualitatively, on the basis
of fluctuations in the exchange interaction arising from
the highly disordered atomic arrangement in glasses.
Handrich and Handrich and Kobe ' developed a
model within the molecular-field approximation which
tries to explain this observation. Assuming that all atoms
have the same spin S and the same Lande factor g, and
taking into account of the spatial fluctuations of the ex-
change interactions, they mere able to obtain an analytical
expression for the reduced magnetization given by

M, (T)
M, (0} ,

' B,((1+—5)x)+—,'8, ((1—5)x),

where 8, is the Brillouin function for spin S,

Mg(T) Tc
5+1 M (0)T

and

( ( gJ )
2 }1/2

is the square root of the fractional mean-square fluctua-
tion in the exchange interaction JJ between the ith and jth
atoms. The value of 5 lies between 0 and l. Equation (1)
does give a faster decrease of the RHMF with T/Tc if
5&0. However, it has been observed that even with 5=0.5
or higher, there is a serious quantitative disagreement be-
tween experimental data and the Handrich-Kobe model in
the low- and high-temperature regions. In order to im-
prove upon this disagreement we have, in our earlier
works, assumed 5 to be a temperature-dependent parame-
ter. ' ' An empirical relation 5=5O(1 —t ), where
t =T/Tc, when substituted in Eq. (1) was found to give a
good quantitative agreement between experimental data on
iron-rich metallic glasses and Eq. (1) for values of 5O lying
between 0.6 and 0.7. ' A similar fitting procedure for
data on FesIB$3 5Si3 5C2 also gives a good fit for 5O=0.6
and S =1, as shown in Fig. 4. Data points of Saegusa
and Morrish which show good agreement with our data
have also been shown in Fig. 4. The choice of S = —,

' or 1

does not make an appreciable difference, but we have no-
ticed previously' that in some metallic glasses the agree-
ment between experimental data and Eq. (1) can be notice-
ably improved by choosing either S = —, or 1. We believe
that this may reflect the state of bonding between constit-
uent magnetic atoms as influenced by the metalloid atoms
which play an important role in the formation of glassy
solids.

It is worth noting here, as pointed out by Schurer and
Morrish, ' that the comparison between amorphous mag-
netic alloys and crystalline elemental ferromagnets may be

The hyperfine-magnetic-field distribution, the proposed
major cause of the broadening of Mossbauer spectral line,
arises from a large number of inequivalent iron sites in the
glassy sample. While the temperature dependence of the
linewidth I, 6 implies the presence of long-range magnetic
interactions in Fes&B]3 5Si3 5C2 and therefore a narrow
distribution of hyperfine magnetic fields, it is still worth
looking into this distribution by independent means.

We have used the Fourier-series method developed by
Windom. ' In this method it is assumed that the observed
line shapes are reproduced by a continuous probability
P(H) for the distribution of hyperfine magnetic fields.
The P (H) distribution is assumed to be given by

P(H)= g a„cos
n=1 Ho

—( —1)"

superfiuous. This is brought out when a comparison is
made between alloys having exactly the same composition
in the amorphous and crystalline states, e.g.,
(Fe50Ni5p)75B25 the disagreement between the data for
the amorphous and crystalline alloys reduces considerably,
although the data for the amorphous alloy still lie below
that of the crystalline alloy. This observation indicates
that the structural disorder does not have any appreciable
effect on M, (T)/M, (0) or H,ff(T)/H, ff(0)-vs-T/Tc
behavior. Therefore, one may conclude that it must be
metalloids which are responsible for the observed
behavior. However, similar behavior has also been report-
ed earlier for alloys such as Fe3Al (Ref. 29) and Fe3Si,
since Al is a metal, and the suggestion of metalloids being
mainly responsible for the flattening of the
H ff( T) /H, ff(0) vs T/Tc does not hold. Therefore, it
must be the presence of nonmagnetic atoms and local
compositional and chemical disorder which must be re-
sponsible for large fluctuations in the exchange interac-
tions besides some contribution from the spatial disorder
in the system. Consequently, 5 must represent the effect
of overall disorder in the system. While some disorder
may show hardly any temperature dependence, some other
type of disorder may be more temperature dependent, giv-
ing rise to the temperature-dependent 5. In Sec. IIIA it
has been said that the monotonic decrease of the linewidth
I

& 6 with an increase in temperature leads to the con-
clusion that the distribution of hyperfine magnetic fields
P(H), hence that of exchange interactions, must be nar-
row enough to label the interactions as "long-range" type.
This seems consistent with the observation that the data
H ff(T)/H ff(0) vs T/Tc is not much different for amor-
phous and crystalline (Feo 5Nio 5)75Be25. In our assump-
tion, 5=50(1 t ) reduces —as t~l, and therefore should
lead to a narrowing of I

& 6 and a sharpening of P(H}
curves as the temperature of the sample is increased. Both
of these behaviors have been observed for amorphous alloy
Fes|B/35Si35C2. In any case, the good fit obtained be-
tween experimental data and Eq. (1), assuming
5=50( 1 —t 2) for a large number of iron-rich metallic
glasses, cannot be ignored. Theoretically, one has to look
for the origin of the suggested temperature dependence of
5.

D. Hyperfine-magnetic-field distribution
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FIG. 5. Hyperfine-field distribution P (K) of amorphous
Fe8iB&3 5Si3 5CQ at 301 K; a, for M =6; b, for M = 15.

where Ho is the maximum value of H when P(Ho)=0,
and in our case it was 450 kOe, well above the H, ~~ value
for a —Fe at room temperature. Details of the procedure
can be found in the paper by Narayanasamy et al. The
smoothness of the desired solution of P(H) is expected to
depend on "M," the number of terms used in the summa-
tion. Furthermore, a single isomer shift and the absence
of quadrupole interactions have been assumed to simplify
the computation. The line-intensity ratio is varied to get
the minimum X value in the computer fit for a given M
value. Figure 5 shows the results of P(H) analysis of the
Mossbauer spectrum of Fes&Bl35S135CQ at 301 K when
M=6 and 15 are used in Eq. (2). In both cases minimum
X was found for the line-intensity ratio 3:2.3:1:1:2.3:3,
which were 2.44 and 1.10, respectively. The P(H) curve
shows a nice smooth peak for M =6 centered around 252
kOe and FWHM equal to 121 kOe, with hardly any oscil-
lations at either side of the peak. While in the case of
M= 15, the P (H) curve shows a major peak centered
around 270 kOe with FWHM of 92 kOe, with large oscil-
lations at low values of H and a minor peak at high values
of H. Oscillations in P(H) around zero are the result of
the truncation of the Fourier series, and therefore one
need not attach much significance to it, although in this
particular case these seem to be much larger than those

900 ]80 270

H(roe)

FIG. 6. Hyperfine-field distribution P(K) of amorphous
FesiBi3 5Si3 5' at a, 80 K; b, 400 K; c, 502 K; d, 548 K; and e,
602 K.

450

previously observed. The average hyperfine magnetic
fields calculated from the P(H) distributions are 235 kOe
for M=6 and 253 kOe for M=15, while the measured
H, rr is 258 kOe. For M ~ 15, the P (H) curve starts show-
ing unphysical structures. Therefore, we have analyzed
the rest of the data on Fe»BI35Si3 &Cq using M =15,
which corresponds to the minimum g . The lines drawn
through the data points in Figs. 1 and 2 (up to T=602 K)
are the theoretically simulated spectra using the P(H)-
analysis results. Agreement seems to be reasonably good.
The results of the P(H) analysis carried out for the spec-
tra between 80 and 602 K are shown in Fig. 6. All the
distribution curves are found to have a pronounced max-
imum which shifts to lower fields with increase in tem-
perature. Large oscillations are seen at low values of H
and some minor peaks at high values of H. Looking at
the low-field side of P(H), a minor peak also seems to be
present at —100 kOe, which shows only a weak tempera-
ture dependence. But the shape of the major peak in
P(H), with increase in temperature, essentially remains
unchanged.

The parameters which are of interest from this analysis
are Hz, the value of H at which the maximum of the ma-

TABLE I. Most probable field, mean field, and FWHM of amorphous Fe8&B&35Si35CQ (Metglas
2605SC).

Temperature
(K)

80
301
400
502
548
602

Mean field
H (kOe)

276.0
252.9
240.2
219.1
212.0
185.0

Average magnetic
hyperfine field

H ff (kOe)

281.8
257.8
228.8
201.8
185.1
157.1

Most probable
field H& (kOe)

285.3
270.0
228.6
201.6
184.5
157.5

FWHM of P(H)
distribution
aH (kOe)

92.7
91.8
90.0
86.4
84.6
79.2
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FIG. 7. (a) Temperature dependence of the most probable
field of P(H) for amorphous Fes~B&3 5Si3 5C~, where open circles
represent the most probable field and closed circles represent the
average hyperfine magnetic fields taken from the least-squares
fit of Mossbauer data of the sample. (b) Temperature depen-
dence of mean field of P(H) for amorphous Fe8~BI35S135C2,
where the circles represent the mean field and the closed circles
represent the average hyperfine magnetic fields calculated from
the least-squares fit of Mossbauer data of the sample.

jor peak occurs, the FWHM of the major peak AH, and
the mean field H. Thus the mean field H, the effective
hyperfine magnetic field Huff(T), the probable field Hz,
and the FWHM of P(H) analysis ~, for different tem-

peratures, are tabulated in Table I. The temperature
dependences of Hz and H are shown in Fig. 7 along with
the measured Heff(T). Figure 8 shows the temperature
dependence of ~, i.e., FWHM of P(H), which shows a
monotonic decrease of the hH with temperature, implying
that the distribution of hyperfine magnetic fields is
becoming narrower. This is consistent with our results on
the temperature dependence of I'~ 6 and 5.

To get a better insight in this analysis, we also deconvo-
luted the thin-iron-foil Mossbauer spectrum at room tem-
perature to obtain the corresponding P(H) curve. The
width of the outermost Mossbauer lines was 0.30+0.02
mm/s. The P(H) curve gave a sharp peak at H= 335 kOe
with a FWHM of 34 kOe with small oscillations on either
side of the main peak. Comparing this with the FWHM
of Fes&B,3 5S13 5Cz at 301 K, which is approximately 92
kOe, we find that the distribution of hyperfine magnetic
fields is approximately 3 times that of crystalline iron foil.
It is probably narrow enough to give observed results on
1

& 6, 5, and ~, but still large enough to broaden the
Mossbauer spectral lines.

E. Spin-wave excitations

Data for H, ff( T) vs T is fitted to the expression

MI,fr( T) H, rf( T) H,rr(0)—
H ff(0) H,ff(0)

gz 3/2 cy 5/2 = —B3/z ( T/Tc ) —Cg/z ( T/Tc ) (3)

which is Bloch's law. The proportionality AH, ff ~(T/
Tc) is derived from the long-wavelength spin-wave ex-
citations and is valid for T/Tc«1. The plot of
AH ff( T)/H ff(0) vs ( T/Tc ) is shown in Fig. 9. We
find that for T/Tc(0. 86, the fitted values of B (B3/z)
and C (C5/z) are 15.9&&10 K / (0.29) and 2.3&10
K ' (0.29), respectively, with H,ff(0) =290+5 kOe.
These values favorably compare with the B3/z and C5/z
values reported by Saegusa and Morrish, which are
0.30+0.05 and 0.29+0.05, respectively. It is found that

the values of B (B3/z) and C (C5/z ) depend upon the tem-
perature interval used. This is expected, since at higher
temperatures, nonlinearity from T is expected to in-
crease, leading to the larger values of C (C5/z). The coef-
ficients B3/z and C5/z are consistently 2—3 times higher
for amorphous ferromagnets than for the same coeffi-
cients for iron. ' ' It has also been noted that B and C
values for alloys of approximately similar compositions,
one amorphous and another crystalline, are different. A
crystalline alloy has smaller 8 and C values, similar to
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FIG. 9. Hyperfine-field change as a function of temperature
in reduced units. Here closed circles represent the experimental
data of amorphous Fe8~8l35Si35CQ and triangles represent the
experimental data of Ref. 8. Also, bH, tt{T) =H,tf{T} H, ff{0—}.

0.788
0.785
0.719
0.645
0.573
0.501
0.431
0.430
0.281
0.115

D
( +0.03)

1.05
1.06
1.07
1.12
1.09
1.12
1.14
1.13
1.07
1.06

( +0.02)

0.31
0.31
0.31
0.32
0.32
0.32
0.32
0.32
0.31
0.31

TABLE II. Values of the critical exponents D and P with
temperature intervals 0 & T/Tc (t.

those of Fe. Thus, larger values of B (B3/i) and C (Cs/i)
seem to be the characteristic feature of the amorphous
state.

In a preceding section it was mentioned that the flatter
cllrve of Heff(T)/H, tt(0) vs (T/T, ) for amorphous fer-
romagnets does not seem to be due to the structural disor-
der, as a crystalline alloy of similar composition shows ap-
proximately the same behavior. If one looks at the data of
Vincze et al. on (FesoNi~o)7~8&&, one finds that there is a
strong overlap of data H,ff(T)!H,ff(0) vs T/Tc for amor-
phous and crystalline alloys, and therefore one would ex-
pect that B (B3/z} and C (Cs/2} values for this alloy, in
crystalline as well as amorphous form, should come out to
be nearly equal for T/Tc &0.4. This seems to be in con-
tradiction with the observation on the Fe-B system It is
also hard to reconcile the fact that the disorder structure
of amorphous ferromagnets influences one magnetic prop-
erty (spin-wave-stiffness coefficients} quite significantly,
while the other magnetic property (average hyperfine
field) remains essentially unaffected.

where P is one of the critical exponents and D is a con-
stant close to 1.0. The variation of reduced hyperfine
fields of Fes,Bi3 5S13 5C2 with 1 —T/Tc is shown in Fig.
10 on a log-log plot, which shows that this power law is
followed by the Fe8~8&3 5Si3 5Cz amorphous alloy not only
close to Tc, but over an extended temperature interval. A
least-squares fit of Eq. (4) to experimental points for
1.0& T/Tc&0. 70 gives P=0.31+0.02 and D=1.07
+0.03. These values are in good agreement with the p
values of other metallic glasses. ' The values of p and
D calculated from Eq. (4) for different temperature re-
gions are shown in Table II. It is interesting to note that
even for 1.0& T/Tc &0.2, P and D values are 0.31 and
1.07, which are not very different from the values for
1.0&T/Tc&0. 70. By comparison with the theory, a
three-dimensional Heisenberg ferromagnet is expected to
give p=0.33, which is in quite good agreement with the p
value obtained here for amorphous Fe8~B~3 5Si3 5C2. It
seems surprising that this power law should be obeyed
over such an extended temperature interval, which may
possibly arise due to the glassy nature of samples.

1.0
C)

0
QP

~0.3
0.2

0.1

0.01

I 1 1 11 1 III
0.1

1- T/'T~

1.0

FIG. 10. [H,ff{T}/H,ff{0}J vs (1—T/Tc} for amorphous
Fe8IB/3 5Si3 5CQ in log-log plot.

F. Critical exponent P.

It is possible to obtain the value of the critical exponent
P from the temperature dependence of H, tt. Since
M, (T) ~Heff(T), near Tc the following relation will hold:

H.tt(» T=D 1— (4)H ff(0) Tc

IV. CONCLUSIONS

The Mossbauer spectra measured between 77 and 900 K
show that the Curie temperature Tc and the complete cry-
stallization temperature are found to be 698+2 and 835+2
K, respectively. These values are higher than those report-
ed by Saegusa and Morrish. H,tt(T)/H, tt(0) is observed
to decrease much faster with an increase in T/Tc when
compared with the Brillouin curve for S = 1. Agreement
between H, tt(T)/H, tt(0) vs T/Tc data an-d -Handrich's
model of an amorphous ferromagnet, based on the mean-
field —theory calculations, can be vastly improved by as-
suming the parameters 5=((b,J) }'//(I} in the theory
to be temperature dependent, i.e., 5=5o(1—T /Tc) with
5o——0.6. The variation of H, tt(T) with T can also be
described by

Heff(T) =Hqff(0)[1 B3/2(T/Tc)—
—Cs/2(T/Tc)'" — '

1
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over the full temperature interval studied with coefficients
Hff(0)=290+5 kOe, &3/2 0.29+0.02, and C5/2
=0.29+0.02, while at low temperatures, i.e., 77 ~ T
&400 I, [H,ff(T) H ff(0)]/H, ff(0) is proportional to
(T/Tc)/, which indicates the presence of long-
wavelength spin-wave excitations in this amorphous alloy.
At temperatures below Tc, H, tt(T)/H, tt(0) can be ex-
pressed as D(1—T/Tc)~ with D=1.05+0.03 and
P=0.31+0.02. The observation of a well-defined P(H)
distribution monotonically narrowing with increasing
temperature, the T dependence of H, tt(T) at low tem-
peratures, and the temperature dependence of the fluctua-

tion parameter 5, in the Handrich model, suggest that the
magnetic interactions in the amorphous Fes~B&3 5Si3 5C2
are predominantly of long-range type.

ACKNOWLEDGMENTS

The authors thankfully acknowledge the research sup-
port from the Science and Engineering Research Council
(Department of Science and Technology, New Delhi, In-
dia) and the Department of Atomic Energy (India) for this
work. The authors also thank Dr. N. Ravi for helpful dis-
cussions.

~C. L. Chien, Phys. Rev. B 18, 1003 (1978), and references
therein.

A. K. Bhatnagar and N. Ravi, Phys. Rev. B 28, 359 (1983), and
references therein.

3A. K. Bhatnagar and N. Ravi, J. Non-Cryst. Solids 56, 237
(1983).

4Anil K. Bhatnagar, B. Bhanu Prasad, and R. Jagannathan,
Technical Report No. UH/AKB/DST-DAE-834-01, Univer-
sity of Hyderabad, India (unpublished), and references
therein.

58. Bhanu Prasad, A. K. Bhatnagar, and R. Jagannathan, in
Proceedings of the International Conference on the Applica
tions of the Mossbauer Effect, Jaipur, India, 1981 (Indian Na-
tional Science Academy, New Delhi, 1982), p. 336.

68. Bhanu Prasad, A. K. Bhatnagar and R. Jagannathan, in

25th Year of the Nuclear Physics and Solid State Physics Sym

posium, Bombay (India), 1981, Vol. 24C of the Silver Jubilee

Physics Symposium, Solid State Physics (Bhabha Atomic
Research Centre, Bombay, India, 1982), p. 93; ibid. , p. 97.

7B. Bhanu Prasad, Anil K. Bhatnagar, and R. Jagannathan, J.
Appl. Phys. 54, 2019 (1983).

N. Saegusa and A. H. Morrish, Phys. Rev. 8 26, 10 (1982), and
references therein.

N. Saegusa and A. H. Morrish, Phys. Rev. B 26, 305 (1982).
L. Takacs, J. Phys. (Paris) Colloq. 41, C1-265 (1980).

~I. Vincze, Solid State Commun. 25, 689 (1978).
~2G. Le Caer and J. M. Dubois, Phys. Status Solidi 64, 275

(1981).
~ I. D. Weisman, L. J. Swartzendruber, and L. H. Bennett,

Phys. Rev. 117, 465 (1969).
4L. Takacs, M. C. Cadeville, and I. Vincze, J. Phys. F 5, 790

(1975).
~~P. J. Schurer and A. H. Morrish, Solid State Commun. 30, 21

(1979);28, 819 (1978).
~ P. J. Schurer and A. H. Morrish, Phys. Rev. 8 20, 4660 (1979).
~7W. Chambron, F. Lancon, and A. Chamberod, J. Phys. (Paris)

Lett. (to be published) ~

B. Bhanu Prasad, Anil K. Bhatnagar, and R. Jagannathan,

Solid State Commun. 36, 661 (1980).
Anil K. Bhatnagar, B. Bhanu Prasad, N. Ravi, R. Jagan-
nathan, and T. R. Anantharaman, Solid State Commun. 44,
905 (1982).
B. Bhanu Prasad, Anil K. Bhatnagar, S. Venkataraman, and
M. N. Chandrasekharaiah, Bull. Mater. Sci. (India) (to be
published).
A. K. Bhatnagar, B. B. Prasad, R. Jagannathan, and N. Ravi,
Nuclear Physics and Solid State Physics Symposium,
Varanasi, India (unpublished).
S. J. Poon and J. Durand, Phys. Rev. B 16, 316 (1977).
G. Suran, H. Daver, and J. C. Bruyere, in Magnetism and
Magnetic Materials 1975 (Phi—ladelphia), Proceedings of the
21st Annual Conference on Magnetism and Magnetic Materi-
als, edited by L. L. Seeker, G. H. Lander, and J. J. Rhyne
(AIP, New York, 1976), p. 162.
N. Heiman and N. Kazama, Phys. Rev. B 19, 1623 (1979).
K. Handrich, Phys. Status Solidi 32, K55 (1969).
S. Kobe, Phys. Status Solidi 41, K13 (1970).

~7S. Kobe and K. Handrich, Fiz. Tverd. Tela (Leningrad) 13,
887 (1971) [Sov. Phys. —Solid State 13, 734 (1971)].
I. Vincze, F. van der Woude, T. Kemeny, and A. S. Schaaf-
sma, J. Magn. Magn. Mater. 15-18, 1336 (1980).
A. Andreeff, H. J. Hunger, and S. Unterricker, Phys. Status
Solidi 8 66, K23 (1974).
C. Blaauw, H. Hans on, F. van der Woude, and G. A.
Sawatzky, in Proceedings of the Fifth International Conference
on Mossbauer Spectroscopy (Czechoslovakian Atomic Energy
Commission, Prague, 1975), pp. 10—14.

'B. Window, J. Phys. E 4, 401 (1971).
A. Narayanasamy, T. Nagarajan, P. Muthukumarasamy, and
T. S. Radhakrishnan, J. Phys. F 9, 2261 (1979).

33C. L. Chien, D. Musser, F. E. Luborsky, and J. L. Walter, J.
Phys. F 8, 2407 (1978).

48. E. Argyle, S. H. Charap, and E. W. Pugh, Phys. Rev. 132,
2051 (1963).

35C. L. Chien and R. Hasegawa, Phys. Rev. B 16, 3024 (1977).
R. Hasegawa and R. Ray, Phys. Rev. B 20, 211 (1979).


