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Effects of neutron irradiation on Fe;,Nig_ . Cr, Mo0,SisB,s glassy ribbons are studied by transmission
57Fe Mossbauer spectroscopy. The spectra are fitted using NORMOS DIST programs accounting for line
asymmetries. Bimodal P (H) distributions are obtained, and they are presented in the form of three-
dimensional graphs, the second dimension in these projections being built from Cr content and neutron
fluence, respectively. A neutron-irradiation-induced ferromagnetic-to-paramagnetic transition is ob-
served. Changes in the hyperfine parameters are supposed to be governed by a rearrangement of the
constituent atoms, including clustering of Cr and by stress centers because of irradiation.

I. INTRODUCTION

Irradiation of metallic glasses leads to structural
modifications which are reflected through changes of
various magnetic parameters such as Curie tempera-
ture,!"? orientation of the net magnetic moment,>* and
hyperfine field distributions.” Chromium-containing me-
tallic glasses show advantageous properties for practical
purposes mainly because of their high corrosion resis-
tance. That is why they are the subject of intense
research in many laboratories.®”° Because of possible ap-
plications under extreme conditions of increased radia-
tion (nuclear facilities, cosmic research, etc.), their
response to different kinds of radiation damage should be
known.

The aim of the present work is to study the influ-
ence of neutron irradiation or  amorphous
Fe;oNiyg_ Cr,Mo,SisB;s. It was reported by Violet et al.
10 that, regarding Fe-Ni-Zr metallic glasses, the effects of
neutron irradiation on the magnetic properties of these
alloys are small, suggesting rather a good resistance to
neutron radiation damage up to fluences of 10'7 n/cm?.
Kramer, Johnson, and Cline!! revealed a significant
influence of neutron irradiation ranging from 10'® to 10%°
n/cm® on superconducting (Mo, ¢Ruy 4)5,B;s metallic
glass. We have chosen neutron fluences from 10" to 10"
n/cm?, and this allows one to observe the effects of irradi-
ation in a wide range. Using *’Fe M{ssbauer spectrosco-
py, our interest is focused on changes in magnetic param-
eters comprising the direction of the net magnetic mo-
ment with respect to the glass ribbon surface, the average
value, and the standard deviation of the distributions of
hyperfine parameters, including both the distributions of
the hyperfine fields, P(H), and the distributions of the
quadrupole splittings, P(u).

Mossbauer spectroscopy is an useful tool, especially
when information about the nearest surroundings of the
resonant atoms is needed. Changes in their configuration
are sensitively reflected through the parameters of the
Mossbauer spectra, and hence conclusions concerning the
influence of neutron irradiation on amorphous
Fe;oNigg_,Cr, Mo,SisB, 5 are made.
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II. EXPERIMENT

Fe;,Niss , Cr,Mo,SisB;s metallic glass was prepared
in the form of 6-mm-wide and 16-27-um-thick ribbons
by the melt-spinning technique at the Institute of Physics,
Slovak Academy of Sciences, Bratislava. Samples with
chromium content x of 0, 2, 4, 6, 8, 10, and 12 at. %
were sealed in Al foils and exposed to the whole neutron
spectrum in a nuclear research reactor. Integrated
fluences were in the range from 10'* to 10" n/cm?. The
temperature of the samples during irradiation was main-
tained under 70 °C.

A conventional constant-acceleration Mossbauer spec-
trometer with a ’Co(Rh) source was used in transmission
geometry. The spectra were recorded at room tempera-
ture using a-Fe calibration. They were fitted by the NOR-
MOS DIST program developed by Brand.!? A simple his-
togram method (DISTRI = 1) using 30 sextets and 16 dou-
blets was applied to obtain distributions of hyperfine
magnetic fields, P(H), and quadrupole splittings, P (u),
respectively. A linewidth of 0.30 mm/s was assumed for
all individual subspectra. Spectrum asymmetries were
covered by fitting the parameters related to a linear
change in isomer shift values (ISO and DTI in
METHOD =2, respectively 6) and to a short-range order
(SRO) (I,, H,,, Q,, and H,,) for magnetically split pat-
terns. The area ratio D,; of lines 2 and 5 to lines 3 and 4
in the M0ssbauer spectra showing ferromagnetic ordering
was also fitted during the analysis. The only exception
was the spectrum of the sample with 8 at. % of Cr, where
D,;=2 was fixed while evaluating its very poorly
resolved sextet. The area ratio D3 of lines 1,6 to 3,4 was
constrained to have a constant value of 3 in all cases.

III. RESULTS AND DISCUSSION

A. Mossbauer spectra

Room-temperature Mossbauer spectra of amorphous
Fe;oNiyg—,Cr,Mo,SisB;5s taken in the as-received state
and after neutron irradiation with a fluence of 10'° n/cm?
are shown in Figs. 1(a) and 1(b), respectively. As can be
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seen from these figures, their shape is changing, while the
Cr content x in the samples varies. Continuous, x-
dependent transformation of the primary six line patterns
into doublets implies a reduction of ferromagnetic ex-
change interaction, giving rise to a total magnetic long-
range-order collapse into pure paramagnetic behavior. A
compositional-dependent decrease of the Curie tempera-
ture T, is revealed, and it is associated with changes in
the chemical SRO.%713715 The actual values of T, for
the present sample, derived from temperature depen-
dences of the initial permeability, have already been re-
ported.!® The observed shapes of the Mdssbauer spectra,
including central doublets, indicate that there exists a dis-
tribution of hyperfine fields with a noticeable population
at the low-field side.>° The influence of varying the
amount of Cr on the magnetic ordering of nonirradiated
amorphous Fe;,Niug, Cr,Mo,SisB;s is discussed else-
where!”!® in more detail comprising low-temperature
Moéssbauer experiments. Here we will take a closer look
into changes in the magnetic structure introduced by
neutron irradiation.

During neutron irradiation, defects are generated in
metallic glasses. Topological SRO is mainly affected
by"!° (i) displacements of atoms caused by high-energy o
(1.4 MeV) and Li (0.9 MeV) particles which are created in
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boron-containing metallic glasses in accordance with the
nuclear reaction °B(n,a)’Li+2.3 MeV and (ii) displace-
ments of atoms caused by fast neutrons. Some
modifications of the composition can also be expected be-
cause, especially when higher fluences are used, the a
particles agglomerate and form helium bubbles.>?° On
the other hand, irradiation-induced changes in the ele-
ments presented in the samples were evaluated to be
negligible.'®

As can be seen from Fig. 1(a), the ferromagnetic-to-
paramagnetic transition occurs beyond x =8 as the
amount of Cr in the as-received samples increases. When
the specimens were irradiated with a fluence of 10"
n/cm?, the transition to the paramagnetic state appeared
at a smaller x value. Figure 1(b) shows that this critical
Cr content at room temperature is x =6. This suggests a
decrease in T, because of neutron irradiation. Such an
effect was observed and reported previously'®. However,
the decrease of T, because of neutron irradiation is not a
general feature of Cr-doped metallic glasses. It depends
on the amount of Fe and Cr in the sample whether the T,
value will be increased, decreased, or even not changed at
all, as we will discuss later in this paper.

To illustrate the effects of neutron irradiation on the
Mossbauer spectra more closely, we have chosen some of
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FIG. 1. Room-temperature Mossbauer spectra of Fe;Nig;—, Cr,Mo,SisB;s metallic glass (a) before and (b) after neutron irradia-

tion with 10" n/cm?.
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FIG. 2. Room-temperature Mdssbauer spectra of Fe;oNigg_, Cr, M0,SisB;s metallic glass for the indicated Cr contents x. Spectra
labeled as a, B, and ¥ correspond to the as-received sample and to the samples irradiated with 10'® and 10'® n/cm?, respectively.

the most typical examples, which are displayed in Fig. 2.
Going from the uppermost to the lowermost spectrum in
each part of the figure, the spectra are labeled as «a, B,
and y for the as-received sample and samples irradiated
with a fluence of 10'® n/cm? and with ®=10" n/cm?,
correspondingly. Qualitative changes in the shapes of the
Mossbauer spectra after neutron irradiation are depicted
in Figs. 2(c) and 2(d). As can be seen from Fig. 2(c), the
spectrum of the x =6 sample is gradually “narrowed,”
while the fluence is rising. This means that ferromagnetic
exchange interactions are continuously reduced and
paramagnetic ordering prevails. Finally, a complete
irradiation-induced ferromagnetic-to-paramagnetic tran-
sition is shown in Fig. 2(d) (x =8 at. % Cr). It occurred
after exposing the sample with a neutron fluence of 10"
n/cm?. The change in magnetic ordering is demonstrated
by the qualitative distinctions between the  and y spec-
tra when, in the case of the y, only a pure quadrupole
doublet is seen.

B. Net magnetic moments

Looking at Figs. 2(a) and 2(b) where the respective
Mossbauer spectra for x =0 and 2 are depicted, one can
notice, by comparing the 8 and y curves, a decrease of
the second and fifth line intensities (areas) after neutron
irradiation with a fluence of 10'° n/cm?. The fitting pa-
rameter D,; gives the ratio between the intensities (areas)
of lines 2,5 and 3,4. Since D,; is related to a relative
orientation between y rays and a net magnetic moment of
an absorber, an average direction of the net magnetic mo-
ment can be determined with respect to the plane of the
sample.

The fluence dependences of the differences in the area

ratios, AD,;, for magnetically split Mossbauer spectra
are seen in Fig. 3. Here AD,; represents changes of D,
after neutron irradiation in comparison with the as-
received state: AD,; =D, —D,, . The ma-

irradiated as-received

jority of the measured spectra consists of very poorly
resolved sextets, and that is why we present the
differences AD,; rather than the D,; values themselves,
the accuracy of which may be questioned. Data for x =8
are not shown. In this case only a small amount of a fer-
romagnetic component is presented in the sample, as is
evident from the corresponding Mossbauer spectra in
Fig. 2(d). To evaluate such spectra, D,; had to be fixed
(D,3=2) during the fitting procedure. The dashed lines
in Fig. 3 cover deviations within the experimental error.
Negative AD,; values imply that the net magnetic mo-
ment is turned out from its original position and comes to
be more perpendicularlike. For x =0 such behavior can
be observed along with the rising neutron fluence. The
final direction of the moment deviated after irradiation
with 10 n/cm? of about 10° from its close-to-the-ribbon
plane position in the as-received state. The same tenden-
cy of the net magnetic moment to turn out of the ribbon
plane was reported for Fe-Ni-B-type metallic glasses
both after irradiation with heavy ions** and with neu-
trons,” and depending on the magnetostriction of the
samples, this behavior was also observed regarding some
Cr-doped metallic glasses.>*2! On the other hand, posi-
tive AD,; values suggest a rotation of the net magnetic
moment toward the plane of the sample. A fluence-
dependent tendency of the net magnetic moment to turn
closer to the ribbon plane for x =4 at. % of Cr is revealed
from an increase of AD,; in Fig. 3. The observed
changes in the direction of the net magnetic moment,
reflected through the line intensities, are supposed to be a
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consequence of a reorientation of spins in the vicinity of
stress centers, which are generated as a result of atom
mixing after neutron irradiation.? 2!

The domain structure of rapidly quenched alloys is
governed by microstructural defects and their stress
fields.”? Kuzmann and Spirov* reported a decrease of
the second and fifth Mossbauer line intensities of
Fe,oNiy B Si;o metallic glass to be due to the defects in-
duced by irradiation which are responsible for the reori-
entation of spins. The above results suggested that the
SRO and distribution of magnetic dipoles are affected by
in-plane compressive stresses in the irradiated regions.
Serfz6 et al.? found that in the case of Fe,;_  Cr, SigB,,
these stresses induce an easy magnetization direction nor-
mal to the surface of the sample through positive magne-
tostriction. Our recent results on FegyCr,Si,B;, metallic
glass?! are fully consistent with their findings and in the
present case, this behavior is well established for x =0
(Fig. 3).

Although transmission (bulk) Mossbauer experiments
revealed no crystalline phases in the irradiated samples, a
contribution of partially crystallized surface layers to the
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FIG. 3. Differences AD,; (see text) plotted vs loga-

rithm of neutron fluence, log,®, for amorphous
Fe;yoNiyg_, Cr,Mo,SisB;s. The solid lines are only guides to the
eye. The dashed lines cover deviation within the experimental
error.
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above-discussed effects cannot be unambiguously ruled
out.>?*~25 Surface crystallization causes a compressive
stress in the bulk of the specimen acting in the ribbon
plane because of the higher density of the crystalline
phase with respect to the amorphous one. In specimens
with a positive magnetostriction, this compressive stress
would tend to rotate the atomic spins in a direction out of
the ribbon plan and vice versa.?> Using both conversion
electron Mossbauer spectroscopy (CEMS) and scanning
electron microscopy, Nasu and Fujita?* reported the
presence of a-Fe at both sides of amorphous Fe-B-Si rib-
bon which was irradiated by 25-kV accelerated He ™" ions.
They also observed a decrease of the Mossbauer line in-
tensities because of the increase of total bombardment
flux, suggesting that the orientation of magnetic moments
became more random. Hayashi et al.? revealed a pre-
cipitation of crystalline a-Fe in the near-surface regions
when they irradiated amorphous Fe-B alloys with 40-keV
He" ions. The amorphous-to-crystalline transformation
has been reported to be dependent on the irradiation
fluence. To identify the presence of crystalline regions,
they used a depth-selective conversion electron
Mossbauer spectroscopy (DCEMS). However, as stated
by Gupta et al.??, conclusions about a surface crystalliza-
tion can be made also from changes in the direction of
the net magnetic moment which are reflected through
bulk Méssbauer spectrum line intensities.

C. Quadrupole splitting distributions

As far as the Mossbauer spectra for both as-received
and irradiated samples with x =10 and 12 at. % Cr are
concerned, all of them are asymmetric doublets in shape
showing distributions of quadrupole splittings, P(u). The
same behavior is observed for the sample with x =8
at. % of Cr irradiated by ®=10' n/cm? Examples of
P (u) distributions for x =12 before and after irradiation
with 10 n/cm? are shown in Fig. 4. It is noteworthy
that the zero 2u values have nonzero probabilities. This
feature was also observed in Cr,,_ Fe, C;;SizAl; metallic
glasses.?® Mean values of the P(u) distributions, (2u ),
and the isomer shifts, 8§ (relative to a-Fe), are plotted
against the logarithm of a neutron fluence log;,® and
shown in Figs. 5(a) and 5(b), respectively. There was no
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FIG. 4. Quadrupole splitting distributions P(u) for amor-
phous Fe;oNiyg_, Cr, Mo,SisB,s before and after neutron irradi-
ation with 10" n/cm?.
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FIG. 5. (a) Average value of a quadrupole splitting distribu-
tion (2u) and (b) isomer shift & (relative to a-Fe) vs log-
arithm of neutron fluence, log;;®, for amorphous
Fe30Ni43‘xCr2MOZSi5B15.

change in the standard deviation of the P(u) distribu-
tions within the experimental error.

The observed changes in {2u ) and 8 suggest that Fe
atoms have different environments and occupy different
positions after irradiation. This irradiation effect surely
occurs because a decrease of the Curie temperature after
neutron irradiation was revealed for the x =12 sample
both from low-temperature Mossbauer experiments and
from the temperature dependence of the ac magnetic sus-
ceptibility’’ and 7T, was shown to be very sensitive
to atomic structure rearrangement processes in Cr-
containing Fe-Ni—based amorphous alloys.?%2°

D. Hyperfine field distributions

The observed shapes of the Mossbauer spectra in Fig. 1
suggest that there is a broad distribution of hyperfine
fields with a noticeable population at the low-field side.
To derive the distributions P(H), the measured spectra
were fitted by a simple histogram method accounting also
for the spectrum asymmetries.

Similar as in Ref. 18, we present three-dimensional (3-
D) graphs of the obtained P (H) distributions. They were
created by stacking the corresponding distributions ac-
cording to either Cr content x or the logarithm of the
neutron fluence, log,;,®. Figure 6 presents 3D P (H) dis-
tributions. The second dimension was built from x, be-
fore and after irradiation with a fluence of 10'° n/cm?
These distributions correspond to the Mdssbauer spectra
from Figs. 1(a) and 1(b), respectively.

The bimodal character of the individual distributions
can be recognized. It arises from the presence of a cen-
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FIG. 6. 3D P(H) distributions corresponding to the
room-temperature =~ Mossbauer  spectra of amorphous
Fe3oNigg_,Cr, Mo,SisB,5 (see Fig. 1) (a) before and (b) after irra-
diation with 10'° n/cm? The second dimension is built from
the Cr content x. See the text for details.

tral doublet in addition to a ferromagnetic sextet pointing
out mixed hyperfine interactions at T < T,.*° This unusu-
al two-peak sturture of P(H) is a point of controversy in
the literature (see, for example, Refs. 31 and 32 ), but evi-
dently small hyperfine fields do exist (again, Refs. 31 and
32), even though their origin is not completely under-
stood.3%33 It is reasonable to assume that the low-field
component in P(H) should be associated with those Fe
atoms that are surrounded by a considerable amount of
neighboring Cr atoms, whereas the high-field one is due
to those Fe atoms that have primarily Fe and Ni atoms as
their neighbors and, possibly, some Cr atoms sitting next
to them.!*3* The bimodal character of the P (H) distri-
butions corresponding to the sample with x =0 at. % of
Cr is then due to molybdenum, which is in the same
column of the periodic table as Cr and affects the magnet-
ic properties similarly.3% ™37

Regarding the as-received samples, behavior of the
P(H) distributions along the rising Cr concentration is
described elsewhere!”!® in more detail. Here we will dis-
cuss the influence of neutron irradiation on the distribu-
tion of hyperfine fields. Before doing this, however, we
must note that the distributions for x =10 and 12 and
x =8, 10, and 12, which correspond to the Mossbauer
spectra of the as-received and irradiated (®=10' n/cm?)
samples, respectively, are in fact P(u) distributions, as
was already mentioned in Sec. III C.

In order to be able to show changes in the magnetic or-
dering more clearly using only a single figure, these P (u)
distributions have been converted to the H scale and
drawn together with the P (H) ones. They can be seen in
the left-hand, rear corners (H —0T, x — 12 at. % of Cr)
of the 3D graphs in Fig. 6 creating sharp peaks. P (W)



7230

values, where W represents H and 2u, correspondingly, of
all the distributions have been normalized to fulfill the
condition [* P(W)dW =1. That is why some of the
P (u) values were cut off in order to scale the whole figure
properly.

As can be seen from Fig. 6(a), the bimodal character of
the P (H) distributions gradually vanishes with increasing
Cr content, giving rise to a total ferromagnetic-to-
paramagnetic transition between x =8 and 10. When ir-
radiated with a fluence of 10!° n/cm? [see Fig. 6(b)], the
onset of paramagnetism appears just at the concentration
of 8 at. % of Cr. This change in magnetic ordering is also
evident from the shapes of the corresponding Mdssbauer
spectra, which are depicted in Fig. 2(d) by the 8 and ¥
curves, and it will also be demonstrated by the fluence
dependence of the hyperfine field distributions later in
this section. The views from the top of the 3D graphs
that are also shown in Fig. 6 show a more rapid shift of
the high-field component toward smaller H values after
neutron irradiation. Plots of the average values of the
P(H) distributions, ( H ), and their standard deviations,
oy, against the Cr concentration x are shown in Fig. 7.
It is noteworthy that after irradiation both these parame-
ters are changed in a different direction with respect to
their original values and to the amount of Cr in the sam-
ples. Since the oy values were calculated using the
second moment of the P(H) curves, their decrease sug-
gests that the low-field component prevails, which, in
turn, implies an increasing importance of quadrupole in-
teractions near the magnetic ordering temperature. This
can be supported by a completed transformation of the
primary mixed hyperfine interactions into pure paramag-
netic behavior in the case of x =8 after irradiation, and
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FIG. 7. (a) Average value of a hyperfine field distribution
(H) and (b) standard deviation oy vs Cr content x for amor-
phous Fe;3oNiz;_ , Cr,Mo,SisB;s before and after neutron irradi-
ation with 10'° n/cm?
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FIG. 8. Top views of the 3D P(H) distributions correspond-
ing to the room-temperature M0Ossbauer spectra of amorphous
Fe;oNigg -, Cr,Mo,SisB,s for the indicated Cr contents x. The
second dimension is built from the logarithm of neutron fluence,
logmq).

that is why no data related to this sample are presented in
Fig. 7.

To demonstrate the changes of the P(H) distributions
induced by a varying neutron fluence for the respective
concentration, the corresponding 3D projections are
shown in Fig. 8. In this case the second dimension is
represented by a logarithm of neutron fluence, log;,®.
We have chosen views from the top which allowed us to
observe directly the positions of the distribution peaks.

FIG. 9. 3D projection of the P(H) distributions correspond-
ing to the room-temperature Mossbauer spectra of amorphous
Fe;oNis gCrgMo,SisB;s. The second dimension is built from the
logarithm of neutron fluence, log;,®. See the text for details.
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FIG. 10. Average value of a hyperfine field distribution { H ) plotted vs logarithm of neutron fluence, log;,®, for the indicated Cr
contents in amorphous Fe;oNiys_ , Cr,Mo,SisB;s. The solid lines are only guides to the eye.

As can be seen, for x =0 the peaks are more separated
from one another after the irradiation, for x =2 their po-
sitions are nearly unchanged, and in the case of x =4, a
slight shift of the peaks to the left is seen after irradiation
with 10'° n/cm?. Finally, a rapid shift toward low-field
values is observed for x =6 and 8 after irradiation with
®>10'" n/cm? It should be mentioned that for x =8
the distribution corresponding to a fluence of 10'° n/cm?
is a P(u) distribution which has been converted to the H
scale similary as in Fig. 6. The 3D graph of x =8 distri-
butions is also depicted in Fig. 9 from another viewpoint
to illustrate the irradiation-induced ferromagnetic-to-
paramagnetic transition which occurs between applied
fluences of 10'® and 10'° n/cm?2.

In Figs. 10 and 11 plots of { H) and o, respectively,
against the logarithm of neutron fluence, log;,®, are
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displayed. For x =0 a continuous increase of (H)
values is observed along the neutron fluence. Practically
no change is detected for x =2, and first of all a slight,
then rather rapid decrease of (H ) for x =4 and x =6
and 8, respectively, is revealed. The values of oy under-
go both concentration- and fluence-dependent changes.
The former are closely discussed in Ref. 18, while the
latter show expected behavior only for x =0 and 4. The
decrease of oy values in Fig. 11(b) suggests prevailing
quadrupole interactions near the Curie temperature.

E. Radiation damage

To interpret the neutron-irradiation-induced changes
of the parameters and P(H) distributions investigated,
the character of the processes of radiation damage must
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FIG. 11. Standard deviation of a hyperfine field distribution oy plotted vs logarithm of neutron fluence, log,,®, for the indicated
Cr contents in amorphous Fe;oNi_, Cr,Mo,SisB;s. The solid and dashed lines are only guides to the eye.
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be taken into consideration.

It was already mentioned in Sec. III A that the radia-
tion damage comes from two sources, including high-
energy particles and neutrons. The early stage of damage
involves the creation of the primary knock on atoms
when the irradiation particles transfer their energy to the
lattice atoms and, in the next step, distribute this energy
to the neighboring atoms and produce atomic displace-
ments. The collision cascades created by recoiling target
atoms contain highly disordered, high-temperature zones
(102-10% K) (Ref. 38) which collapse or “cool down” at
the estimated quench rate of 10'* or 10'® K/s. These pro-
cesses lead to irradiation-induced structural changes by
which the irradiated alloy disorders and usually loses its
SRO.!3% This is demonstrated by an increase of the
standard deviations of P(H) distributions in Fig. 11.
However, a rather rapid decrease of oy values is also
seen in Fig. 11(b). It can be ascribed to changes in the
character of P(H) distributions when the low-field com-
ponent comes to dominate.

Three-dimensional projections of P(H) distributions
presented in Figs. 6, 8, and 9 revealed changes in the
peak positions, i.e., in the character of the corresponding
distributions. Accounting for this, a clustering of Cr
atoms after irradiation is proposed that causes the low-
field part of the distributions to dominate, which, in turn,
implies a reduction of ferromagnetic exchange interac-
tions. These changes strongly depend on the amount of
Cr in the sample.

IV. CONCLUSION

Summarizing the results of the Mossbauer study on
neutron-irradiated = Fe;oNis_,Cr,Mo,SisB;s metallic
glass in a wide fluence range, the following conclusions
can be made.

(i) The shapes of Mdssbauer spectra are sensitive to
the influence of neutron irradiation, especially when
fluences higher than 10! n/cm? are used, enabling us to
observe changes in magnetic ordering.

(ii) The direction of the net magnetic moment is con-
trolled by both Cr concentration (magnetostriction of the
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sample) and rearrangement of the spins because of neu-
tron irradiation. A contribution of surface crystallization
to the observed effect is also possible.

(iii) Changes in the SRO were revealed, and they are
reflected through the hyperfine field parameters, indicat-
ing clustering of Cr atoms. Cr atoms probably leave the
high-field side of the P (H) distribution, giving rise to the
creation of additional Fe-Fe, Fe-Ni, and also Fe-Cr pairs.
It is only a question of the relative amount of Fe, Ni, and
Cr atoms in the sample what kind of exchange interac-
tion comes to prevail. In the limit of high Cr content, an
irradiation-induced ferromagnetic-to-paramagnetic trans-
formation is seen. On the other hand, the same mecha-
nism, i.e, the decrease of a number of Cr atoms in the
high-magnetic-moment Fe sites, causes the low-field peak
of P(H) to move to the left and the high-field peak is
shifted to the right when only a small amount of Cr is
present in the sample, and a consequent increase of { H )
values is observed. Regarding the present sample, this
effect is clearly seen for x =0 at. % of Cr, and a tendency
toward this behavior is revealed for x =2. The apparent
controversy in the former case (no Cr in the sample) is
overcome if we assume that Mo affects the magnetic
properties of Fe;)Niyg_,Cr, Mo,SisB;s metallic glass in
the same way as Cr does.*> 737 We have also taken the re-
sults achieved from a Mossbauer study of neutron-
irradiated Feg,Cr,Si B, (Ref. 21) into consideration.

(iv) Changes in the hyperfine field values suggest that
the Curie temperature is affected by neutron irradiation.
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