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5TFe Méssbauer spectra have been obtained at both liquid-nitrogen and room temperatures
for a series of metallic glasses Feg;B;5_,Be, with 0 =<x =<6. With the use of Window’s program
the spectra were fitted and deconvoluted to obtain the probability distribution function of the ef-
fective magnetic hyperfine field P(H), and the results show a well-defined symmetric shape for
these metallic glasses. The width of P(H), AH, remains approximately constant at a value of
80 kOe for all samples. However, the most probable value of the effective magnetic hyperfine
field H, at liquid-nitrogen temperature initially increases with the Be content to 4 at.%, but
starts to decrease as x exceeds 4. The isomer shift has a value of —0.032 mm/sec for samples
with x =<4 but changes to —0.050 mm/sec for samples with x > 4. The crystallization products
obtained upon annealing the Feg,;B 3 metallic glass at T, =420 °C were identified as tetragonal
Fe3B and a-Fe. The annealing of the samples with x > 0 between T, and T, yields a meta-
stable amorphous phase and crystalline solid solutions of an Fe-Be phase. Annealing of the
samples with x > 0 above T, yields crystalline Fe-Be solid solutions and the Fe,B intermetallic
compound. The intensity ratios in the Mdssbauer spectra clearly indicate that annealing of sam-
ples between T}, and 7, led to the alignment of the H g direction close to the ribbon plane,
but annealing above T, left H g randomly oriented.
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I. INTRODUCTION

Metallic glasses have recently generated both fun-
damental and practical interests because of their use-
ful mechanical and soft magnetic properties and very
high electrical resistivity. Structural analyses by x-ray
diffraction of many metallic glasses have indicated
that the atomic distribution can be considered as a
random packing of hard spheres.!'2 As a result,
physical properties which are ‘sensitive to the local
configuration will have a distribution of values. In
principle, the Méssbauer effect of ’Fe can be used
effectively to study the short-range atomic arrange-
ments because the magnetic hyperfine field present at
iron sites is strongly dependent on the local environ-
ment. Indeed, such a study has been carried out in
detail for Fe-B, Fe-P-B, and Fe-Ni-P-B metallic
glasses.’ ™ ;

Since metallic glasses are in a metastable state, ir-
reversible transformation into the stable cyrstalline
state should occur upon heating above the crystalliza-
tion temperature. The crystallization processes are
dependent on both temperature and time. The study
of crystallization behavior of metallic glasses will not
only provide information on thermal stability of the
glasses but also give some insight into the nature of
metallic glasses. Mdssbauer spectroscopy has been
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successfully used to study crystallization processes
and their products.>*® From those studies interesting
results about the structure and thermal stability of
amorphous materials were obtained.

The majority of the reported metallic glasses are
transition metal (TM)-metalloid (M) systems with
TM being Fe, Ni, or Co and M being B, P, C, Si, or
Ge. A new metallic glass system, Feg,B3_,Be,

(0 =<x =6), in which the glass-forming metalloid is
replaced by a nontransition metal has been reported.’
Bulk magnetization measurements show that substi-
tution of Be for B causes an initial increase in satura-
tion magnetization at 4.2 K, followed by a decrease
for alloys with more than 4 at.% Be. The concentra-
tion dependence of the Curie temperature (7,) indi-
cates that T, decreases progressively with the Be con-
tent. The results of annealing experiments indicate
there are two crystallization stages for every alloy ex-
cept Feg,Big. In the present work amorphous
FegBi5-.Be, (0 =<x =<6) is studied by *'Fe
Maossbauer spectroscopy. The distribution function
of the effective magnetic hyperfine field, P(H), and
its characteristic parameters are determined for each
composition x. The crystalline phases which precipi-
tate out from the annealed samples are identified.
The results and their implications are discussed quali-
tatively.
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II. EXPERIMENTAL

Amorphous ribbons were prepared by quenching
the melt onto a rotating copper wheel.” The glassy,
as-quenched ribbons 2 mm wide, 15 mm long, and
approximately 0.02 mm thick, were placed parallel to
each other and attached to a plastic substrate by vac-
uum grease and used as absorbers. In the annealing
experiments ribbons were sealed into a quartz tube
and after evacuating down to 2 X 10~7 Torr were
placed in a preheated furnace for 2—3 h. For low-
temperature measurements the ribbons were held in
place on a beryllium disk by vacuum grease and
clamped onto a copper rod which was connected to
the liquid-nitrogen reservoir in a stainless-steel cryo-
stat with a beryllium window.

The Mossbauer spectra were obtained with a
Ranger Electronics spectrometer coupled with a TMC
1024-channel analyzer operated in both constant ac-
celeration and region of interest (ROI) modes. An
Armco iron foil was used in velocity calibration. A
typical iron spectrum has an inner linewidth of 0.25
mm/sec and an isomer shift of —0.214 mm/sec rela-
tive to the source at room temperature. The source
is 11.5 mCi ¥’Co in copper matrix with a linewidth of
0.107 mm/sec. All the spectra taken throughout the
experiments contained approximately (150—450)

x 10° counts per channel in each 1024-channel spec-
trum.

III. RESULTS AND DISCUSSION

A. Hyperfine-field distribution and isomer shift

Typical Mossbauer spectra of metallic glasses
Feg,B1s—<Be, taken at room temperature and liquid-
nitrogen temperatures are shown in Fig. 1. All the
spectra exhibit linewidths which are much wider than
those of crystalline solids. The usual fit of six
Lorentzian lines yields typical linewidths of the outer
lines of 1.46 and 1.25 mm/sec and typical linewidths
of the inner lines of 0.56 and 0.37 mm/sec for spec-
tra taken at liquid-nitrogen and room temperatures,
respectively. However, the linewidths of the middle
lines remain around 0.85 mm/sec at both tempera-
tures. The strong line broadening results from the
distribution of hyperfine fields, isomer shifts, and
quadrupole splittings and reflects the strong varia-
tions in the strength of the hyperfine interactions due
to different Fe atom environments in the amorphous
state. Since the fit to six Lorentzian lines can only
give the average effective magnetic hyperfine field,
H., and the average isomer shift, 5, the data were
analyzed by means of a procedure developed by Win-
dow.? In this method, the Mdssbauer spectra were
unfolded to yield the distribution function of the ef-
fective magnetic field P(H) by Fourier expansion.
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FIG. 1. 3’Fe Méssbauer spectra of amorphous (a)
FegyB14Bey, (b) FegyB ;Bes at room temperature; (c)
Feg;B4Bey, (d) FegyB 3Bes at liquid-nitrogen temperature.
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This method requires that quadrupole interactions are
negligible and isomer shift effects small. It is under-
stood that in the magnetically ordered state of an
amorphous magnetic solid there is almost no ap-
parent quadrupole interaction.® Also, the experimen-
tal results on intermetallic compounds of transition
metals with metalloids show only minor changes in
the isomer shift.® As a first approximation, the
severe line broadening present in the spectra will
mask any measurable effects due to isomer shifts.
Therefore, Window’s method of analysis should pro-
vide a relatively good description of the experimental
Modssbauer spectra of metallic glasses.

Spectra of amorphous Feg;Bj3_Be, (0 <x <6) at
liquid-nitrogen temperature were analyzed using
Window’s method. The resultant P(H) vs H curves
for different Be contents are shown in Fig. 2. The
oscillatory features of the 2 (H) in the high- and
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FIG. 2. 3"Fe hyperfine field distributions of amorphous
FegyBig—xBe, (0 =<x =<6) at liquid-nitrogen temperature.

low-field regions are the result of truncated Fourier
analysis and should not be considered as physically
meaningful. In this analysis we use N =15 and

H 0 =525 kOe which should provide good descrip-
tion of the experimental data,®> where N is the
number of terms in the truncated Fourier analysis
and H ., is a chosen value at which P(H ) =0.
The observed P(H) at liquid-nitrogen temperature
are characterized by well-defined, symmetric and
single-maximum functions of H. The shapes of

P (H) are similar and not very sensitive to the Be
content, but the most probable value of the effective
magnetic hyperfine field, H,, shifts to larger values
of H initially and subsequently begins to decrease as
the Be content increases above 4 at.%. The P(H)
curves at room temperature for different Be concen-
trations are shown in Fig. 3 for comparison. Note
that the shape of P(H) shows very little change as
temperature increases from liquid-nitrogen to room
temperature. The width of P(H), AH, remains
essentially constant at a value of 80 kOe. However,
H shifts to the lower value considerably. The differ-
ences in effective magnetic hyperfine field between
liquid-nitrogen and room temperature are very large
compared to those of crystalline ferromagnetic ma-
terials. For example, H; =300 and 260 kOe for the
metallic glass Feg,B14Be4 at liquid-nitrogen tempera-
ture and room temperature, respectively. On the
other hand, there is a change of only 7 kOe in the ef-
fective magnetic hyperfine field in iron metal under
similar temperature variation. This results from the
fact that more spin waves of long wavelengths are ex-
cited in amorphous ferromagnets than in crystalline
ferromagnets.>

The P(H) can be characterized by the parameters
H, and AH. The concentration dependence of these
parameters is given in Fig. 4. Also shown in this fig-
ure are H, and Hj,, the effective magnetic hyperfine
fields at which the value of P(H) approaches zero on
the low-field and high-field side of the distribution
function, respectively. For comparison, the effective
magnetic hyperfine field, H.y, obtained by using six
Lorentzian lines is also included in the figure. The
H g is always several kOe smaller than H; due to the
different methods of data analysis. One can observe
from this plot that all parameters except AH, which
remains constant, follow a similar trend as the Be
content x changes. It is quite interesting that H), has
a value considerably larger than 340 kOe, the satura-
tion value of the effective magnetic hyperfine field of
iron metal, for all samples we investigated.

The average magnetic moment per Fe atom, i,
in metallic glasses Feg,B3_,Be, at 4.2 K has been
measured’ previously. The substitution of Be for B
in the amorphous binary Feg,B 3 caused an initial in-
crease in gpe to a maximum of 2.21ug followed by a
decrease for alloys with more than 4 at:.% Be. This
behavior is quite similar to the P(H) curve we ob-
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FIG. 3. %7Fe hyperfine field distributions of amorphous
Feg,B 3_,Be, (0 =<x.=<6) at'room temperature.

served in this Mossbauer study. For example, the H,
values increase from 293 kOe for the Feg,B;5 alloy to
300 kOe for the Feg,B 4Bey alloy and then drop down
to 291 kOe for the Feg;B ;Beg alloy. The nearly pro-
portional behavior of mg. and H has also-been
found in other Fe-based metallic glasses>!° and other
crystalline Fe-metalloid compounds.!! This is con-
sidered to be a result of the small polarization of 4s-
like conduction electrons in these alloys. For Fe and
its alloys in which the orbital angular momentums of
the 3d electrons are quenched'>!3 the dominant
Fermi-contact interaction involving core electrons
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FIG. 4. Concentration dependence of the various parame-
ters of the 5’Fe hyperfine field distribution function P(H) in
amorphous Feg,B3_.Be, (0 <x =<6) at liquid-nitrogen
temperature: A,H); O,H; +,Heyy OH,; O, AH,

contributes negatively to H.y, whereas the polariza-
tion of 4s electrons contributes positively. As a result
of the negligible contribution from 4s-like conduc-
tion-electron polarization, it is reasonable that some
Fe sites in the Feg,B3_,Be, metallic glasses have H o
greater than the saturation value of the effective
magnetic hyperfine field of Fe.

Structural analyses by x-ray diffraction of many
metallic glasses have indicated that the atomic distri-
bution can be modeled" ' as a dense random packing
of spheres (DRPS). In the Fe,Big-x binary metallic
glasses the results'* of computationally simulated
DRPS model indicated that on the average nearest-
neighbor coordination number of B atoms around an
Fe site decreases as the B concentration x decreases,
but those of Fe atoms remain nearly constant. Ex-
perimentally determined H.; (Ref. 10) and fap.
(Refs. 15 and 16) all showed that these physical
quantities decrease monotonically as the B content in-
creases in metallic glasses of the Fe,Bjgo—x
(72 =x =<86) system. It has been empirically estab-
lished that in the ferromagnetic Fe-metalloid alloys,
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both the H . at Fe sites and the magnetic moments
are mainly determined by the number of nearest
metalloid neighbors, irrespective of the state of crys-
tallinity.!”'® Qualitatively speaking, the more metal-
loid atoms exist in the nearest neighbors of Fe sites
the smaller Hey and fipe are. Haydock and You!®
used the local environment approach? to calculate lo-
cal densities of states (LDOS) of different Fe sites in
ordered Fe;Al and then used these LDOS within the
context of the Stoner theory to calculate the moment
at individual Fe sites. The results are in good agree-
ment with experiments. Qualitatively, the longer the
states near the Fermi surface are atomiclike the larger
the exchange energy relative to the kinetic energy
and hence the larger the moment that will occur.
The lifetime of an electron in an atomiclike state
depends on how strongly this state is coupled to the
states on neighboring atoms. The degree of coupling
will depend on the nature and number of neighboring
atoms. In Fe-metalloid alloys the metalloid elements
are precisely those with strongly interactive sp elec- .
trons. These elements usually form delocalized sp
valence bands in the solid form. The decrease of .
as well as of Hy in Fe,Bjgo—x (72 <x <86) metallic
glasses with increasing x can be explained qualitative-
ly by this local environment approach. Since the Be
atom has one sp electron less than the B atom, as the
Be content increases in Feg;B13_,Be, metallic glasses,
the Fe atoms occur in relatively more isolated en-
vironments. The consequences are that the states
near the Fermi level will be relatively more localized
and hence will have relatively larger exchange split-
ting and a higher value of Hqy. However, for sam-
ples with x > 4, H. decreases instead of increasing
as expected because of fewer electrons in the sur-
rounding Fe sites with which to intereact.

The isomer shift shown in Fig. 5 has a value of
—0.032 mm/sec for samples with x =<4 but changes
to —0.050 mm/sec for samples with x > 4. This indi-
cates that the s-electron density at the ’Fe nucleus is
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FIG. 5. Concentration dependence of the 3’Fe isomer
shift in Feg,B;3_ Be, (0 =<x =<6) at liquid-nitrogen tem-
perature.

higher for x > 4 samples than at those of x <4 sam-
ples and, in turn, suggests that local environments
around the Fe atoms undergo significant changes as x
is increased from 4 to 5. This correlates very well
with results of Be Auger analysis that the Be Auger
KVV transition occurs at 92.3 eV for x =<4 samples
and at an energy of 106.2 eV for x > 4.2! In addi-
tion, data of mass density, magnetostriction, and
saturation magnetization on fully noncrystalline
FegoBao-xBe, (0 <x <12) measured by Hasegawa?
also have similarly different behaviors for x > 4 and
=4. Hasegawa attributes these effects to different
site occupancies of Be atoms in the alloys, namely,
below 4 at. % the Be atoms occupy sites similar to
those of Fe atoms but above 4 at. % occupy sites
similar to those of B atoms. Unfortunately, direct in-
vestigation of local coordination numbers on B and
Be are very difficult due to the small x-ray scattering
cross sections and relatively small amounts of B and
Be atoms compared to Fe in the alloys.

B. Analysis of crystallization products

It was found’ that the effect on crystallization
behavior on substitution of Be for B in Feg;,B;5 metal-
lic glasses is to change from a single crystallization
stage to 2. Figure 6(a) shows the room-temperature
Moéssbauer spectrum of Feg,B 3 sample annealed for
3 hat T, =420°C, which is about 20 °C higher than
the crystallization temperature. The spectrum clearly
indicates that besides the well-known six-line pattern
of a-Fe, there is a second phase with a somewhat
more complicated spectrum. By subtracting the six
a-Fe lines the spectrum of the second phase is ob-
tained and is shown in Fig. 6(b). This spectrum is
identical to the published spectrum of the tetragonal
Fe;B phase.!® It has been shown!® that at a high
heating rate as has been used in the present experi-
ment, the main crystalline phase of amorphous
Fe,Bioo-x is the tetragonal Fe;B.

Shown in Fig. 7 are typical spectra of annealed
samples of Be-substituted Feg;Bj3. The annealing
temperature is 420 °C which is above the first crys-
tallization temperature, T, but lower than the
second crystallization temperature, Ty, All of the
spectra consist of six sharp a-Fe lines plus six more
well-defined but broadened lines. However, at the
region near the inner side of the a-Fe outer lines
there appear extra lines with relatively low intensity.
Similar spectra were obtained after annealing the
x =6 sample for 12 h at 420 °C and the x =2 sample
for 2 h at 485°C which is near T,,. These satellite
lines are the characteristic features of solute atoms
located in substitutional sites of dilute iron-based al-
loys.22 Since the solubility of B in a-Fe is very
low, and no similar satellite lines were found in the
crystallization study of Fe,Bg-, metallic glasses,’ it
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FIG. 6. (a) 5'Fe Mdssbauer spectrum of amorphous
Feg,B,g at room temperature after annealing at T, =420°C
for 3 h. (b) The spectrum of the remaining phase after sub-
tracting the «-Fe contribution.

is reasonable to attribute these satellite lines to the
effect of Be atoms replacing Fe atoms in the a-Fe
phase formed upon annealing above Ty;. In order to
obtain better resolution, room-temperature
Mossbauer spectra of annealed samples were ob-
tained using the region of interest mode (ROI). In
the ROI mode of operation, velocity was scanned ef-
fectively only through the ranges which contain the
outer four lines of the iron spectrum. Typical spectra
are shown in Fig. 8. -The velocity is approximately
0.0088 mm/sec channel. These ROI spectra show
that the satellite lines have different intensities for
different samples. Also shown in Fig. 8 are the spec-
tra of crystalline a-Fe solid solutions with 3 and 7
at.% Be prepared for comparison. Because only the
effects of first-nearest neighbor substitutions can be
reliably determined,?*? only one satellite line is as-
sumed near each of the Fe outer lines. By measuring
the distances between the outer Fe lines and the sa-
tellite lines the change of H . due to Be substitution
was determined to be —18 +3 kOe which is close to
the published value.?* Therefore, upon annealing
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FIG. 7. 5"Fe Méssbauer spectra of amorphous (a)
FegyB4Bey, (b) Feg,B 3Bes, at room temperature after an-
nealing at T, =420°C for 3 h.

samples between T, and T, the first crystalline
phase that can be identified by Mdssbauer spectros-
copy is the Fe-Be solid solution.

To determine quantitatively the compositions of
these Fe-Be solid solutions, it is assumed that Be
atoms distribute randomly in the bcc a-Fe lattice.
The intensity ratio of the satellite line and the corre-
sponding outer Fe line depends on the composition
of the solid solution. The probability that an iron
atom has n Fe nearest neighbors for a given concen-
tration ¢ of Be randomly distributed in the bcc Fe lat-
tice is given by

P(c,n)=[§1j(1—c)"cs‘" . (¢))
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FIG. 8. ROI 5’Fe Méssbauer spectra of amorphous (a)
Feg,B 4Bey, (b) Feg,B 3Bes, at room temperature after an-
nealing at T, =420 °C for 3 h and of (c) Feg;Be,, (d)
Feg;Be;. The spectra shown are the portions between the
iron metal outer and middle lines in the negative velocity re-
gion. The extra peak indicated by the arrow near the outer
line is the satellite line.

The experimentally determined and calculated inten-
sity ratios are tabulated in Table I. By comparing
these ratios the composition c is determined for each
annealed sample and is also shown in the table. For
simplicity, only the effects of nearest neighbors are
taken into account and it is assumed that only one

satellite line occurs near the outer Fe line. This
method of analysis gives good agreement between
calculated and experimentally determined ratios for
the samples Feg;Be; and Feg;Be; which were prepared
for comparison. It is quite interesting that the thus-
obtained c values for the x =2, 4 samples are greater
than the x values but for the x =5, 6 samples they
are smaller. According to the reaction scheme, for
example

Feg,B13Bes — yFegg sBes s +Fegy_g65,BisBes—3s, ,  (2)

it is impossible to obtain a physically meaningful
value of y for the x =4, 5, 6 samples if no Be is in the
remaining phase uniess there are additional phases X
present which are not detected by *’Fe Mdssbauer
spectroscopy. However, x-ray diffraction was not
able to provide any evidence for the X phase or
phases. Therefore, the remaining phase characterized
by the six broadened lines in the obtained Mdssbauer
spectra is a metastable amorphous phase of Fe-B-Be.

For the. metastable amorphous state formed upon
annealing between Ty, and Ty, the H.q and isomer
shift are plotted in Fig. 9 for both room temperature
and liquid-nitrogen temperature. These results were
obtained by fitting the Mdssbauer spectra with two
sets of six Lorentzian lines and ignoring the contribu-
tions of the satellite lines. Any attempt to fit the
data with more than two sets of six Lorentzian lines
only introduces too many parameters and yields phys-
ically unreasonable results. Using three sets of six
Lorentzian lines with additional constraints give no
better fit than that of two sets of six Lorentzian lines.
From Figs. 5 and 9 one can see that the isomer shifts
increase positively relative to those for the as-
quenched samples. This is due to an increase of the
B concentration in the remaining metastable amor-
phous phase as Fe and Be precipitate out upon an-
nealing. It is consistent with the experimental data!’
that in Fe-B binary metallic glasses the isomer shift
increases positively as the B concentration increases.
The H; decreases relative to the values of as-
quenched samples for the same reason that more B
atoms are nearest neighbors of Fe in the metastable
amorphous phase. Attempts to determine the exact
compositions of these metastable states by means of
the Mossbauer effect were hampered by the very dif-
ferent Mossbauer fractions of the crystalline and
amorphous phases.

Figure 10 shows some Mdssbauer spectra for sam-
ples annealed for 2 h at 485 °C which is about 15 to
20°C above T,,. All these spectra show sharply de-
fined lines. The wider six-line pattern with satellite
lines is the Fe-Be solid solution. The six-line pattern
with smaller splitting is due to Fe,B and has an Hoy
of 236 kOe and an isomer shift of —0.10 mm/sec.
The ROI spectra of these are shown in Fig. 11.
These spectra resemble those shown in Fig. 8, the
only difference being the slightly smaller intensity ra-
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TABLE 1. (a) Calculated occupation probability ratios of with and without Be located in nearest-
neighbor substitutional sites of an iron atom. Here, ¢ denotes the concentration of Be in Fe-Be
solid solution phase. (b) Experimentally determined intensity ratios of the satellite lines and corre-
sponding outer Fe line and the estimated concentration of Be in the Fe-Be solid solution which has
precipitated out after annealing the as-quenched ribbons between T, and T,,.

c(%) 2 3 3.5

P(c,7) +P(c,6)

0.176 0.276 0.327

0.400 0.439 0.501 0.625 0.754

P(c8)
Alloy x=2 x=4 x=6 Feg;Be; Fey;Be,
Is
—IF_e 0.510 0.429 0.504 0.280 0.749
Estimated
c(at.%) 5 4.5 5 3 7
T T T T tio between the satellite line and the outer Fe line
due to more Fe precipitating out from the metastable
310 n amorphous phase.
© 290} _{ For the 14.4-keV state of *’Fe the relative intensi-
2 3 3 ties of Méssbauer lines have ratios of 3:4 sin%6/

- 270+ 3 — (1 +cos?0):1 where 6 is the angle between the direc-
t 3 i g tion of H.y and the incoming y ray. Therefore, by -
1T 250 3 - comparison of the relative intensities of the outer and

q middle lines of spectra the direction of Hs can be
230 7] determined. The spectra shown in Figs. 7 and 10 in-
o L 1 dicate that samples annealed above T, have stronger
§ T v intensities in the middle lines instead of in the outer
E 005+ - lines of the a-Fe six-line patterns. On the other
E 3 hand the opposite is true for samples annealed
~ 0.00+ 3 3 ~ between Ty, and Ty,. The area ratios of the three
w 3 pairs of lines in the a-Fe Mdssbauer spectra are close
}) -0.05}- . to 3:2:1 for samples annealed above Ty, but close to
@ 3 3:3.1:1 for samples annealed between Ty, and Ty,.
w ~O.I0F [} 3 1 These correspond to a completely random orientation
) g -0.15 [ _ of Hgy in the former case but nearly perpendicular to
n ) 1 1 1 1 the y-ray direction for the latter. These changes of
(0} 2 4 6 orientation of H.y are not difficult to understand.

Be CONCENTRATION X

FIG. 9. Concentration dependence of ’Fe H g and iso-
mer shift in the remaining metastable phase after annealing
the as-quenched ribbons of amorphous Feg,B5_,Be,
(2=<x =<6) between Ty, and Ty,: O liquid-nitrogen tem-
perature, ® room temperature.

Since the samples annealed above Ty, are completely
random microcrystallites of «-Fe and Fe,B and since
the strains frozen in the samples during the rapid
quenching process were fully released, the magnetiza-
tion direction will be randomly oriented. However,
samples annealed between T, and Ty, still have the
metastable amorphous phase dispersed in the samples
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FIG. 10. 5'Fe Mdssbauer spectra of amorphous (a)
Feg,B14Bey, (b) Feg,B 3Bes at room temperature after an-
nealing at T, =485°C for 2 h.

and, consequently, the magnetization direction
remains close to the ribbon plane.

IV. SUMMARY AND CONCLUSION

57Fe Méssbauer spectra have been obtained at
liquid-nitrogen temperature for a series of metallic
glasses Feg,B3_,Be, (0 <x =<6). The distribution
functions of the effective magnetic hyperfine field
P (H) for these metallic glasses show a well-defined
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FIG. 11. ROI 5'Fe Méssbauer spectra of amorphous (a)
Feg,B14Be4 and (b) Feg,B,3Bes at room temperature after
annealing at T, =485°C for 2 h. The spectra shown are the
portions between the iron metal outer and middle lines in
the negative velocity region. The extra peak indicated by
the arrow near the outer line is the satellite line.

and symmetric shape. The width of P(H), AH,
remains approximately constant at a value of 80 kOe
for all samples. However, the most probable value of
the effective magnetic hyperfine field, H, initially in-
creases with x, but starts decreasing as x becomes
greater than 4. The isomer shift has a value of
—0.032 mm/sec for samples with x =<4 but changes
to —0.050 mm/sec for samples with x > 4.

The crystallization product obtained upon annealing
the Feg,B,3 metallic glass at T, =420 °C was identified
as tetragonal Fe;B and a-Fe. However, annealing the
samples with x > 0 between Ty, and T, yields crys-
tallized solid solutions of an Fe-Be phase and a meta-
stable amorphous phase. The compositions of these
Fe-Be solid solutions were determined from the in-
tensity ratio of the satellite lines and outer a-Fe lines
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of Mossbauer spectra obtained by using the spec-
trometer in the ROI mode. The metastable phase
has a more negative isomer shift and a smaller H

than those for the as-quenched ribbons due to the in-

creased B concentration. The direction of H.y in
these samples was determined to be close to the rib-
bon plane due to the remaining frozen strain in the
metastable phase.

Annealing the x > 0 samples at temperatures
higher than T, produced only crystallized phases.
Maossbauer spectra indicate that one phase is the Fe-
Be solid solution and the other is Fe,B. The direc-

tion of H.g was determined to be randomly oriented
due to the complete release of frozen strain.
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