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Amorphous samples of Fe,B;go_y (72 < x < 86) have been studied by >’Fe Mossbauer spec-
troscopy and in some cases by magnetization measurements. The magnetic ordering tempera-
ture (T¢) decreases sharply with increasing Fe concentration; from 760 K (Fe;;B,g) to 552 K
(FeggB4). The value of T, of amorphous pure Fe has beeh extrapolated to about 220 K.
Well-defined hyperfine field distributions {P{H)} have been found. The mean hyperfine field is
found to be proportional to the average Fe moment with a ratio of about 130 kOe/ug. The
shape of P(H) for each alloy is practically independent of temperature. At low temperatures,
the effective hyperfine field (H.g) shows a temperature dependence of
Hogt(T) = Hog(0) (1 — BT??2 - - - ) due to spin-wave excitations. The value of By, =B (T)3/?
increases with Fe concentration. As the Fe concentration is increased in these alloys, the re-
duced hyperfine field decreases faster with reduced temperature due to a systematic change in
the distribution of exchange interactions. A correlation of Hgg(0) and the isomer shift exists
for crystalline and amorphous Fe-B systems. Crystalline Fe;B(T¢ ~ 800 K) has been found
after crystallizing amorphous samples with x > 75 under high heating rates. At T < T, Fe;B

shows at least three magnetically inequivalent sites, whereas at T > T, electric quadrupole in-
teractions are observed. The crystal structure of Fe;B is likely to be tetragonal rather than

orthorhombic.
I. INTRODUCTION

Recently there has been considerable interest in
amorphous magnetic solids.! Because of the special
ways (liquid-quench, vapor-quench, etc.) in which
they are made, the atomic arrangements in these
solids are not periodic. Consequently, many solid-
state properties found in amorphous solids are signifi-
cantly different from their crystalline counterparts.
Since many amorphous solids contain transition metal
and rare-earth elements, magnetic phenomena in the
absence of a crystalline lattice are of particular in-
terest. Already a great variety of magnetic phenome-
na have been observed in amorphous magnetic
solids. It is well recognized that due to the topologi-
cal disorder in these solids, there are distributions of
exchange interactions and magnetic moments instead
of sharply defined ones as in crystalline solids. The
details of these distributions together with the ran-
dom single-ion anisotropy primarily determine the
specific magnetic behavior of these materials.? It is,
however, experimentally difficult to measure these
distributions directly.

While many of the amorphous magnetic solids are
multielement systems (e.g., FeqNisP14Be),? the
amorphous state of pure elemental metals is intrinsi-
cally of great importance. However, they are ap-
parently difficult to make and they are metastable
only in a very small temperature range.* Consequent- -
ly there are only a few and often conflicting reports
on their magnetic behavior. There is even concern as
to whether some of the transition metals can be
made amorphous at all. On the other hand, binary
alloys (e.g., Fe-B,® Fe-P,® Tb-Fe,” etc.) can be made
in the amorphous form and are stable over a relative-
ly large temperature range. The concentration of
amorphous binary alloys can be continuously varied
over a wide range. From the trends exhibited by
these samples one hopes to extrapolate into other
concentration regions, in particular, the amorphous
state of pure metals.

The magnetic properties of amorphous metal-
metalloid systems are governed mainly by the species
and concentrations of the metallic elements.® The
presence of the metalloid atoms is thought mainly to
stabilize the amorphous state. However, there is in-
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creasing experimental evidence which indicates that
the metalloid atoms notably affect the magnetic prop-
erties as well. Furthermore, the influence due to
various kinds of metalloid elements appears to be
quite different.®~!!' The binary systems, such as Fe-
B, represent the simplest amorphous metal-metalloid
systems.

Binary Fe,Bjg0-x can be made amorphous using the
liquid-quench technique over a reasonably large con-
centration range (72 < x <86).>!2 Most reports
agree that samples with Fe concentration more than 2
at. % outside this range cannot be made amorphous
using the liquid-quench technique, although there are
reports which claim that the upper Fe concentration
limit could be as high as 91 at.%.!* Of the amor-
phous Fe-B samples, the eutectic composition of
FegoBo has been extensively studied.!*"!¢ There are
also some recent studies of magnetization, Curie
temperature, magnetostriction, and crystallization
behavior of amorphous Fe-B.> 1213

In this work, amorphous Fe,Bgo—(72 < x < 86)
have been studied by ’Fe Mossbauer spectroscopy
and in some cases magnetization measurements. The
Curie temperatures of the samples have been deter-
mined. The hyperfine interactions, and in particular
the distributions of hyperfine fields, have been meas-
ured from 4.2 K to the Curie temperature. The dis-
tributions of magnetic moments, the distributions of

exchange interactions and the behavior of amorphous -

pure Fe have been inferred. The hyperfine interac-
tions of crystalline Fe;B in both the ferromagnetic
and the paramagnetic states have been determined.

II. EXPERIMENTAL

Amorphous samples of Fe,Bigo_x (72 < x < 86)
have been made by liquid-quench technique.!”-13
They are in the form of long ribbons, typically 25 um
thick and 1 to 3 mm wide. * All samples are found to
be amorphous by x-ray diffraction. The Fe;,B,5 sam-
ple may contain a few percent of crystalline phase,
which is difficult to detect using x-ray analysis.!> The
detailed experimental procedure of Mdssbauer spec-
troscopy and magnetization measurements have been
described elsewhere.!% 1519

III. RESULTS AND DISCUSSION
A. Magnetic ordering temperatures (T¢)

The magnetic ordering temperatures (7T¢) of amor-
phous Fe,Bjg-x (72 <x =<86) have been determined
by the onset of the magnetic hyperfine interaction
under no external magnetic field. This can be con-
veniently measured by the thermal-scan method in

which the transducer is set at a velocity near the cen-
troid of the spectrum.'® Two such scans are shown in
Fig. 1 for Feg,B13 and Fe;,Bo3. For samples with

x > 78, T¢ is sufficiently below the crystallization
temperature (7Tcg) that T can be accurately meas-
ured without crystallizing the samples (e.g., Feg;B;3
as shown in Fig. 1). For samples with x < 78, even
for a relatively high heating rate (~15 K/min), the
sample crystallizes in the vicinity of T¢ (e.g., Fe;;Byg
as shown in Fig. 1). The measured values of T¢ of
amorphous Fe,Big—x are shown in Fig. 2 as a func-
tion of Fe concentration. The value of T, decreases
sharply from 760 + 10 K for Fe;;,Bys to 552 +3 K for
FegsB1s. These values are in good agreement with
some of those reported in the literature> ! but differ
from others. In particular the values of T obtained
for Fe,Bigo—x (79 =<x <91) by Fukamichi et al. level
off at high Fe concentration.!* This feature is not
observed in the present work.

The change of T from amorphous Fe;;Bo3 to
FegeB14 amounts to a decrease of about 15 K for each
additional at.% of Fe. This decrease of T¢ with in-
creasing Fe content in Fe,Bjgo—, for 72 <x <86 is
opposite to what one might intuitively expect. The
Curie temperatures of amorphous Fe,Bgo_, with low
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FIG. 1. Determination of 7¢ of amorphous Feg,B g and

Fe;,B,g using the thermal-scan method at a heating rate of
about 15 K/min. The arrows indicate the values of T¢.
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FIG. 2. Magnetic ordering temperatures of crystalline a-
Fe, FeB, Fe,B, Fe;B, and of amorphous Fe,B;y,_, and
amorphous Fe,Y g9—, as a function of Fe concentration.
The value for FeB is taken from Ref. 23; the values for
Fe,Y g0 are taken from Ref. 20.

Fe concentration have not been measured. However,
since amorphous boron should have a very small
magnetic ordering temperature (if it is magnetic at
all), T¢ for amorphous Fe-B samples with low Fe
concentrations is expected to increase with increasing
Fe content. Thus if amorphous Fe-B could be made
for the entire composition range, the value of T¢
should have a maximum at some mid-Fe concentra-
tion.

The amorphous state of pure Fe is of particular in-
terest. However, to our knowledge, no value of T¢
for amorphous pure Fe has been directly measured.
From the present results for amorphous Fe,Bjgo—x
(72 < x <86), a value of T =220 K can be extra-
polated for amorphous pure Fe as shown in Fig. 2.
Obviously a large error must be attached to this value
of T¢ from such an extrapolation. However, from
the values of 7¢ for amorphous Y go—xFex
(33 =< x =83) reported recently,? a value close to
220 K can also be extrapolated (Fig. 2). Thus from
both of these extrapolations, a value of about 220 K
appears to be reasonable. In addition, studies of
amorphous Tbjg—cFe, (72 =<x =82)7 and Fe,P g0’
have extrapolated to similar values. The studies of
amorphous Y go-xFe, further indicate that spin-glass
ordering occurs only for samples with low Fe concen-
tration and ferromagnetism exists for samples with
high Fe concentration.?’ One therefore can conclude
that amorphous pure Fe should be ferromagnetic
with a T¢ of about 220 K. Given the low crystalliza-
tion temperature for amorphous pure Fe? it will be
difficult to directly measure this value of T¢.

By using the molecular-field result for the Curie

temperature
224yJFereS (S+1)
_—, 1
3k3
where S is the spin and kj is the Boltzmann constant,
it has been argued that subtle changes in the atomic
structure of amorphous Fe, B go_y (72 <x <88)
cause the value of T¢ to decrease significantly with
increasing Fe content.® Specifically, as the Fe concen-
tration increases, the structure is supposed to change
from a dense random packing structure to a body-
centered-cubic (bce)-like structure so that z,, in Eq.
(1) changes from about 12 to about 8. It should be
noted that the above scheme is based on one crucial
assumption, that is, the average exchange interaction
(Jgere) Temains constant, so that the decrease of T is
a direct consequence of the reduction of z,,. Howev-
er x-ray diffraction measurements on amorphous
Fe-magtalioid alloys and amorphous Fe suggest that
the dense random packing structure remains an ap-
proximately valid picture for these cases.?! One there-
fore does not expect a drastic change in the average
coordination number in Fe,Bgo—, (72 <x <86).
Furthermore, since a-Fe has a bcc structure, it is dif-
ficult to account for the very different values of T¢
for crystalline and amorphous Fe if the structure in
Fe,Bigo-x is approaching a bcc state with increasing
Fe concentration. In fact, as indicated by Ichikawa,
as far as coordination number and nearest-neighbor
distance are concerned, amorphous Fe would be
closer to face-centered-cubic (fcc) structure than a
bee structure.?? We therefore argue instead that the
large reduction of T¢ in amorphous Fe,Bjgo—x
(72 < x <86) is primarily the result of the decrease
in the average exchange interaction. This is perhaps
not too surprising since it is well known that Jgege
depends sensitively on the Fe-Fe distance so that in
crystalline Fe the exchange interactions in the fcc
state (y-Fe) are substantially smaller than those in
the bee (a-Fe) state. '

Also shown in Fig. 2 are the values of T¢ of
crystalline Fe-B compounds. Crystalline a-Fe
(T¢=1043 K), FeB (T-=598 K),? and Fe,B
(Tc=1015 K)?* are well known and have been ex-
tensively studied. In addition, the compound Fe;3B is
known to be highly unstable and difficult to syn-
thesize in pure form.?> However it has been found
that by crystallizing amorphous FegoByg the crystalline
state of Fe3;B can be obtained.'®?® The value of T¢
for Fe;B is about 800 K.!>16:26 A5 shown in Fig. 2,
the value of T¢ for the four crystalline compounds
containing Fe and B show no clear correlation among
themselves nor with those of amorphous Fe-B. This
is perhaps not too surprising since the crystal struc-
ture, the Fe-Fe distances, the number of neighbors,
etc., are all very different for these Fe-B crystalline
compounds. On the other hand, in amorphous
Fe,Bjg0-x the variables which determine the value of
Tc vary smoothly as one changes the composition.

TC =
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B. Hyperfine interaction of Fe,Bjgo—x at 4.2 K

1. Magnetic hyperfine spectra
of amorphous Fe, B go_, (72 <x <86)

Mossbauer spectra of amorphous Fe,Bjgo—x
at 4.2 K are shown in Fig. 3. In each case, the spec-
trum is composed of well defined but broadened
lines. Such spectra are commonly observed in amor-
phous magnetic solids in which the large number of
inequivalent Fe sites causes a distribution of hyper-
fine fields {P(H)}.2%® The fact that each of the six
spectral lines shows no fine structure suggests that the
P(H) is quasicontinuous. But samples which have
been made under less desirable quenching conditions
or compositions often show spectra which reveal ill-
resolved or even well-resolved extra lines in two or
more of the six spectral lines. Careful x-ray diffrac-
tion measurements indicate that such samples-are
partially crystalline.?’

Although the existence of a P(H) is quite ap- -
parent, it is not unreasonable to also expect a distri-
bution of isomer shifts {P(/.S.)} in amorphous mag-
netic solids. However, the well-defined doublet spec-
tra of many amorphous solids observed at T > T in-
dicate that the P(/.S.) is very narrow and can be well
approximated by a single average isomer shift.’® It is
only when the P(H) is also very narrow that the ef-
fects due to P(/.S.) are particularly notable.?!

In amorphous solids where the atomic site sym-
metry is generally less than cubic one expects
nonzero electric field gradients (EFG). Indeed, in
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FIG. 3. Mossbauer spectra of amorphous Fe,Bjgo_,
at 4.2 K. The deduced hyperfine field distributions {P(H)}
are shown on the right.
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every amorphous solid (except those where crystalli-
zation prevents such measurements) one observes a
quadrupole splitting at T > T¢.3% At T < T, be-
cause the angular factor is spatially averaged to be
nearly zero, the effective EFG is expected to be negli-
gible.’? This is manifested by the fact that the line
positions of the six spectral lines are very symmetric
about the centroid of the spectrum. Recently, by
noting the slight difference of the intensities of the
No. 2 and No. 5 peaks of the spectrum of FegyB,y, it
has been concluded that a distribution of sizable ef-
fective EFG’s exists in the alloy.>* However, as
described elsewhere,?! the slight difference in intensi-
ties may not necessarily be caused by the nonzero ef-
fective EFG. Experimentally there is much evidence
which argues against a sizable effective EFG. For ex-
ample, one observes a slight asymmetry in line inten-
sities but not in line positions which would be highly
sensitive to the effective EFG. Also a systematic
dependence of the intensity asymmetry on the metal-
loid composition has recently been observed in amor-
phous Fe4NigP,By-, (0 <y =<20).3* It is highly
unlikely that such a systematic variation could be
caused by a corresponding systematic variation in the
effective EFG. Instead, the difference in the line in-
tensities can be accounted for by a slight correlation
between P(H) and P(L.S.). Of course such a corre-
lation would be difficult to extract if the asymmetry is
very small (e.g., those shown in Fig. 3). Butin
amorphous (Feg,Coq3)30P17Al; where a pronounced
asymmetry is observed, such a correlation has indeed
been found.’!

2. Hyperfine field distribution (P(H)}

There are a number of ways in which one can ob-
tain qualitative and quantitative information about
the P(H) contained in the spectrum.?’3%3¢ Detailed
tests indicate that the Fourier series method by Win-
dow and the method by Hesse and Riibartsch are
quantitatively more reliable than others.?®3¢ Both of
these methods have comparable accuracy and the
former has been used in the present work. In each
method there are parameters whose values must be
properly chosen. These parameters include the
number of terms in the series (in Window’s
method), the grid size with which to divide the hy-
perfine fields and the "smoothness parameter" (in
Hesse and Riibartsch method). The statistical accura-
cy of the spectrum and the structure of P(H) pri-
marily dictate the choice for the values of the param-
eters. Choosing the values incorrectly often gives er-
roneous information in the form of spurious "bumps"
in the resultant P (H).2836

The details of Window’s method as applied to the
spectra of amorphous magnetic solids have been
described elsewhere.?® In the analyses of the spectra
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of Fe,Bjgo-x, We have assumed a single isomer shift
in each spectrum and no effective quadrupole interac-
tion as mentioned above. Detailed tests indicate that
for the spectra shown in Fig. 3, a cosine series with
12 to 20 terms is appropriate. The deduced P(H) are
shown in Fig. 3 next to each spectrum. The solid
curve for each spectrum is the best-fit result with the
incorporation of the P(H). In each case, a smooth
and essentially structureless P(H) has been found.
However, it should be mentioned that this type of
simple P(H) is not found in all amorphous magnetic
solids; notable exceptions are (Fe-Mo)sP¢BsAls*’
and Fe;3;Ni3sCr4P1,Bg, *® in which more complicated
P(H) have been found.

For each P(H), one can define several characteris-
tic values: the peak of the field distribution {H pea),
the half-width of the distribution at half maximum
{AH}, and the average hyperfine field

Hmean=fHP(H) dH . )

These values for the P(H) of Fe,Bgo—, at 4.2 K are
shown in Fig. 4. These are practically the values at
T =0 K. The values of Hpeak, Hmean and AH vary
smoothly with Fe concentration. For Fe;,B,s, the
values of H . and H e, are slightly greater than
those expected from the trend established by the oth-
er samples. For Fe,Bjgo—x, the value of H 4, is
slightly smaller than that of H e due to the slight
asymmetry in the P(H). As shown in Fig. 4, the

320 -

(kOe)

AH
(kQe)

.40
0.37
0.35
0.33 )‘

9

0.3l R

Isomer Shift
(mm/s)

L ] 1 L | 1 1
72 74 76 78 80 82 84 86

X(at. %)

FIG. 4. Peak values (H ), the mean values (H pe,q).
the widths (AH) of P(H), and the isomer shifts of amor-
phous Fe,Bgo_, at 4.2 K as a function of Fe concentration.

values of both Hpeg and H peaq increase with Fe con-
centration whereas A/ remains approximately con-
stant. This indicates that in this Fe concentration
range the shape of P(H) is essentially independent
of the Fe concentration. For samples with higher Fe
content the entire P(H) simply shifts to higher H
values.

We again attempt to extrapolate to the case of
amorphous pure Fe. According to the trend set by
amorphous Fe,Bg_; (72 <x =<86), amorphous pure
Fe should have an H e Of Hyean 0f about 350 kOe.
This value is rather close to the value of 340 kOe for
crystalline «-Fe. However, in contrast to crystalline
a-Fe, the extrapolated width of P(H) for amorphous
Fe appears to be quite large. Since amorphous Fe
should also contain many inequivalent Fe sites, a
P(H) with a sizable width is not unexpected.

It is well extablished in amorphous Fe-metalloid
solids that due to a very large number of inequivalent
Fe sites one invariably finds a distribution of hyper-
fine fields.?” The detailed causes for the particular
shape of P(H), such as those shown in Fig. 3,
remain speculative. This is partly because the precise
atomic arrangements in an amorphous solid are still
difficult to ascertain.?®. However, even given a struc-
ture associated with a particular model (e.g., the
dense random packing of hard spheres) it is by no
means simple to calculate the hyperfine fields of the
Fe atoms. As previously noted there is a similarity
between the measured P(H) and the binomial distri-
bution function,?’ ‘

n
N P x
Probability (n) = = [0 ]
12—-n
x
x [1 100 , 3)

n=0,1,2,...,12 ,

which is the probability of finding » Fe neighbors in
amorphous Fe,Bjg_x assuming a coordination
number of 12. It is tempting therefore to assume
that the hyperfine field of an Fe atom can be deter-
mined by the number of its Fe neighbors, or alterna-
tively by the number of its metalloid neighbors. By
requiring that either that each Fe neighbor contri-
butes a fixed amount to the hyperfine field (e.g.,
about 25 kOe)*® or that each metalloid neighbor de-
creases H by a fixed amount,?’ the binomial distribu-
tion function can ‘be transformed into a calculated
P(H) which compares rather well with the measured
P(H). This model of simple addition of individual
hyperfine fields not only has been applied to amor-
phous solids but to crystalline alloys, particularly di-
lute alloys.*® While this simple model is useful to
qualitatively describe the P(H) it is difficult to justify
theoretically whether one can use this model to deter-
mine quantitatively the contribution to the hyperfine
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field due to various species of neighbors. It should
be noted that a single binomial distribution function
with only one particular coordination number (e.g.,
12) is overly simplistic. X-ray experiments indicate
there is a distribution of coordination numbers cen-
tered about 12 in amorphous Fe-metalloid alloys.?!
In addition, Eq. (3) completely ignores the differ-
ences in the atomic radii of various species in the
solid.

It is well known that in crystalline Fe interstitial
compounds (e.g., FesC, FeB, Fe,B, Fe;P, etc.) the
magnetic moment of Fe (ug.) is, to a good approxi-
mation, proportional to the Fe hyperfine field (H ).
Despite the wide range in the values of the moment,
nearly constant ratios of Hey/upe from 130 to 140
kOe/ug have been found.*"*? This is presumably the
result of a much smaller conduction-electron contri-
bution to the hyperfine field than in the case of a me-
tal.*! One suspects then that such a proportionality
perhaps also holds in amorphous Fe-metalloid alloys.
However, since in amorphous ferromagnets the dis-
tribution of moments is usually not directly meas-
ured, one compares the average moment per Fe
(uge) with the average hyperfine field (H pean) as de-
fined in Eq. (2). As shown in Fig. 4, Hpyesn for
Fe,B1g0-x increases monotonically with Fe concentra-
tion. The values of ug for Fe,Bigo-x have been re-
ported by Hasegawa et al.,’ Luborsky et al.'? and
also measured in this work. In all these cases, up. is
found to increase monotonically with Fe concentra-
tion consistent with the increase in Hpeq,. Numeri-
cally, the values of uge obtained from these measure-
ments differ by a few per cent. Using the average
values of g, the ratio of H pesn/ire is found to in-
crease slightly from about 125 kOe/up for Fe;sBys to
about 140 kOe/ ug for FegsB4. Similar values of the
ratio have been found in other amorphous Fe-
metalloid systems.?** The consistency of the ratio
suggests that the Fe hyperfine field is to a good ap-
proximation proportional to its moment. It follows
then that the distribution of hyperfine fields provides
a reasonably accurate description of the distribution
of magnetic moments which is otherwise difficult to
measure. The measured P(H) in amorphous
Fe,Bigo—x in Fig. 3 indicates that there is a sizable
distribution of Fe moments with a halfwidth of about
0.3 wp. The slight increase of the ratio H mean/ftre
with Fe content might be due to the increasing im-
portance of the conduction electron contribution to
the hyperfine field.

3. Isomer shift

The average isomer shift (relative to *’Co in Cr) of
amorphous Fe,Bjg—, is shown in Fig. 4. The isomer
shift decreases smoothly with increasing Fe concen-
tration. At temperatures other than 7 =0 K, one

measures an average center shift which is the sum of
the isomer shift and the second-order Doppler shift.
The average center shift of amorphous Fe,Bjg—, as a
function of temperature is shown in Fig. 5. For clari-
ty only four compositions with Fe concentration of
72, 78, 82, and 86 at.% are shown. At high tempera-
tures (7 =250 K) the center shift decreases linearly
with temperature, due to the second-order Doppler
effect.>? The rate of decrease agrees very well with
the value of —7.29 x 10~* mm/sec/K expected for the
14.4 keV vyray of S'Fe as shown by the straight lines.
From the similarity of the curvatures at low tempera-
tures, the average Debye temperatures for samples
with different Fe content do not appear to vary signi-
ficantly.

Because of the temperature dependence of the
center shift and the hyperfine field, meaningful com-
parison between samples with different Fe concentra-
tions must be done at the same temperature and at T
close to 0 K. The hyperfine fields and the isomer
shifts of amorphous Fe,Bjg—, (72 <x <86) at 4.2 K
are shown in Fig. 6 as a function of Fe concentration.
Also shown are the values for the crytalline com-
pounds of FeB, Fe;B, and a-Fe. Our measured
values for Fe,B are in excellent agreement with those
of previous experiments.?* The values for FeB are
taken from those in the literature.?* From Fig. 6
one notes that in the Fe-B system the average hyper-
fine field (Hg) increases smoothly with increasing
Fe concentration, and the isomer shift decreases
smoothly with increasing Fe concentration. This
somewhat surprising result indicates that, unlike the
magnetic exchange interactions, the average hyperfine
interactions in Fe-B are not very sensitive to whether
the structure is crystalline or amorphous, but depend
mainly on the Fe concentration. One further notes
from Fig. 6 that the two curves are strongly correlat-
ed; viz. the sample which exhibits a larger hyperfine

x=72 A
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»
T
°

o
W

0.2

Center Shift (mm/s)

FIG. 5. Temperature dependences of the center shifts of
amorphous Fe,Bgy_, with x =72, 78, 82, and 86, relative
to 5’Co in Cr at room temperature.
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FIG. 7. Isomer shifts vs effective hyperfine field of
crystalline FeB, Fe;B, a-Fe, and amorphous Fe,Bjgo_x
(72 < x =86) at 4.2 K. The isomer shifts are relative to
57Co in Cr at room temperature.

field shows a smaller isomer shift. In fact, as shown
in Fig. 7, the hyperfine fields and the isomer shifts of
Fe-B are related by a linear empirical equation

LS. (x) =(1.8.)g —0.0011 H (x) mm/sec 4)

where Heg(x) is in kOe and (1.5.)y=0.66 mm/sec
when a 3’Co in Cr source is used.

C. Temperature dependence of the hyperfine field

Mossbauer spectra of amorphous Fe,Bgo—y at vari-
ous temperatures have been measured. For a typical
example, the spectra of Feq4By4 are shown in Fig. 8.
Also shown in Fig. 8 are deduced P(H) obtained
from these spectra. For increasing temperatures, the
P (H)<shifts to lower H values as expected. The
shape of P(H) is virtually unchanged and the width
(AH) of P(H) steadily decreases with increasing 7.
This indicates that the various hyperfine fields have
essentially the same temperature dependence. This
common temperature dependence can be represented
by that of the characteristic values of P(H) (H pea,

H mean, €tc.). Since a single Curie temperature is
‘shared by all hyperfine fields in the P(H), the value
of AH must consequently decrease. A similar con-
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FIG. 8. Méssbauer spectra and P(H) of amorphous
Fe,¢B,4 at various temperatures.
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clusion has also been made for other amorphous Fe-
metalloid systems.® :

The temperature dependence of the hyperfine field
for amorphous Fe,Bg—x is shown in Fig. 9. For
clarity, not all the samples are shown and for some
samples only a fraction of the data points are
displayed. One notices from Fig. 9 that various
curves of amorphous Fe, B go—x cross in the vicinity
of 300 K. This is due to the fact that the saturation
hyperfine field increases with Fe concentration

"whereas the value of T decreases with Fe concentra-
tion. This unusual behavior dictates that the concen-
tration dependence of the hyperfine field be deter-
mined at T close to 0 K. At higher temperatures,
e.g., 300 K, the concentration dependence of the hy-
perfine field is completely different from that meas-
ured at 4.2 K.

For amorphous ferromagnets the decrease of the
magnetization and the hyperfine field at low tempera-
tures has a temperature dependence of

Heff( T)

= —1-BT. . 5
Her® @
- 3/2

=1 "‘B_;/z (6)

I
Tc

due to the excitation of ferromagnetic spin waves.
The T*? dependence has been observed in a number
of amorphous ferromagnets by magnetization,
Mossbauer and ferromagnetic resonance measure-
ments.®~*" For several alloys in Fe B g, a T/
dependence of the hyperfine field has been observed
using the Mossbauer effect. The values of the B
coefficients have been determined and are shown in
Table I. We have also determined the B value for
Fe;sB,s by magnetization measurements. The two B
values for Fe;5sBys are in good agreement. This
agreement between Mossbauer and magnetization
measurements has also been observed in several oth-

T T T T T T T T
x=86 —o—-x=86
300 e — 84
""""" --o--- 82
78
——— 76
@ —o— 72
S 200
=
;-5, 4
x=72
100 .
o 1 1 1 1 ) i 1
[0} 200 400 600 800
T(K)

FIG. 9. Temperature dependences of the effective hyper-
fine fields of amorphous Fe,Bjgo_, (72 <x <86).

TABLE L. Coefficients B and Bj/, for amorphous
FemeO_x (75 =x $86)

B(10™SK3/2) By, =B(Tc)¥?

Feq5Bs 17 £2 0.35 Maéssbauer
+2 Magnetization

FegoByo 222 0.395 Mossbauer
26 +2°8 Magnetization

Feg;B;g 25+2 0.40 Mossbauer
31+£22 Magnetization

FeggBy4 33+2 i 0.43 Mossbauer
34+£22 Magnetization

8Taken from Ref. 49.

er Fe-metalloid alloys [e.g., Fe;sP;sCio,* (Fe-
Ni);sP1¢BsAL;*]. This indicates that the hyperfine
field exhibits the same temperature dependence as
that of the spontaneous magnetization. Recently
Hasegawa et al. have also measured the B coeffi-
cients for Fe,Bgo—, by magnetization.** As seen in
Table I their results are also in reasonable agreement
with those found using the Mossbauer effect. ,
Our results indicate that from Fe;5sBys to FegBi4
the value of the B coefficient increases by about a
factor of 2. From Fig. 10 where the values of B and

T T T T T
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FIG. 10. Coefficients B and B3, =B(T)*? for amor-
phous Fe,Bjgo_y (75 <x =<86).
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B3/, are shown, much larger values of B can be ex-
pected for samples with even higher Fe concentra-
tion. However, since T decreases with Fe content
as shown in Fig. 2, the value of Bj, increases less
sharply with Fe concentration. The extrapolated
value of Bjj, for amorphous pure Fe should be about
0.5 which is considerably larger than the value of
0.11 for crystalline aFe.>

The reduced hyperfine fields versus reduced tem-
perature of amorphous Fe,B g—, are shown in Fig.
11. Again for clarity only the temperature depen-
dence of those of Fe;¢B,4 and FeggBy4 are shown. It
is clear that the behavior of the amorphous solids is
quite different from crystalline a-Fe (shown by the
dashed curve) in that these curves lie considerably
lower than that of a-Fe, a feature generally observed
in many amorphous ferromagnets.'>?% Among the
amorphous Fe,B g, samples, the higher the Fe con-
centration the lower the curve. This is also reflected
by the monotonic increase of the coefficient Bj), as
mentioned above. Thus barring any unexpected re-
versal of this trend amorphous pure Fe should have
the lowest curve, which is dramatically different from
that of crystalline a-Fe.

Theoretical studies indicate that the lower reduced
magnetization curve for amorphous ferromagnets is
due to the éxist_ence of a distribution of magnetic ex-
change interactions {P(J)},%! a situation not neces-
sarily exclusive to amorphous solids but which also
occurs in crystalline disordered alloys. In principle,
by comparing the experimental data with theoretical
calculations one can obtain information about P(J),
which is difficult to measure directly. Unfortunately,
because of the approximations used in most of the
theoretical calculations, only qualitative agreement
for the temperature dependence exists between

1.0
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FIG. 11. Reduced hyperfine fields vs reduced tempera-
tures of crystalline a-Fe, amorphous Fes¢B,,, and FeggB 4.

theory and experiment. Quantitatively, the experi-
mental data do not agree with the theoretical results
over the entire temperature range.> !’

In the simplest case P(J) is a single-maximum
function with a peak at Jy and a halfwidth of AJ.
Roughly speaking, the value of T is proportional to
Jo and the parameter 8 =AJ/J, dictates the amount
of deviation of the temperature dependence of the
reduced magnetization from that of the crystalline
case (3=0). In the amorphous Fe,B g, solids, the
progressively lower curves for samples with higher Fe
concentrations indicate that 8 increases monotonically
with increasing Fe content. The monotonic decrease
in Jy with Fe content, manifested by the decrease in
Tc, will lead to an increase in 8. It is therefore diffi-
cult to ascertain the dependence of AJ alone on Fe
content. However, it was earlier concluded that
amorphous Fe is likely to be ferromagnetic rather
than a spin glass. Theoretical studies indicate that for
the existence of an amorphous ferromagnet, the
value of AJ/J, cannot be too large; for example, ac-
cording to an Ising calculation, AJ/Jy should be less
than about 0.8.52 On this basis the value of AJ for
amorphous Fe-B is likely to decrease with increasing
Fe concentration.

D. Crystallization and crystalline Fe;B

The amorphous state is a metastable state which
undergoes irreversible crystallization processes at
high temperatures and transforms into crystalline
phases. As has been previously shown, the kinetic
process of crystallization not only depends on tem-
perature but also on the time period during which
heating takes place.!** In general, an amorphous
sample will crystallize in a much shorter time when it
is heated at a higher temperature.

After crystallization the only possible magnetic
phases are FeB, Fe,B, Fe;B, and a-Fe. As previously
shown, the crystalline phase of FeB néever occurs
after crystallizing amorphous FegBy.!® This same
conclusion has been found in amorphous Fe,Bjg—y
(72 =< x <86) as well. This is hardly surprising since
the Fe concentration of 72 to 86 at.% is very dif-
ferent from that of FeB (50 at. %) but much closer to
Fe,B (66.6 at.%), Fe;B (75 at. %), and «-Fe (100
at. %).

Although crystalline Fe3;B in pure form is very dif-
ficult to synthesize because of its high instability, it
has been shown by Hasegawa et al.!® and Chien!* 26
than when amorphous FegoB,g is crystallized under a
high heating rate the major crystalline phase is indeed
Fes;B. The instability of Fe;B is confirmed by the fact
that Fe;B transforms rapidly into Fe,B and a-Fe at
elevated temperatures and that under a low heating
rate Fe;B does not appear at all.!> In the present
work, crystallization studies of amorphous Fe,Bgo—x
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(72 = x =< 86) under high heating rates (—15 K/min)
have been performed using the thermal-scan method.
The details of this method have been described else-
where.!* The presence of Fe;B can be easily identi-
fied by its Curie temperature of about 800 K which is
distinctively different from those of amorphous
Fe,Bioo—x (72 <x =<86) (T-=552 to 760 K), crystal-
line Fe,B (T¢=1015 K), and a-Fe (T =1043 K).
For the amorphous Fe-B samples studied, the crystal-
line phase of Fe,B appears in greatly different
amounts depending upon whether the Fe concentra-
tion is less than or greater than 75 at.%. For samples
with x > 75, Fe;B is the main crystalline phase. The
amount of Fe3;B increases steadily as x is decreased
toward 75. For samples with x < 75 however, the
amount of Fe3;B decreases dramatically and one finds
predominantly Fe,B and a-Fe.

The very different crystalline constituents for sam-
ples with x > 75 and x <75 can be explained as fol-
lows. The Fe concentrations of 72 < x <86 are in
the proximity of 75 at.% as in crystalline Fe;B. One
therefore expects Fes;B to be the main crystalline
phase after crystallization for all of these amorphous
samples. To balance the original composition in the
amorphous state, a small amount of «-Fe and Fe,B
will of course be found depending on the Fe concen-
tration. This situation would indeed occur if Fe;B
were a stable phase. In reality because of the insta-
bility of Fe;B, this situation is realized only for sam-
ples with x > 75 and only under high heating rates.
For samples with x < 75, it is much more favorable
to form Fe,B because of its higher stability.

From the above discussion it is clear that in order
to obtain the maximum amount of crystalline Fe;B
one should crystallize amorphous Fe;sB,s. However,
since the concentration of 75 at. % is right at the
boundary of two conceniration regions with different
crystallization behavior, the maximum amount of
Fe;B is achieved in a sample with x slightly larger
than 75. The amorphous sample of FesBy4 has been
chosen for this purpose. This allows the possibility of
a small amount (up to 4 at. %) of a-Fe. Amorphous
Fe;¢By4 has been crystallized under a heating rate of
about 20 K/min. The status of the sample is moni-
tored by Mossbauer spectroscopy using the thermal-
scan method.'” The temperature of the sample is
quickly reduced from 825 K, after the observation of

300 K

1 | L.
-5 0 5mm/s

FIG. 12. Maéssbauer spectra of crystalline Fe;B at 4.2 and
300 K.

the onset of crystallization and a sharply defined
magnetic ordering temperature of about 800 K. This

.is to prevent the possibility of the decomposition of

Fe;3B into Fe,B and a-Fe. Upon cooling the sample
only one magnetic ordering temperature (at about
800 K) has been observed. Mossbauer measure-
ments indicate that the crystallized sample is essen-
tially single phase Fe3B.

Maossbauer spectra of crystalline Fe;B at 300 and
4.2 K are shown in Fig. 12. It should be noted that
there are no measurable absorption lines correspond-
ing to a-Fe or FeB. It is clear that each spectrum is a
superposition of at least three magnetic hyperfine
patterns. Both spectra have been fitted to three six-
line patterns. The best-fit parameters obtained for
the spectrum at 4.2 K are shown in Table II. Pattern

/

TABLE II. Parameters of the three magnetic hyperfine patterns of crystalline Fe;B at 4.2 K.

Pattern No. H g (kOe) Isomer shift (mm/sec)? —;'(equ)eff (mm/sec)®
1 242 +2 0.40 £0.01 —0.18 £0.04
2 284 +2 0.295 £0.01 0.2+0.04
3 3052 0.37 £0.01 —0.06 £0.04

aWith respect to °'Co in Cr.

bAssuming an asymmetry parameter 1 =0.
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No. 1 shows a narrow line width which is expected
for a single site, whereas the line widths of Patterns
No. 2 and 3 are about twice as broad. This indicates
that both Patterns No. 2 and No. 3 are probably not
single site but consist of two or more sites with close-
ly spaced hyperfine field values. It is therefore not
too surprising that assuming three six-line patterns
does not give an excellent fit to the spectra as shown
in Fig. 12. The area ratio of the three six-line pat-
terns are difficult to determine with accuracy. How-
ever, an area ratio of 1:1:1 gives a poor fit to the
data.

We have earlier shown in Sec. III B 3 that in the
Fe-B system, amorphous or crystalline, the average
magnetic hyperfine field and the average isomer shift
appear to be strongly correlated. It is interesting to
note that the average values of crystalline Fe;B also
lie close to the two curves shown in Fig. 6.

Each of the three six-line patterns of Fe;B shows a
small effective quadrupole interaction. This indicates
that none of the sites have cubic symmetry. The
values of the effective quadrupole interaction are of
the order of 0.2 mm/sec. Clear evidence of the elec-
tric quadrupole interaction can be seen from the
spectrum of Fe3;B in the paramagnetic state. The
Modssbauer spectrum of crystalline Fe;B at 825 K,
which is above its Curie temperature, is shown in
Fig. 13. This spectrum has been acquired in only a
short time (~10 min), because crystalline Fe;B will
decompose into Fe,B and a-Fe after prolonged heat-
ing at this temperature. Since both Fe,B and a-Fe
have much higher values of T¢, any Fe,B and «-Fe
in the sample will result in six-line spectra whose po-
sitions are very different from those of FesB . Thus
it is evident from Fig. 13 that the crystallized sample
is essentially all Fe;B with no significant trace of Fe,B
and «-Fe.

-l O l mm/s

FIG. 13. Méssbauer spectrum of crystalline Fe;B at
825 K.

The Mossbauer spectrum of crystalline Fe;B shown
in Fig. 13 exhibits essentially two unequal absorption
peaks with a separation of 0.38 +0.01 mm/sec. Since
this separation is much larger than the difference in
isomer shifts for various sites as shown in Table II,
the two peaks must be due to electric quadrupole in-
teraction. The reason for the asymmetric doublet
rather than the symmetric doublet as usually ob-
served in polycrystalline samples is that there are at
least three inequivalent Fe sites. Due to the differ-
ence in their isomer shifts and the quadrupole split-
tings, a superposition of several symmetric doublets
would lead to an asymmetric doublet spectrum. It
may be noted that the separation of 0.38 £0.01
mm/sec for paramagnetic Fe;B measured at 825 K is
in good agreement with the value of 0.40 +0.02
mm/sec measured at 850 K when amorphous FegoB
has been crystallized.'* The asymmetry of the doub-
let is less obvious in the latter case because of the ab-
sorption lines due to a-Fe which is also present in
the sample. ’

Because of the availability of both amorphous
Fe;sBys and crystalline Fe;B it is particularly interest-
ing to compare the hyperfine interactions in these.
two cases. First of all, it should be noted that the
spectra of amorphous and crystalline Fe;B, as shown
in Figs. 3 and 12, are obviously different. In Fig. 14,
the P(H) of amorphous Fe;5sB,s at 4.2 and 300 K,

300 K
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FIG. 14. Comparison of the hyperfine fields in amor-
phous and crystalline Fe;Byat 4.2 and 300 K. The curves are
obtained from amorphous Fe;B and the dashed lines are ob-
tained from crystalline Fe;B.
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and the magnetic hyperfine field values (illustrated
by the vertical lines) of crystalline Fe;B at the same
temperature are compared. It is noted that the P(H)
of amorphous Fe;sB,s at 4.2 K envelops the field
values of crystalline Fe;B, although the peak value of
P(H) does not coincide with any of the three crystal-
line values. In fact, the wide P(H) of amorphous
Fe;sBys envelops all H values of crystalline a-Fe,
Fe,B, and Fe;B but not that of FeB. The mean hy-
perfine field, as defined by Eq. (2) for amorphous
Fe;5sBys and the average hyperfine field for crystalline
Fe3B are similar. This may therefore suggest a corre-
lation between amorphous and crystalline Fe;B.
However, it should be noted, as described in Sec III B
3 that, the mean or average hyperfine field in the Fe-
B system apparently depends on the Fe concentration
and is not very sensitive to whether the structure is
crystalline or amorphous.

As shown in Fig. 14, between 4.2 and 300 K, the
positions of the crystalline hyperfine field values
(dashed lines) with respect to the P(H) in the amor-
phous case are notably different. This is partly the
result of slightly different values of T¢ of about 740
and 800 K for amorphous and crystalline Fe;B
respectively. This effect is mainly due to the fact that
the hyperfine fields of a crystalline solid decrease less
with increasing temperature than those in an amor-
phous solid, a feature which has been generally ob-
served and illustrated in Fig. 11. Thus a comparison
between amorphous and crystalline Fe;B must be
done at T close to 0 K.

There is considerably controversy concerning the
crystal structure of crystalline Fe;B. The crystal
structure of Fe;B was first postulated to be
orthorhombic since both Co3;B and Ni;B are
orthorhombic.”® Assuming an orthorhombic struc-
ture, the lattice parameters of a =4454 A, b=5433
A, and ¢ =6.656 A have been extrapolated for Fe;B.
However, as noted by Fruchart and Michel,?® while
the values of a and c are comparable to those of
Co;B and Ni3;B, the value of b is much larger. Since
this orthorhombic structure is known to be stable
only when the ration of b/a lies within certain limits,

it is therefore unclear whether Fe;B is indeed
orthorhombic. The first x-ray measurements of Fe;B
obtained from crystallizing amorphous FegoBy indi-
cated that Fe;B had an orthorhombic structure.'®
However Walter et al.>* have recéntly shown from
detailed x-ray diffraction analyses that the crystal
structure of Fe;B is tetra%onal with cell parameters of
a=8.63 A and c =4.29 A. This tetragonal structure
is the same as that of Fe;P.

Since the Fe sites in the tetragonal and the
orthorhombic structures are quite different, the
parameters obtained from the Mossbauer spectra of -
crystalline Fe;B can perhaps shed additional light on
the crystal structure of Fe;B. In the orthorhombic
structure there are two crystallographically ine-
quivalent Fe sites with an Fe-site ratio of 2 to 1,
whereas in the tetragonal structure there are three
crystallographically inequivalent Fe sites with a site
ratio of 1:1:1. In the magnetically ordered state the
number of magnetically inequivalent sites could po-
tentially be greater than, although often equal to, the
number of crystallographically inequivalent sites. We
have shown that there are at least three magnetically
inequivalent sites in crystalline Fe;B so it is unlikely
that its structure would be orthorhombic. It there-
fore appears that the crystal structure of Fe;B is
much more likely to be tetragonal, in accordance with
the conclusion of Walter et al.*

Our data further suggest that the number of mag-
netically inequivalent sites in Fe3B is likely to be
greater than three. Their hyperfine field values are
such that they can be approximated by three six-line
patterns but their area ratio is not 1:1:1 and not all
of the three patterns show narrow line widths. It
should be noted that or Fe3;P, which is isostructural
to tetragonal Fe;B, Lisher et al.’® have in fact found
at least six inequivalent Fe sites.
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