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Sputtered amorphous Fe„a&00 & has been studied by Fe Mossbauer spectroscopy from

below the magnetic threshold at x, =38 through the magnetic region, to x =90. T~ is found to

rise sharply with Fe concentration, peaking at x = 70, and then to decrease monotonically,

Measurements under a small external field indicate that these samples are ferromagnetic, The
hyperfine field distributions (P(H)) exhibit rather structureiess, single-maximum patterns that

continuously shift to higher H values as the Fe concentration is increased. The isomer shift, on
the other hand, shows a maximum at x = 50. The data are discussed in terms of the localized

moment and itinerant electron descriptions. It is also shown that several models (e.g. , charge-

transfer and quasicrystalline models) based on the results from liquid-quench samples with

72 ~x ~ 86, are not valid over the wider composition range studied here. The magnetic prop-

erties and hyperfine interactions of sputtered and liquid-quench samples are compared in the re-

gion of common compositions.

I. INTRODUCTION

Amorphous metallic solids can be made by several
well-known methods. The liquid-quench methods,
where the random atomic arrangements in the liquid
state are frozen through the rapid-quenching process,
are perhaps the most widely used. "However, this
technique is successful only for alloys near eutetic
compositions, which in the case of transition-metal
( T)-metalloid (M) alloys is near TspM2o.

'
The amorphous state can also be obtained by vapor

deposition techniques in which the random arrival of
atoms from the vapor is preserved in the solid state. '
An important advantage of this method is that amor-
phous solids over a much wider composition range
can be achieved. The availability of amorphous
solids over wide ranges in composition allows various
magnetic, electrical, structural, etc. properties to be
studied as the composition is continuously varied.
Therefore, many models based on results from the
liquid-quench samples can be more stringently tested.

There are a large number of studies on liquid-

quench Fe„Biop- within the narrow composition
range of '72 ~ x ~ 86. In addition, there are a
few recent studies on vapor-deposited films with

much lower Fe contents. Aboaf et a/. have made
samples with 64 ~x ~ 84.' Blum et al. have studied,
using Mossbauer spectroscopy, samples with x =40,
45, and 50.' Stobiecki et at. have studied the trans-
port properties of samples with 25 ~x ~ 88.9 The
majority of these samples were made from composite
targets of various kinds where pieces of Fe or B were
placed on top of homogeneous targets. Buschow
et a/. have studied samples with 30 ~x ~ 90 made by
co-evaporation of Fe and B.' In this work, the mag-

netic properties and hyperfine interactions of amor-
phous Fe„B~po will be presented for samples with
Fe concentration up to 90 at. '/0. The properties of
the nonmagnetic samples towards the pure B end will

be discussed elsewhere.

II. EXPERIMENTAL

The amorphous Fe-B samples have been made by a
high-rate sputtering device with Ar as the sputter gas.
Vacuum in the chamber prior to throttling is in the
mid-10 '-Torr range. Cosputtering from two elemen-
tal targets of pure Fe and pure B had been originally
considered but was found to be unacceptable due to
difficulties in maintaining steady relative sputtering
rates better than a few percent during the entire
sputtering run without sophisticated feedback
mechanisms. Rate control over two deposition
sources is particularly important for amorphous Fe-B
since the magnetic and other properties change great-
ly even for a few atomic percent difference in sam-

ple composition. Instead, each sample was sputtered
from a single homogeneous target made from ap-

propriate amounts of Fe and B. The sputtering rates
were about 0.1 p,m/min at a target to substrate dis-

tance of about 10 cm. A shutter was placed between
the sputtering gun and the substrate platform during
the presputtering period which was typically 30 min
to 1 h. The film thickness ranges from 5 p,m to a
few tens of p,m.

As in all vapor-deposition processes, adhesion of a
relative thick film (greater than a few p, m) is a trou-
blesome problem. Adhesion depends on the deposi-
tion process and material deposited, as well as sub-
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strates and substrate conditions. ' The choice of sub-
strate also depends on the measurements intended.
Resistivity measurements, for example, require insu-
lating substrates. For the "Fe Mossbauer measure-
ments, the substrate must be reasonably transparent
to the 14.4-keV y ray unless the film can be removed
from the substrate. To achieve adhesion and to satis-
fy the experimental requirements, we have used met-
al blocks, films of various metals deposited prior to
the sputtering of the sample, insulating wafers, and
synthetic polymers as substrate materials. In some
cases, particularly for the thicker samples, the films
can be removed from the substrates via thermal
shock treatment or by mechanical means.

Sufficient substrate cooling is of considerable im-

portance in making amorphous metallic solids for
they crystallize at elevated temperatures. ' Due to
secondary electron bombardment during the sputter-
ing process, the actual temperature of the film can be
higher than the substrate temperature. ' Most of the
samples have been made with liquid-nitrogen-cooled
substrates, although for samples with less than about
60 at. % Fe water-cooled substrates are adequate.

Toward the B.-rich end, the amorphous state is
readily formed with no apparent limitation on the
compositions. However, at the Fe-rich end, there is
an experimental limit on the Fe content. For a
liquid-nitrogen-cooled substrate, amorphous samples
could be obtained up to a Fe content of 90%. Our
preliminary measurements indicate that the crystalli-
zation temperature of the Fe-rich samples decreases
rapidly with increasing Fe concentration. Conse-
quently, the samples with x ~ 92, when examined at
room temperature, are partially or completely crystal-
line.

The composition and the amorphicity of some of
the samples have been independently confirmed by
Auger analyses and x-ray diffraction, respectively.
Crystalline phases, if present, can also be readily
detected from their physical properties, since the
crystalline compounds of FeB, Fe2B, Fe3B, and u-Fe
have distinctive magnetic ordering temperatures and
Mossbauer spectra.

Conventional "Fe Mossbauer spectroscopy has
been employed with a "Co in Rh radioactive source.
The measurements at 4.2 K have been made with the
samples immersed in liquid helium. The measure-
ments at elevated temperatures have been made in
an oven in vacuum of 10 Torr.
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accomplished by the thermal scan method, the details
of which have been described elsewhere. " The
values of T~, as a function of Fe content are shown in
Fig. 1. The samples with low Fe content (x ~35)
are not magnetic at 4.2 K. Their spectra show
quadrupole-split doublets. The samples with x ~40
are magnetic at 4.2 K and their measured Tc are
shown in Fig. 1. By extrapolation, the critical Fe con-
centration is about x, =38, above which magnetic or-
dering occurs. Similar values of x, have been found
in amorphous Fe-Si, Fe-oe, and Fe-Sn alloys. '

The existence of a critical concentration x, is ex-
pected from a magnetic system in which the magnetic
species are diluted by the nonmagnetic ones. The
percolation theories predict a well-defined percolation
threshold x„which is sensitively dependent on the
nearest-neighbor coordination number (z), dictated
by the structure. " These calculations usually assume
magnetic moments of a fixed value, and the thresh-
old is the result of percolation of the magnetic net-
work. It is generally true that the larger the value of
z, the smaller the value of x,. The value of x, = 38
for amorphous Fe-B is higher than the values of
15—20 calculated from structures with high z. "
While it is possible that for amorphous Fe-B near x„
the coordination number is exceptionally low, a more
likely cause for the high value of x, is suggested by
the magnetic data as described below.

Above x„ the value of Tc rises sharply and at an
approximately linear rate of about 40 K/at. %. A
maximum is reached near x =70, above which T~ de-

creases monotonically. This unusual behavior of de-
creasing Tc with increasing. Fe concentration is partic-
ularly perplexing. If one takes the view of localized
moments, Tc gives a measure of the net magnetic
exchange interaction which is clearly decreasing. This
can be due to a decrease of the ferromagnetic interac-
tion or the emergence of antiferromagnetic interac-

III. RESULTS AND DISCUSSIONS

A. Magnetic ordering temperature (T~)

The magnetic ordering temperatures (Tc) of the
samples have been measured by the onset of the
magnetic hyperfine interaction. This is conveniently

200-
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FIG. 1. Concentration dependence of the magnetic order-
ing temperature of amorphous Fe„B~pp
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tions. The observed high-field susceptibility and In-
var characteristics in the Fe-rich samples are con-
sistent with this assertion. "On the other hand,
%'ohlfarth et aI. have argued that the itinerant elec-
tron model also predicts these properties. " In addi-
tion, however, the itinerant model predicts a similar
decrease in the Fe moment, which is not observed in
the present work, at least up to the concentration
studied here. In fact, according to this model, amor-
phous pure Fe would be nearly or completely non-
magnetic with negligible moment and T~. '

S. Hyperfine interactions

Mossbauer spectra of amorphous Fe-8 at 4.2 K are
sho~n in Fig. 2. As previously mentioned, samples
with x ~ 35 are nonmagnetic and exhibit only a
quadrupole doublet. Samples with x ~40 exhibit
magnetic hyperfine patterns. The magnetic hyperfine
splitting increases monotonically with increasing Fe
concentration.

For many of the samples, due to substrate effects,
the magnetic moments tilt out of the sample plane at
low temperatures. Consequently, the No. 2 and No.
5 line intensities are suppressed as shown in Fig. 2.
This effect in fact improves the resolution of the
spectra. Ho~ever, a small external field of about 1

kOe applied in the sample plane substantially aligns
the moments back into the sample plane as shown in

Fig, 3. The ease with which the Fe moments respond
to a small field suggests that all of these samples are
ferromagnetic and rather soft. Furthermore, there is
increasing evidence to indicate that the tilting of the
magnetic moments of low temperatures is caused by
stresses from the substrate (presumably due to
mismatch in the thermal expansion coefficients) or
other external sources (e.g. , adhesive tapes bonded
onto the sample) via magnetostriction. Thus, the
fact that under stress the moments tilt substantially
out of the sample plane also points to the ferromag-
netic characteristics of the samples.

The hyperfine field distribution }P(H)I of the
spectra at 4.2 K have been analyzed using the
Fourier-series method. ' The effective quadrupole
interaction is assumed to be negligible. This approxi-
mation is better justified when the magnetic hyper-
fine interaction is much larger than the quadrupole
interaction. The value of b in the intensity ratio
3:b: 1 for the spectral lines is not presupposed but
allowed to vary through successive iterations. For
each spectrum, there is a unique b value which gives
a minimum in the X as shown in Fig. 4. The P(H)
which corresponds to the uniquely defined b value is
then used. As shown in Fig. 4, in the case of a-
Fe70830, with the application of an external field of
about 1 kOe, the b value increases from 0.8 to 3.8,
indicating a nearly complete alignment of the mo-
ments.

a —Fe40 860

4.2 K

8 —F830870

5.0

FIG. 2. Mossbauer spectra of amorphous Fe-8 at 4.2 K.

The P(H) of amorphous Fe-Il are shown in Fig. 5.
For clarity, not all the P(H) are shown. The Fe4+6o
sample sho~s a small and poorly resolved magnetic
hyperfine splitting. Its spectrum at T ( Tc (e.g. , at
4.2 K, Fig. 2) is clearly different from a quadrupole-
spht doublet spectrum (similar to the spectrum of
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FIG. 6. Mean hyperfine field of amorphous Fe-B as a
function of Fe concentration.
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feature displayed is that the isomer shifts of the Fe-
rich samples and the Fe-poor samples have opposite
concentration dependences. Consequently, a max-
imum in the isomer shift occurs near x =50.

To account for the isomer shifts dependence on Fe
concentration in the liquid-quench samples with
72 ~x ~ 86, a charge transfer or donor model has
been suggested. In this model, one assumes that
boron transfers charge to the Fe d band. In its sim-
plest form, the isomer shift varies with Fe concentra-
tloIl (x) via t11e relation

~( ) ~+D 100—
l

0 200 300 400
H {koe)

FIG. 5. Hyperfine field distributions (P(H) I of amor-
phous Fe-B. The vertical solid lines and dashed lines are the
field values of crystalhne FeB, Fe2B, Fe38 and A Fe.

feet, in which the metalloid transfers electrons to the
metal d band. ' ' 2 In the Fe-rich end, the itinerant
model predicts a decrease in both Tc and the Fe mo-
ment as previously mentioned. The former is experi-
mentally observed ~hereas the latter is not. It is of
course possible that the moment decreases at an Fe
concentration which is higher than 90 at. %.

The isomer shifts of the amorphous Fe-8 samples
at 4.2 K are shown in Fig. 7. The most unusual

O
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FIG. 7. Isomer shift of amorphous Fe-B at 4.2 K as a
function of Fe concentration.
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mhere 80 is the isomer shift of metallic Fe and D is a
constant.

For the present data, isomer shifts of the Fe-rich
samples can be well described by Eq. (2) with a value
of D =0.27 mm/sec. The dependence predicted by
Eq. (2) begins to deviate from the experimental data
at about x =70 and becomes progressively worse for
lower x. Since Eq. (2) is a monotonic function of x,
it ~ould never predict a maximum in the isomer shift
as experimentally observed.

It is clear that the isomer shifts observed in amor-
phous Fe-B over a mide concentration range cannot
be accounted for by a simple charge transfer model.
From the data shown in Fig. 7, it appears that there
are tmo main contributions to the variation of isomer
shift. One increases while the other decreases with
Fe concentration. A maximum in the isomer shift is
a reflection of these opposite trends.

C. Comparison ~ith hquid-quench
samples (72 ~x ~ S6)

Since the quenching rates for the liquid-quench
and vapor deposition processes are different, it is of
interest to compare the present results with those of
liquid-quench samples with 72 ~x ~ 86. In Figs. 1,
6, and 7 we show the results of the liquid-quench
samples, which we have reported previously, by the
dotted curves. It appears that the sputtered samples
have a lower Tc, larger hyperfine field, and a smaller
isomer shift. These differences, however, may or
may not be due to the possible structural differences
of the samples made by different techniques for the
following reasons. If one is certain about the compo-
sitions of the sputtered samples and the liquid-
quench samples to an absolute accuracy of better
than 1 at. 'lo, then the observed differences between
these tmo sets of samples represent their quenching
rates difference. On the other hand, a closer exam-
ination of Pigs. 1, 6, and 7 shows that the observed
differences between the two sets of samples can be
reconciled if there is a consistent composition differ-
ence of only 2 at. % between the two sets of samples.
In microanalyses of sample compositions, because of
the lom atomic number of boron, while the relative
accuracy is high, the absolute accuracy with which the
compositions can be determined is only a fem atomic
percent. At any rate, the present comparison shows
that the differences, if any, between the liquid-
quench and the sputtered samples are rather small.

D. Microcrystalline and
quasicrystalline models

Since x-ray diffraction measurements have a limit-
ed resolution, a microcrystalline model mas proposed
some years ago, shortly after the amorphous metallic
solids mere made. 26 In this model, the amorphous

solid is assumed to be made of small crystallites, tens
of angstroms in size, which are not revealed by x-ray
diffraction. However, microscopic measurements,
such as Mossbauer spectroscopy, on ultrafine crystal-
line particles, 50—100 A in size, show that the results
at low temperatures (to suppress superparamagne-
tism) essentially exhibit all the characteristics of the
bulk material, " Therefore, if amorphous Fe-B alloys
were made of microcrystallites, their spectra would
shoe sharp spectral lines corresponding to the hyper-
fine fields of the crystalline compounds of 131 kOe
(FeB); 242 and 252 kOe (Fe28); 242, 284, and 305
kOe (Fe38); and 341 kOe (u-Fe). As shown in Figs.
2 and 5, this is clearly not observed in the spectra or
the P(H).

The saturation H values of crystalline FeB, Fe28,
Fe38, and O.-Fe are shown in Fig. 5 by the vertical
lines. It is noted that the P(H) of the liquid-quench
samples with 72 ~x ~ 86 envelopes the H values of
crystalhne Fe38 (in fact, also those of crystalline Fe28
and u-Fe). This observation led to the "quasicrystal-
line" model proposed by Vincze et al. 8 This model
is based on the claim that the P(H) of the liquid-
quench samples with 72 « x ~ 86 can be reasonably
reproduced by adjusting the ~eights of three broad
Gaussian distributions centered about the three H
values of Fe38. The implications are that the short-
range order is essentially the same in crystalline and
amorphous solids. Furthermore, structural disorder
with respect to the crystalline solid is small (about 10%).

One notes, however, that all but one of the H values
of the crystalline Fe-B compounds are from 242 to
341 kOe, which are enveloped by the P(H) of the
liquid-quench samples. Thus the liquid-quench sam-
ples do not provide a wide enough composition range
to conclusively test the "quasicrystalline" model. A
more useful test is to examine the P(H) of samples
with x less than 70, where the P(H) do not overlap
substantially with the crystalline H values. Since
there is only one H value of 131 kOe between 0 and
242 kOe, the validity of the model can be directly
tested.

One such example is shown in Fig. 5 for Fe55845.
Its P(H) peaks at a value which does not coincide
with any crystalline H values. Its simple shape can-
not be reproduced by broad Gaussians at the crystal-
line H values either. Furthermore, the P(H) of
amorphous Fe-B shifts continuously as the Fe con-
tent is varied without irregularity at the crystalline H
values. Thus, when the amorphous Fe-B solids are
examined as a ~hole, the "quasicrystalline" model is
not applicable. There are also indications that for
sample with x as high as 70 the prediction of this
model is already quite poor. ' One suspects, even for
samples near Fe80820, for which the model was first
proposed, it is the presence of a large number of
crystalline H values which helps to reproduce the
P(H) of the amorphous counterparts.
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IV. CONCLUSIONS

In conclusion, the magnetic ordering temperatures,
hyperfine interactions, and isomer shift systematics
have been determined for amorphous Fe-B samples
near and above the percolation-like threshold at
x, =38. Tc exhibts a maximum at about x = 70, the
general features of which can be explained from both
the localized and itinerant pictures. However, the
itinerant model also predicts a maximum in the Fe
moment which is not observed up to the highest Fe
concentration studied.

The P(H) show simple single-maximum patterns
which continuously shift to higher H values for in-

creasing Fe concentration. The average Fe moment,
as deduced from the P(H) and confirmed by recent
magnetization measurements, is not constant but in-

creases monotonically. It is evident that the percola-
tion-like behavior at x, =38 is driven by the diminish-

ing moments and is not a true percolation limit. The
P(H) for samples with x less than 70 cannot be
reproduced by sums of Gaussians centered about the

crystalline 0values. The experimental evidence
therefore, does not support the micro- and quasicrys-
talline models of amorphous structure.

The fact that the isomer shift shows a maximum
near x =50 indicates at least two contributions of op-
posite signs to the isomer shift. This behavior cannot
be accounted for by a simple charge transfer model
which predicts a monotonic change.

We have observed slight differences between the
sputtered and the liquid-quench samples in the range
of common compositions of 72 ~x «86. However,
these deviations can be reconciled if the compositions
of either set of samples are different from their nom-
inal values by only 2%.
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