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Hyperfine interactions and magnetic properties of amorphous Fe-Sb alloys
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We present a systematic investigation of amorphous Fe„Sbloo „alloys fabricated over a wide
composition range (3 (x & 80}. For the Fe-rich samples, the concentration dependence of the isomer
shift is compatible with the Miedeme —van der Woude model, while a large discrepancy is found in

samples with Fe concentrations less than 50 at. %. This suggests that a new term characteristic of
sp elements is necessary in that model. The electric quadrupole splittings have been studied. A par-
ticularly striking feature comes from the discovery that the quadrupole splitting of crystalline x-
FeSb2 is larger than that of its amorphous counterpart a-FeS12 by a factor of 3 at both 4.2 and 300
K. Such a difference in quadrupole splitting is the largest ever found in Fe—sp-element and
Fe—transition-element amorphous alloys. The magnetic ordering temperatures of the Fe-Sb alloys
have been determined. At x &60, samples exhibit mainly ferromagnetic ordering, while below
x=60, spin-glass behavior has been observed. The effective magnetic hyperfine field H,ff, and
hence the effective magnetic moment, of the Fe-Sb alloys increase monotonically with Fe concentra-
tion at about x =47. The distributions of magnetic hyperfine field P(H) are also presented and dis-
cussed.

I. INTRODUCTION

Metallic amorphous alloys can be fabricated by various
ways, of which the vapor-quench and liquid-quench
methods are the most commonly used. ' Liquid-quench
methods can produce large amounts of material, but
suffer from the restriction that the amorphous state can
be achieved only for compositions near a deep eutectic in
the alloy phase diagram. Vapor-quench techniques, with
their inherently higher quenching rates, are capable of
making amorphous alloys over a much wider composition
range. This is much to be desired in studies of the physi-
cal properties of amorphous alloys in relation to composi-
tion.

The structural disorder in amorphous alloys introduces
a large number of nonequivalent atomic sites which are
generally responsible for the distributions of various phys-
ical parameters such as hyperfine interaction, magnetic
moment, and exchange interaction. By studying these
modified physical parameters in amorphous alloys and
comparing them with those of the crystalline alloys, one
can gain much insight into the structure of amorphous al-
loys as well as the influence of structural disorder on the
physical properties. Mossbauer spectroscopy is a very
useful technique for this purpose. It has been widely
employed in the study of hyperfine interactions, chemical
bonding, charge distribution, and magnetic properties in
amorphous alloys.

Two classes of amorphous alloys, transition-
metal —transition-metal and transition-metal —sp-element,
have received considerable interest from both practical
and fundamental standpoints. In the latter case, amor-
phous alloys of Fe combined with different sp elements of
group IIIB and IVB such as 8, C, Si, Ge, and Sn have
been very extensively studied. However, the results of
Fe—group-VB (e.g., Sb) amorphous alloys remain scarce.

Mossbauer data of amorphous Fe„Sb~oo „alloys within
the range of 10(x & 47 were reported in a brief paper by
Shigematsu et al. Information, especially that on mag-
netic properties, is very limited due to the narrow range of
the amorphous phase.

ln this study, we have taken full advantage of the
vapor-quench method in successfully making amorphous
Fe-Sb alloys over a wide composition range, and per-
formed a systematic study of the hyperfine interactions
and magnetic properties in relation to composition. The
very unusual electrical conductivity behavior will be dis-
cussed elsewhere.

II. EXPERIMENTAL

The samples in this study were fabricated by a high-rate
magnetically assisted sputtering system. The sputtering
targets were made from a homogeneous mixture of pure
Fe (99.9%%uo) and Sb (99.5%). The vacuum before sputter-
ing was in the (10 —10 )-Torr range. All the films
were deposited onto liquid-nitrogen-cooled substrates of
copper or Kapton with Ar as the sputtering gas. The
sputtering rate was about 500—1000 A/min and sam-
ples were made with thicknesses of 5—15 pm. The crys-
talline x-FeSb and x-FeSb2 samples were obtained com-
mercially.

The structure of the samples was determined by using
an energy-dispersive x-ray spectrometer. It was found
that samples with 3(x (80 are amorphous and those
beyond x =80 are crystalline. Fes&Sb~5 was confirmed to
have a bcc structure. The substrate temperature played an
important role in achieving the amorphous phase over
such a wide composition range. It has been reported that
the formation of amorphous metallic Fe-Sb alloys is pos-
sible within a smaller range of 10(x &47 when the sub-
strate temperature is maintained at room temperature. In
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the present case, by using a liquid-nitrogen-cooled sub-
strate and magnetically confined plasma (minimizinzing

h
secondary electron bombardment of the substrate)rae, we

W
ave expanded the amorphous-phase range dramatic ll'ay.
e also tried to fabricate thick amorphous pure-Sb films

but the amorphous structure could not be maintained at
room temperature. This is consistent with the claims that
amorphous Sb begins to crystallize at room temperature
once its thickness exceeds a critical value of about 250 A.
However, a few percent of Fe is capable of stabilizing the
amorphous state.

The hyperfine interactions were studied by a conven-
tional Mossbauer spectrometer with a Co-in-Rh source.
Most of the data analysis was done on a VAX-ll/780
computer. Magnetization measurements were performed
using a SHE superconducting quantum-interference de-
vice magnetometer. The magnetic ordering temperatures
were determined either by the onset of the magnetic hy-
perfine interaction or by magnetization measurements
under a small external magnetic field.

III. RESULTS AND DISCUSSIONS

A. Isomer shift (5)

Mossbauer spectra of a-Fe„Sb~oo „at 300 and 4.2 K
are shown in Figs. l and 2. The mean isomer shift was
determined from the centroid of either the doublet or the
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FIG. 2. Mossbauer spectra and deduced magnetic hyperfine
ield distribution of amorphous Fe-Sb alloys at 4.2 K.

sextuplet spectrum. The data of the isomer shifts (relative
to a-Fe at 300 K) at 4.2 and 300 K for amorphous Fe-Sb
alloys are presented in Fig. 3 as open circles and squares,
respectively. Also shown are the results of the crystalline
compounds x-FeSb, x-FeS12, and crystalline alloys
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FIG. 1. Mossbauer spectra and deduced quadrupole splitting
distribution P (QS) of amorphous Fe-Sb alloys at 300 K.
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FIG. 3. Isomer shifts (relative to a-Fe) of amorphous
Fe Sbe„&00 „alloys and some crystalline Fe-Sb samples at 4.2 and
300 K. Open squares and circles are data of amorphous sam-
ples and solid squares and circles are data of crystalline samples.
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5( x)=Cg (x)5p,g, (2)

where Cz(x), the so-called surface-area concentration of
A surrounding Fe, is given by

(1—x) Vg
Cg(x) =

x VF/'+(1 —x) VA2/3
(3)

The surface-area concentration for Fe is simply
CF,(x)=1—Cz(x), where VF, and Vz are the molar
volumes. As evident from Eq. (2), when the isomer-shift
data are plotted as a function of Cp„one should obtain a
straight line from 6peg at Cpe=0 to 0 at Cpe= i. The
relevant pa'rameters for Fe and Sb are listed in Table I.
From these parameters, together with P =0.75 and
Q = —1.65 obtained from Fe—transition-metal amor-
phous alloys, ' Eq. (1) gives 5F,sb =0.66 mm/sec.

Figure 4 shows the isomer shift of Fe-Sb alloys as a
function of the surface-area concentration of Fe. On the

(x & 85) as solid circles and squares.
The composition dependences of isomer shifts are very

similar at 4.2 and 300 K, except that the curve for 4.2 K
is shifted upwards by nearly a constant over the entire
composition range due to the second-order Doppler effect.
Noticeably, both curves show small composition depen-
dence at x (60 and decrease sharply when the composi-
tion exceeds 60 at. % of Fe.

In order to interpret the isomer shift of amorphous Fe-
Sb alloys, we turn to the Miedema —van der Woude
model, which is based on an empirical model of heat of
formation of binary alloys and gives satisfactory descrip-
tion of ' Au isomer shift in various alloys containing Au.
This model has also been applied to Fe-based amorphous
alloys as well. " According to this model, the extreme
isomer shift (relative to a-Fe) for Fe nuclei in a binary
system Fe-2 is given by

5F A ~(0A 0F )+Q(nA +F )/+F

The value of 5p,z is realized when Fe atoms are com-
pletely surrounded by dissimilar atoms, i.e., when the con-
centration of Fe in the binary alloy approaches zero. P is
the electronegativity parameter which is related to the
value of the macroscopic work function, while n is the
electron density at the boundary of the Wigner-Seitz cells
of the pure element. Relation (1) tells us that the Fe iso-
mer shift is determined by two terms, a charge-transfer
term and a cell-electron-density —difference term. Elec-
trons tend to flow from atoms with smaller electronega-
tivity to those with higher ones. On the other hand, the
requirement that the electron density at the boundary of
dissimilar atomic cells should be continuous forces atoms
to redistribute their intrh-atomic charges. For transition-
metal elements, the latter is accomplished by s-d electron
conversion. The competition between charge transfer and
intra-atomic charge redistribution is represented by P and
Q, which have different signs and are regarded as con-
stants for a given class of Fe alloys.

In the Miedema —van der Woude model it is assumed
that the Fe isomer shift of an alloy at a given composition
is proportional to the relative contact area of Fe with its
neighboring A atoms, i.e.,

TABLE I. Work function /{V), electron density on the
Wigner-Seitz cell, n, molar volume V, and bulk modulus K of
Fe and Sb.

Fe
Sb

4.93
4.40

5.55
2.00

V(cm )

7.1

18.2

Z (10" Nym')

1.683
0.383

0.615Eg Vg —VF, g(5)
0.615Kg+KF, VF, B(lnV)

where K is the bulk modulus, V is the molar volume, and
[a(5)/a(lnV)] is the volume dependence of the isomer
shift obtained from high-pressure measurements. All the
reported values of [B(5)/t)(lnV)] are close to 1 mm/sec,
and the most frequently quoted value is 1.33 mm/sec. '

It should be noted that the sign of 5„,~ is determined by
( V~ —VF, ) alone.

It is instructive to mention vapor-quenched amorphous
Fe„8~on „(0&x &90) alloys, whose isomer shifts have a
qualitatively similar dependence on composition as amor-
phous Fe-Sb; in particular, there is also a clear departure
on the 8-rich side (x &50) from the prediction of the
Miedema —van der Woude model. Hoving et al. " indi-
cated that with the inclusion of a volume-mismatch term
(4) (which is negative because 8 has a smaller molar
volume) on the 8-rich side, the value of 5F,~+5„,& is
reasonably close to the experimental results. They con-

0. 8 I I

o. v- &

0. 6—
OI

o. 5—
E
E

0. 4

0. 3
L

0. 2

0. 1

0. 2 Q. 4 Q. 6

CF (x)
Q. S

FIG. 4. Isomer shift of amorphous Fe-Sb alloys as a function
of Fe surface-area concentration CF, defined in the text.

Fe-rich side [CF,(x) &0.45], a straight line is realized.
The extrapolated value of 5F~b is 0.78 mm/sec, which is
larger than the predicted value of 0.66 mm/sec. In the
range of CF,(x) &0.45, however, the isomer shifts depart
completely from the predicted straight line.

Miedema and van der Woude have introduced a
volume-mismatch term having the following form for al-
loys with strained structures, '"
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eluded therefore that in Fe-B metallic glass, the B-rich
side has a strained structure, whereas the Fe-rich side is
densely packed but strain free.

However, the volume-mismatch term cannot account
for the dati of amorphous Fe-Sb on the Sb-rich side. This
is because the molar volume is larger in Sb and a positive
value of 5„,&—0.26 mm/sec is obtained for the Fe-Sb al-
loy, but the term needed to explain the departure from the
model should be negative. It is further noted that the
composition dependence of the isomer shift of all the
amorphous Fe—sp-element (B, Si, Ge, and Sn) (Refs. 11
and 13—15) systems is qualitatively similar to that of Fe-
Sb. Questions arise as to whether the volume-mismatch

I

term is even applicable in Fe-B, despite its apparent agree-
ment with the data. It has been reported that in many
Fe—transition-metal amorphous alloys, Eq. (2) alone can
reasonably account for the isomer shift over the entire
composition range ' ' due, presumably, to the metallic
nature of the materials. For the Fe—sp-element amor-
phous systems, it seems reasonable to expect this is so at
the Fe-rich side. An additional term, however, other than
the volume-mismatch term, would be needed for the data
in the Fe-poor region. Since the data, as shown in Fig. 4,
are close to being linear in both regions, one can easily
deduce this extra term. For the Fe-Sb alloys, the follow-
ing relations are applicable,

5p~g [1—Cp, (x)]+[—0.39+0.87Cp, (x)], 0 & Cp, & 0.45
5(x)= t

5p~b[1 —Cp, (x)], 0.45 &Cp, &1

where 5p~i, =0.78 mm/sec. The fact that a new term is
necessary in the amorphous Fe—sp-element alloys suggests
that the mechanism should be related to the sp electrons
in these elements. One of the possible contributions to
this term is the hybridization of the 3d band of Fe with
the valence band of the sp elements. The hybridization ef-
fect obviously becomes less and less important as the con-
tent of the sp element is reduced. This explains why the
new term decreases with decreasing sp-element concentra-
tion. In its crystalline form, Sb is a semimetal with a
small band overlap of about 0.025 eV, while amorphous
Sb was found to be a semiconductor' ' and its pseudogap
is as large as that of amorphous Ge. Electron-spin-
resonance' and x-ray photoemission spectroscopy stud-
ies have indicated that the d levels of transition-metal im-
purities are strongly hybridized with the sp-band states of
a semiconductor matrix.

1 ~ 6 I ~ I

x-Fesb2(4. 2K)

at 300 K. The fact that the two curves are parallel indi-
cates that for all compositions the temperature depen-
dence of the effective field gradients are nearly the same.
The features of the mean QS are similar to that in Fe-Si
(Refs. 13 and 21) and Fe-Ge (Ref. 14) amorphous alloys.
One observes from Figs. 1 and 5 that the QS distribution
and the mean QS do not vary much over the range of
S &x &50. This is an indication that the atomic packing
scheme in this range remains the same. However, as the
Fe concentration increases beyond x =50, a shoulder is
gradually developed at the high-QS side of the distribu-
tion, implying that some of the Fe atoms start to take po-
sitions with more asymmetric local environments. Anoth-

B. Electric quadrupole interaction

Mossbauer spectra of the samples which remain
paramagnetic at 300 K, as well as their quadrupole-
splitting distribution, are shown in Fig. 1. The fitting of
the experimental data, based on Window's method, pro-
vides the quadrupole splitting (QS) and its distribution.
The spectra of Fe„Sbioo „(5&x&63) show a gradual
change of spectrum asymmetry (different intensities of the
two absorption peaks) which can be accounted for by a
correlation between the isomer shift 5 and QS. In our fit-
ting procedure, a linear correlation is used, i.e.,
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The value of P obtained is positive at low Fe concentra-
tion and changes into negative values starting from 45
at. %%uoof Fe. Thi scorrelatio n iscommonl yobserve d in
amorphous alloys.

The composition dependence of the mean QS at 4.2 and
300 K is shown in Fig. 5 as open circles and squares,
respectively. Both curves show a shallow minimum at
about x =30. The values at 4.2 K are higher than those
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FIG. 5. Mean quadrupole splitting of amorphous Fe-Sb al-
loys as a function of Fe concentration at 4.2 and 300 K. Open
squares and circles are data of amorphous samples and solid
squares and circles are data of crystalline samples.
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er point of interest is that the full width of the QS distri-
bution is as large as, or even larger than, the mean QS it-
self. The ratio

TABLE II. Electric quadrupole splitting EQs, quadrupole
splitting due to valence contribution AQ's, and quadrupole split-
ting due to lattice contribution EQs of x-FeSb2 and a-FeSb2 at
4.2 and 300 K.

T
(K)

b,QS(T)
(mm/sec)

oval( T)
(mm/sec)

~QS( T)
{mm/sec)

b gs( T)=hoes( T)+hgs( T)

and with the explicit temperature dependence of

~Qs( T)=~qs(0) tanh[E /2k~ T],

(7)

(8)

b.g', (T)=6"',(0)+T [6"',(T)],T (9)

where h~'s(0) =0.716 mm/sec, hos(0) =0.864 mm/sec,
E =0.033 eV, and d [bo's(T)]/dT= —0.472&(10
mm/sec K. In the temperature range of 4.2—300 K, the
temperature dependence of the lattice contribution is
negligible.

Our data for x-FeSbz and a-FeSb2 and values from re-
lations (8) and (9) for x-FeSbz are summarized in Table II.

is about 0.45—0.55. This means that structural fluctua-
tions or the degree of disorder is rather large in Fe-Sb,
while for Fe-Si amorphous alloys this width is much
smaller than the mean QS in the range of x ~50. '

Overall, our results of P(QS) are quite similar to the dis-
tribution expected from a model of random atomic pack-
ing 22 24

A particularly striking feature of Fe-Sb comes from the
discovery that the QS value of crystalline x-FeSb2 is
larger than that of its amorphous counterpart, a-FeSb2, at
both 4.2 and 300 K, by a factor of 3, as shown in Figs. 5
and 6. To the best of our knowledge, this is the largest
difference in QS ever found in Fe—sp-element and
Fe—transition-element amorphous alloys. Steger et al.
have investigated the Mossbauer effect of crystalline x-
FeSb2 over the temperature range of 6.4—560 K with the
motivation of explaining the significant change in QS
with temperature. It has been found that the temperature
dependence of x-FeSbz can be described as a sum of
valence contributions and lattice contributions,

x-FeSbq 4.2
300

1.568
1.265

0.716
0.404

0.864
0.850

a-FeSb2
300

0.484
0.419

The value of b~s ——0.484 mm/sec observed in a-FeSb2 is
much smaller than b,q's, h&s, and b.os of x-FeSb2. Hence
the local environment of a-FeSb2 is entirely different
from that of x-FeSb2. The structure of x-FeSb2 is of
orthorhombic marcasite type (e.g., FeSz), a structure far
from being closely packed, each Fe atom being octahe-
drally coordinated by six Sb atoms. It is likely that the
structure of a-FeSbz can be described by the dense-
random-packing model. The high coordination number
around Fe significantly reduces the mean QS. According
to Steger et al. , the unusually strong temperature depen-
dence of QS in x-FeSb2 comes primarily from the
valence-electron contribution, as a result of the thermally
activated electrons crossing an energy gap of about 0.033
eV. In amorphous a-FeS12, the much weaker temperature
dependence of QS reflects a much different valence-
electronic structure from that in x-FeSb2.

In contrast to the case of FeSbz, the mean QS of x-FeSb
is much smaller than that of a-FeSb (Fig. 5). The struc-
ture of x-FeSb is of NiAs type, in which each Fe has
eight neighbors, six Fe and two Sb. Judging from the
mean QS, this arrangement is clearly not realized in a-
FeSb. Thus, we see no correlation in local structure be-
tween amorphous FeSb2, FeSb, and their crystalline coun-
terparts. The results argue strongly against the conjecture
that the amorphous structure may retain a considerable
degree of the local order found in crystalline counterparts
as suggested by some models, at least for the Fe-Sb sys-
tem.
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FIG. 6. Mossbauer spectra of amorphous FeSb2 and crystal-
line FeS12 at 4.2 and 300 K.

C. Magnetic properties and magnetic
hyperfine interaction

The magnetic ordering temperatures of the samples, in-
cluding both the ferromagnetic ordering temperatures of
the Fe-rich samples and the spin-glass freezing tempera-
tures of the samples with x &60, are shown in Fig. 7.
Like other Fe—sp-element amorphous alloys (e.g., Fe-B,
Fe-Si, etc.), the values of T, are a few hundred degrees
Kelvin higher than those of the Fe—early-transition-
element alloys (e.g., Fe-Ti, Fe-Zr, ' Fe-Hf, etc.) with
the same Fe concentration. The values of T, of the sam-
ples with x &65 were determined from the onset of the
magnetic hyperfine interaction by using the zero-velocity
thermal-scan method, while those of others were obtained
from magnetization measurements.

Magnetization measurements at 5 K as a function of



32 HYPERFINE INTERACTIONS AND MAGNETIC PROPERTIES. . . SS87

600

~ 1
~

1
~ i ~

a-Fe50Sb50

400—

U 200—1-

0

Cl

0

4 J

s I i ggd I a I
h

0 20 40 60 80 100
Fe Content (at. X)

FIG. 7. The ferromagnetic ordering temperatures ( T, ),
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external fields indicates that the Fe-rich samples (x & 60)
are mainly ferromagnetic, whereas the samples with
x &55 are not. It is also found that the T, of samples
near x =60 are not as well defined as those in the higher-
Fe-concentration region. We believe that this is caused by
large magnetic inhomogeneities as evidenced in the unusu-
ally broad magnetic hyperfine field distribution in
Fe60Sb40 as shown in Fig. 2. It has been shown that the
fluctuation in the magnetic exchange interaction ( J) intro-
duced by the structural disorder induces a local fluctua-
tion in the magnetic ordering, thereby broadening or even
smearing out the phase transition. Another possible effect
of structural disorder is the introduction of antiferromag-
netic exchange interaction. The competing ferromagnetic
and anitferromagnetic exchange interactions may result in
spin-glass behavior, which has been observed in samples
with x ~60. Shown in Fig. 8 are the magnetization-
versus-temperature curves of Fe45Sb55 and Fe50Sb~o under
an external field of 30 Oe for increasing and decreasing
temperatures. During the measurements, the samples
were first cooled to about 1.6 K under zero field and then
the magnetic field was applied. A peak, observed at Tf,
as well as the irreversible behavior between the zero-field-
cooled temperature-increasing curve and the field-cooled
temperature-decreasing curve, are characteristics of a spin
glass.

The Mossbauer spectra and the deduced magnetic hy-
perfine field distributions of some magnetic samples at 4.2
K are shown in Fig. 2. Samples with iron concentration
above 50 at. % show magnetic hyperfine splitting at 4.2
K, while those with iron concentrations below 45 at. %
exhibit broad doublets.

As can be seen from the spectra, the intensities of the
second and fifth line are suppressed, indicating that the
spin orientations tend to be out of the sample plane. This
perpendicular anisotropy is most likely caused by stresses
from the substrate through magnetostriction. As a com-
parison, we include the Mossbauer spectrum of a bcc crys-
talline Fes5Sbi5 sample (Fig. 9), where similar spin aniso-
tropy also exists. Under an external field of about 1 kOe
applied in the Fe70Sb3o sample plane, the magnetic mo-
ments orient substantially in the sample plane (Fig. 10).
This is an indication that the sample is ferromagnetic and
soft.

The Mossbauer spectra shown in Fig. 2 exhibit an

6—
0

Xl

0
2

T (K)
20

FIG. 8. Magnetic-susceptibility —versus —temperature curves
with external field H =30 Oe for Fe45Sb55 and Fe5oSb50. Ar-
rows represent increasing and decreasing temperature measure-
ment.
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Z
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FIG. 9. Mossbauer spectrum of crystalline bcc Fe85Sb~5 at 4.2

asyminetry of line intensities with respect to the isomer
shift. This is caused by a correlation between the isomer
shift and the hyperfine field. A linear correlation is as-
sumed in fitting the spectra and deducing the hyperfine
field distribution P (H), i.e., 5=50+bH, where b is found
to be negative in all cases, for FesoSbzo, b is -about
—0.0016 mm/kOe.

The effective magnetic hyperfine field versus Fe con-
centration at 4.2 K is shown in Fig. 11. Hdf, and hence
the effective magnetic moment, rises sharply with increas-
ing Fe concentration at about x, =47. From the magneti-
zation data which will be discussed in a future paper, we
find spin-glass-like behavior from x =40 to 60 and no ap-
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4. 2 K

preciable magnetic ordering for x & 40 down to 4.2 K, but
paramagnetic characteristics exist in some samples with
x (40.

There is much debate concerning the appearance and
evolution of magnetic moment in amorphous alloys from
the standpoint of localized moment and itinerant models.
%'ork has been done on amorphous alloys such as Fe-Si,
Fe-Ge, and Fe-Sn (Refs. 21 and 31—35) to elucidate the
magnetic behavior of these Fe—sp-element amorphous al-
loys (Si, Ge, and Sn are all group-IVB elements in the
Periodic Table). Critical concentrations x„where an ef-
fective magnetic moment appears, are about the same for
Fe-Si and Fe-Ge, namely x, =40, and for Fe-Sn, about 30.
These values are lower than x, =47 for Fe-Sb in which Sb
is a group-VB sp element, having one more p valence elec-
tron than Si, Ge, and Sn.

In the rigid-band model, the disappearance of the Fe
magnetic moment is a consequence of the filling of the 3d
band of Fe by valence electrons of the sp element. The
magnetic moment of pure bcc Fe (2.2 Bohr magnetons)
and number of holes (2.6 holes) in the d band will be re-
duced by gradually adding an sp element. A simple calcu-
lation gives the critical concentration x, =43 for Fe-Si,
Fe-Ge, and Fe-Sn systems and x, =53 for Fe-Sb systems.

400

T-4.2

8
C3

200
4
5

100

0
20 40 60 80 100

Fe Content (at. %)

FIG. 11. Effective magnetic hyperfine fields of amorphous
Fe-Sb and crystalline Fe-Sb alloys as a function of Fe concentra-
tion at 4.2 K.

-8 -6 -4 -2 0

VEl C3C I TY (mm/+ac)
FIG. 10. Mossbauer spectrum of amorphous Fe7OS130 at 4.2

K with an external magnetic field of about 1 kOe applied in the
sample plane.

Hence, the model does give a higher critical concentration
for the Fe-Sb system. The actual experimental values are
all less than the predicted ones. Since this model is a
homogeneous magnetism model, we cannot expect it to
account for the magnetic inhomogeneity occurring in Fe-
Sb and other amorphous alloys. Here the magnetic inho-
mogeneity is manifested by the coexistence of magnetic
and nonmagnetic atoms in some samples close to the criti-
cal concentration such as Fe5oSb5o and the very broad
magnetic hyperfine field distribution occurring in
Fe6oSb4o.

The model which has been widely favored and we feel
more appropriate for Fe-Sb amorphous system is the
nearest-neighbor (NN) coordination model (a localized-
moment model). ' Effective Fe magnetic moments and
hyperfine fields are determined by the number of Fe
atoms in the first-nearest-neighbor shell around a central
Fe atom. It has been suggested in Fe-Si amorphous sys-
tem ' that, in order for the Fe moment to appear, n has to
be larger than six for high Fe concentration and about
seven for Fe-poor samples. Similarly, in Fe-Y amorphous
alloys, ' the Fe moment would increase with Fe neighbors
from a few tenths of a Bohr magneton with n =6 up to 2
Bohr magnetons with n &10. This model naturally ex-
plains the magnetic inhomogeneity and appearance of
paramagnetic moments below the critical concentration in
Fe-Sb by attributing them to structural fluctuations, i.e.,
fluctuation of the number of Fe atoms and the distance of
the NN shell around a central Fe atom. The monotonic
increase of Huff with Fe concentration is also compatible
with this model.

Although the NN coordination model offers consistent
explanations for various amorphous systems, some
features of itinerant models need to be taken into account
also. The hybridization between the 3d band of Fe and sp
conduction band of the sp-element can hardly be ruled out
in Fe—sp-element alloys and should influence the behavior
of the Fe magnetic moments. Generally, the hybridiza-
tion effect will make the d band wider and, therefore,
reduce the magnetic moment of Fe.

An interesting feature of Fe-Sb alloys is that H,ff
changes smoothly as Fe-Sb changes from an amorphous
to a crystalline phase, suggesting that the hyperfine field
is not sensitive to the structural disorder in the range of
80&x &85. It is apparent from the width of the hyper-
fine field distribution (see discussion below) that FesoSbpp
is more magnetically homogeneous than other samples.
The effect of structural disorder on the magnetic behavior
in FespSb20 is evidently comparable to the effect of chemi-
cal disorder introduced by random substitution of Sb into
Fe sites in the bcc Fe matrix. In other Fe—sp-element
amorphous alloys such as Fe-B (Ref. 26) and Fe-Si (Ref.
37), a continuous curve of Heff connecting Fe-rich amor-
phous alloys and pure cz-Fe is also observed. Qn the con-
trary, an abrupt increase in H,ff normally occurs in
Fe—early-transition-element amorphous alloys, namely
Fe-Ti, Fe-Hf, Fe-Mo, etc.

Using Fourier-series methods, the hyperfine field distri-
bution of various spectra at 4.2 K have been analyzed.
The quadrupole interaction is neglected, although poorly
jus'tified in the case of Fe5oSb5o, as can be seen from the
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spectrum. Care should be taken in evaluating and analyz-
ing these very wide P (H). It would be hazardous to
overemphasize the detailed structure of P(H) due to a
variety of distortions, only the general shape of the P(H)
can provide useful information. Except in the case of
Fe50Sb50, the amplitude vanishes at about 380 kOe, corre-
sponding to the highest magnetic moment in these sam-
ples. Reducing the Fe concentration not only moves the
peak of P(H) to the low-field side, but also increases the
width of P(H) substantially. For example, the width of
P(H) of FesoSb2o' is only about 120 kOe, while the P(H)
of Fe6oSb4o shows appreciable amplitude over a large
range of 0 & H & 300 kOe. Based on the assumption that
the hyperfine field distribution in substitutional alloys
such as Fe-Sb, Fe-Si, Fe-Ge, and Fe-Sn is correlated to the
distribution of coordination number of Fe around the Fe
atom, it can be concluded that by reducing the Fe concen-
tration the variation in the number of Fe atoms in the NN
shell around a given Fe atom increases, and the system be-
comes more and more magnetically inhomogeneous. The
P(H) of FesoSbso is similar to that of FesoSiso and
Fe45Ge55. The large peak between 0& H (50 kOe is a
consequence of the electric quadrupole interaction. The
coexistence of magnetic and nonmagnetic. Fe atoms in the
alloy make the P(H) analysis unreliable. We estimate,
however, that the fraction of nonmagnetic Fe atoms is
about 40%%uo.

position range (3 &x & 80). The hyperfine interactions as
well as magnetic properties in this system have been stud-
ied systematically using Mossbauer spectrometry and
magnetization measurements.

The isomer shifts as a function of concentration show
two distinct regions separating the Fe-rich and Sb-rich
sides. The Miedema —van der Woude model works well at
the Fe-rich side, but a large discrepancy in the Sb-rich
side suggests a new term characteristic of sp elements
such as Sb is necessary in that model. It is expected that
the inclusion of that term can explain the similar isomer
shift behavior in other Fe—sp-element amorphous sys-
tems.

The concentration dependence of quadrupole splitting
and its distribution reveals a similar atomic packing
scheme from the Sb-rich side to x =55, but the local
structure of amorphous a-FeSb~ is entirely different from
that of .crystalline X-FeS12, as indicated in the extremely
large difference in quadrupole splitting (a factor of 3).

At x )65, samples exhibit mainly ferromagnetic order-
ing at low temperatures, while below x =60, spin-glass
behavior was observed. Magnetic hyperfine fields, and
hence effective magnetic moments, increase monotonical-
ly with Fe concentration at about x =47. A very broad
magnetic hyperfine field distribution around x =60 indi-
cates a large magnetic inhomogt;neity in that region that
is responsible for the magnetic fluctuation.
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