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Abstract. The atomic scale structures of the ruthenium substituted metallic glasses
Fe83−xRuxB17 and Fe80−xRuxB20 have been studied by x-ray and neutron scattering. The addition
of up to 22% of ruthenium causes an≈5% increase in the first neighbour distance, while the co-
ordination number stays roughly constant around the valuen1 ≈ 12.5 ± 0.5. The evolution
in the shape of the first peak in the radial distribution function is consistent with the new atomic
correlations introduced by the addition of ruthenium. The higher real space resolution in the neutron
experiments allows the first neighbour transition metal–boron correlations to be identified. The
substitution of the larger transition metal causes little change in the structural order in these glasses,
which are confirmed to be suitable candidates for the study of collinear and non-collinear magnetic
structures in ferromagnetic metallic glasses. The variation of the magnetization of these glasses
with composition can be described in an empirical way or in the context of percolation theory.
Neither model requires the presence of non-collinear moments. According to the latter description
the magnetizationM appears to have a power law dependence on compositionM = (x − xc)β .
The magnitude ofβ = 0.39 is close to the expected value, although the critical concentration
xc = 0.595 is much greater than the values predicted by percolation theory.

1. Introduction

The transition metal–metalloid (TM–met) metallic glasses which contain iron, cobalt or
nickel and one or more of the metalloids (B, Si, P) normally have compositions close to
a eutectic (e.g. Fe83B17). They generally exhibit soft ferromagnetic properties and are the
subject of considerable scientific interest and of applications in a variety of devices, including
transformers, sensors, magnetic tags and recorder heads.

The glass forming ranges of these alloys are broadened by the addition of a second
transition metal or a second metalloid to the parent eutectic alloy. The magnetic properties
of these quasi-binary TM–met glasses have been extensively studied, in the search for the
optimized samples for technological applications. The variations of the average magnetic
moment and the Curie temperature with composition follow the same trends as in binary
crystalline TM alloys (see figure 2 of [1]). The rapid reduction in magnetic moment when
a second transition metal is substituted into Fe80met20 or Co80met20, for example, has been
attributed to simple dilution effects or alternatively to an antiferromagnetic alignment of a large
(free atom size) magnetic moment on the substituted atoms. The very soft magnetic properties
of these glasses were originally attributed to genuine collinear ferromagnetic structures, but
more recently evidence has emerged from a range of different measurements (see [2], [3] and
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references therein) to suggest that non-collinear arrangements of the magnetic moments are
present.

Neutron scattering measurements with polarization of the incident and scattered beams in
which four spin dependent scattering cross sections are measured [4] provide the most direct
way of searching for non-collinear magnetic structures [2, 5, 6]. In one standard configuration
[4] the neutron polarization (and also the magnetic field applied to the sample) are perpendicular
to the scattering plane. In this case, the neutronspin-flipcross sections (see [2, 4, 6]) contain
information ontransversecomponents of the magnetic moments within the scattering plane
and thenon-spin-flipcross sections contain information about thecollinearcomponents along
the field direction. The equations describing the scattering cross sections in terms of the spin
componentsSx , Sy , Sz are given in [4, 6]. We have established unequivocal evidence for
the presence of non-collinear magnetic structures in the archetypal Fe83B17 glass using this
technique [5]. We have also shown that (FexNi1−x)78B12Si10 glasses exhibit complex magnetic
structures in which the nickel atoms carry magnetic moments comparable to those on the iron
atoms, but which are randomly orientated and do not contribute to the net moment when a
magnetic field is applied [2].

Going beyond the first row of the transition metals, Fe80−xRuxB20 metallic glasses with
compositions 06 x 6 22 exhibit interesting changes in magnetic behaviour [7, 8]. They are
ferromagnetic forx = 0 to x ≈ 16 and for 166 x 6 19 they are re-entrant spin glasses.
Alloys with x = 20 to 22 transform on cooling from the paramagnetic state directly into a
phase with spin-glass-like behaviour. Thus the rapid decline of magnetic moment with the
addition of ruthenium and the disorder in the directions of the magnetic moments in the spin
glass phases [7, 8] suggested that these would be good candidates in the search for non-collinear
ferromagnetic structures. We recently made polarized beam neutron measurements on a series
of three samples of Fe80−xRuxB20 metallic glasses withx = 0, 10 and 18% [6]. The presence of
the non-collinear structures in Fe80B20 was confirmed, but surprisingly non-collinear structures
were absent from the two ruthenium substituted samples.

The presence of non-collinear magnetic structures in metallic glasses has stimulated
considerable theoretical interest and the development of sophisticated electron band theory
calculations (e.g. [9]). The predictions of these calculations are so detailed that there may be
few experimental methods which can test them effectively. These theoretical advances make it
imperative that the structures and homogeneity of the ferromagnetic metallic glasses are tested
most rigorously, so that the non-collinear ferromagnetism is shown to be an intrinsic property
and not a result of some unforeseen defects in the samples. This has been the purpose of the
present study. A series of seven Fe83−xRuxB17 metallic glass samples has been studied by x-ray
scattering and a further three Fe80−xRuxB20 samples by x-ray and neutron scattering methods.
The visibility of the boron is improved by a factor of about nine in the neutron experiments. In
addition, the iron atoms scatter more strongly than ruthenium by a factor of 1.7:1, in contrast
to the x-ray case, where the ratio is 2.9:1 in the opposite sense. The time-of-flight neutron
experiments also provide substantially improved resolution in real space.

2. Sample preparation, experimental method and data analysis

Three large samples of Fe80−xRuxB20 metallic glasses with compositionx = 0, 10 and 18%
were prepared for polarized beam neutron scattering experiments on the IN20 instrument at the
Institute Laue Langevin. A second series of seven Fe83−xRuxB17 samples with compositions
x = 0, 5, 10, 15, 18, 20 and 22% was prepared for a detailed investigation of their glassy
structures, as these had not been examined in the studies of their magnetic properties made
elsewhere [7, 8].
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Spectrographically pure iron rod (99.98%), ruthenium sponge (99.9%) and boron
crystalline pieces (99.7%) were supplied by Aldrich Chemicals Ltd. Isotopically enriched
boron was not used as it may cause problems with the viscosity of the melt, possibly by
contaminants. Appropriate quantities of the elements were melted and thoroughly mixed
in an argon arc furnace. The resulting master ingot of 20 g was divided into four pieces
which were each melt-spun in helium atmosphere onto a steel wheel. The metallic glass
ribbon produced was≈1 mm wide and≈25µm thick. X-ray samples were made by winding
this ribbon onto the usual aluminium holder to obtain a flat surface in reflection geometry,
with the ribbon direction along the incident beam. The x-ray measurements were performed
using a Philips PW1050 vertical diffractometer with molybdenum Kα radiationλ = 0.711 Å
and a curved crystal monochromator. A standard scan of 18 h was used which covered
scattering angles 5◦ < 2θ < 160◦ in two stages and an equivalent background run was
made. The total structure factorsS(Q) were derived from the absolute scattered intensities,
using an average value of the normalization constants from different established methods
[10].

The S(Q) curves for the three Fe80−xRuxB20 samples and for the seven Fe83−xRuxB17

samples are shown at the top and bottom of figure 1 respectively. The forms of these total
S(Q) curves confirm that the ten different (FeRu)B samples are genuine metallic glasses. They
exhibit all the classic features of theS(Q) of metallic glasses, namely a sharp first peak, which
here lies in the range 3.03< Q1 < 3.11 Å−1; a second peak with the characteristic shoulder
on its largeQ side and further oscillations about unity toQ ≈ 14 Å−1. The full width at half
maximum (FWHM) of the first peak is1Q ≈ 0.56 Å−1 for all the samples, which corresponds
to a ‘range of structural variations’rs ≈ 2π/1Q ≈ 11 Å. Table 1 gives some parameters from
theS(Q) curves shown in figure 1. They show that the width of the first peak remains sensibly
constant and the change of its position with composition is consistent with the introduction
of the larger ruthenium atoms. In fact, all theS(Q) curves superimpose quite well, which
suggests that any systematic differences in their form are probably lost in statistical noise of
the data points.

The similarity between theS(Q) can be explained by considering the (FeRu)B glasses
as pseudo-binary〈TM〉–B, where〈TM〉 means the average of the transition metals iron and
ruthenium.S(Q) can then be expressed in terms of the partial structure factors

S(Q) = ω〈TM〉〈TM〉S〈TM〉〈TM〉(Q) + ω〈TM〉BS〈TM〉B(Q) + ωBBSBB(Q) (1)

where theωij weighting factors [15] are given by

ω〈TM〉〈TM〉 =
x2φ2

〈TM〉
〈φ〉2 ω〈TM〉B = 2x(1− x)φ〈TM〉φB

〈φ〉2 ωBB = (1− x)2φ2
B

〈φ〉2 .

φ is the scattering amplitude whose average value is〈φ〉 = xφ〈TM〉 + (1−x)φB with x, (1−x)
the atomic concentrations. Evaluating equation (1) withφ equal to the atomic scattering factor
f (Q) gives for the parent Fe83B17

S(Q) = 0.926SFeFe(Q) + 0.073SFeB(Q) + 0.001SBB(Q)

and for the glass with the most ruthenium Fe61Ru22B17

S(Q) = 0.937S〈TM〉〈TM〉(Q) + 0.062S〈TM〉B(Q) + 0.001SBB(Q).

These equations are valid in the limitQ = 0. They show that theωij change by only≈1%, so
that theS(Q)) are expected to be similar across the composition range studied.

Planar samples for neutron diffraction were wound on flat frames with brass sides and
steel wire stretchers (30 mm× 25 mm) originally designed for the IN20 experiments. The
measurements were performed in transmission geometry on the Liquid and Amorphous
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Figure 1. The total structure factorsS(Q) of the three Fe80−xRuxB20 metallic glasses (a)–(c) and
of the seven Fe83−xRuxB17 metallic glasses (d)–(j) obtained by x-ray diffraction are given. The
identification of the compositions (a)–(j) is the same as in tables 1 and 2.

Diffractometer (LAD) at the ISIS facility at Rutherford Appleton Laboratory [11]. The samples
were supported on a brass frame with suitable cadmium shields and the ribbon direction was
vertical. Scan times of approximately 3 h per sample were used and a vanadium calibration and
a background scan were also made. The raw time-of-flight data were reduced and corrected for
sample and instrumental factors using the ATLAS suite of programs [12]. The totalS(Q) for
each sample was obtained by merging the data from the different detectors, excluding those at
5 and 90◦, for reasons of difficult Placzek corrections and sample shielding respectively. The
I (0), I (∞), normalization method was used. The resulting curves for the three glasses are
shown in figure 2 and their parameters are given in table 2. They exhibit the same characteristic
features as the curves in figure 1 described above. They are of excellent statistical quality
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Table 1. The positions of the first, second and second peak shoulder in the total structure factors of
the (FeRu)B metallic glasses are given together with the width of the first peak. The identification
of the compositions (a)–(m) is the same as in figures 1–4.

Position of peaks inS(Q) (Å−1) (±0.05)
Glass
composition Q1 Q2 Q2S 1Q

With x-rays
Fe80B20 (a) 3.14 5.30 6.21 0.56
Fe70Ru10B20 (b) 3.16 5.27 6.21 0.57
Fe62Ru18B20 (c) 3.12 5.25 5.92 0.59
Fe83B17 (d) 3.11 5.26 6.23 0.55
Fe78Ru5B17 (e) 3.09 5.23 6.23 0.56
Fe73Ru10B17 (f) 3.11 5.31 6.06 0.56
Fe68Ru15B17 (g) 3.03 5.20 5.94 0.57
Fe65Ru18B17 (h) 3.09 5.25 6.06 0.56
Fe63Ru20B17 (i) 3.07 5.23 5.94 0.55
Fe61Ru22B17 (j) 3.07 5.26 5.94 0.55
With neutrons
Fe80B20 (k) 3.14 5.28 6.08 0.55
Fe70Ru10B20 (l) 3.13 5.21 6.01 0.55
Fe62Ru18B20 (m) 3.09 5.22 6.02 0.55

Figure 2. The total structure factorsS(Q) of the three Fe80−xRuxB20 metallic glasses (k)–(m)
obtained by neutron diffraction are given. Eight oscillations inS(Q) can be seen by viewing the
figure obliquely. The identification of the three compositions is the same as in tables 1 and 2.

(recalling that each neutron scan took just 3 h), so that the eighth oscillation inS(Q) at
Q ≈ 21 Å−1 is just visible with careful scrutiny. The accuracy of the levelS(Q) ≡ 1
beyondQ ≈ 25 Å−1 is a tribute to the correctness of the data analysis. Some systematic
differences can be seen between these better defined curves. The base of the first peak is
broadest for the parent Fe80B20 glass, although the FWHM is the same for the three samples,
1Q ≈ 0.55 Å−1.
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Table 2. The positions of the peaks and their ratios in the reduced RDFsG(r) of the (FeRu)B
metallic glasses are given, together with the co-ordination numbern1 obtained from the RDF.
The values ofn1 in brackets refer to the transition metal–boron first neighbour correlations. The
identification of the compositions (a)–(m) is the same as in figures 1–4.

Peak positions fromG(r) (Å) (±0.05)
and peak ratios (±0.02)

Glass n1 (±0.02)
composition r ′1 r1 r2/r1 r2S/r1 〈rG1 〉 from RDF

With x-rays
Fe80B20 (a) 2.54 1.68 1.95 2.50 12.2
Fe70Ru10B20 (b) 2.57 1.64 1.91 2.52 12.1
Fe62Ru18B20 (c) 2.58 1.72 1.95 2.54 11.9
Fe83B17 (d) 2.51 1.69 1.93 2.51 12.5
Fe78Ru5B17 (e) 2.56 1.70 1.90 2.52 12.5
Fe73Ru10B17 (f) 2.58 1.69 — 2.53 12.4
Fe68Ru15B17 (g) 2.59 1.70 1.91 2.54 12.2
Fe65Ru18B17 (h) 2.60 1.70 — 2.54 12.2
Fe63Ru20B17 (i) 2.61 1.69 — 2.55 12.3
Fe61Ru22B17 (j) 2.62 1.67 — 2.55 12.5

With neutrons
Fe80B20 (k) 2.14 2.57 1.64 1.91 2.44 (1.6) 11.3
Fe70Ru10B20 (l) 2.14 2.57 1.63 1.95 2.46 (1.8) 11.9
Fe62Ru18B20 (m) 2.15 2.58 1.67 1.94 2.47 (1.9) 11.5

3. The structures of (FeRu)B metallic glasses

The reduced RDFG(r) for each glass was obtained from the Fourier transform of the x-ray
S(Q) shown in figure 1

G(r) = 4πr[ρ(r)− ρ0] = 2

π

∫ Qmax

0
Q[S(Q)− 1]M(Q) sin(Qr) dQ

which was evaluated with the modification functionM(Q) proposed by Lorch [13]. These
G(r) curves, which are all very similar in form [14], will not be presented here. The positions
of the first peak are in the range 2.50< r1 < 2.63 Å, see table 2, so the addition of 22% of
ruthenium to the Fe83B17 glass produces only a≈5% increase in the first neighbour distance.
The ratios of the positions of the first peak to the second and to its shoulder fall within the
usually accepted ranges 1.67–1.70 and 1.90–1.93. The neighbour distancesrn are best obtained
from the reduced RDFG(r) because it lacks the parabolic background of the RDF from which
the co-ordination numbern1 is obtained.

RDF(r) = 4πr2ρ(r) = rG(r) + 4πr2ρ0.

The RDFs derived from the x-ray data on the seven Fe83−xRuxB17 glasses are shown in figure 3.
The values ofn1 which were obtained by integrating the area of the first peak up to the minimum
atr ≈ 3.2 Å are given in table 2 and they do not change significantly fromn1 ≈ 12.5±0.5 over
the composition range studied. However a detailed examination of figure 3 shows there are
slight changes to theshapeof the first peak in the RDF with composition which are attributable
to the new neighbour distances to the ruthenium atoms. The RDF may be written as the sum
of partial pair correlation functionsρij (r)

RDF(r) = 4πr2
∑
i,j

ωijρij (r)
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Figure 3. The RDFs of the seven Fe83−xRuxB17 metallic glasses (identified (d)–(j) obtained by
x-ray diffraction are given. The vertical bars are designed to give a visual indication of the following
pair correlations: A= Fe–B; B=Ru–B; C= Fe–Fe; D= Fe–Ru and E=Ru–Ru in the first peak.
(The x-ray equivalent data for the three Fe80−xRuxB20 samples have been presented elsewhere [14]
to avoid repetition.)

with the same weighting functionsωij defined above. Thus for Fe83B17, the RDF may be
written, in ascending order of first neighbour distances,

RDF(r) = 4πr2(0.001ρBB(r) + 0.073ρFeB(r) + 0.926ρFeFe(r)).

If the (FeRu)B glasses are considered as true ternary alloys, they have six partial pair
correlations so that the RDF for Fe78Ru5B17 becomes

RDF(r) = 4πr2(0.001ρBB(r) + 0.063ρFeB(r) + 0.007ρRuB(r) + 0.765ρFeFe(r)

+ 0.164ρFeRu(r) + 0.009ρRuRu(r)).

Figure 4 shows how the changing shape of the first peak in RDFs can be interpreted in terms of
these summations. The vertical bars represent the following first neighbour pair correlations:
A = Fe–B; B= Ru–B; C= Fe–Fe; D= Fe–Ru and E= Ru–Ru and are designed to give
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Figure 4. The RDFs of the three Fe80−xRuxB20 metallic glasses (identified (k)–(m) obtained by
neutron diffraction are given. The vertical bars A–E represent the same partial pair correlations as
in figure 3.

a visual indication of the contribution of each to the first peak. Their radial positions are
derived from the Goldschmidt radii for the metalsrGFe = 1.27 Å, rGRu = 1.34 Å and the
tetrahedral covalent radius of boronrTB = 0.88 Å, to giverFeB = 2.15 Å; rRuB = 2.22 Å;
rFeFe = 2.54 Å; rFeRu = 2.61 Å andrRuRu = 2.68 Å. For the glass Fe61Ru22B17 at the
limit of the composition range studied here, table 3 shows that the Fe–Ru correlations have
the highest weighting. Together with the Ru–Ru correlations they account for approximately
60% of the first neighbour peak and they shift it to higher radial distances. The weighting
factorsωij can also be used to calculate the effective first neighbour distance from the pair
distances given above. Here the weighting factors are important since both thepresenceand
the visibility of each pair correlation must be taken into account. These calculated values
〈rG1 〉 are given in table 2 and they are all just slightly smaller than the values ofr1 derived
from the experimentalG(r). Finally, note that drawing the heights of the vertical bars in
proportion to the weighting factorsωij strictly implies that the occupation of the first neighbour
shell is random. It would be necessary to evaluate the partial pair correlation functions to
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Table 3. Examples of the weighting factorsωij for the partial structure factors (and for the partial
pair correlation functions) are given for the parent, binary FeB glasses and for selected ternary
(FeRu)B glasses. They are presented in ascending order of first neighbour distances.

Weighting factorsωij
Glass
composition ωBB ωFeB ωRuB ωFeFe ωFeRu ωRuRu

With x-rays
Fe83B17 (d) 0.001 0.073 — 0.926 — —
Fe78Ru5B17 (e) 0.001 0.063 0.007 0.765 0.164 0.009
Fe61Ru22B17 (j) 0.001 0.039 0.024 0.361 0.441 0.135

With neutrons
Fe80B20 (k) 0.015 0.216 — 0.769 — —
Fe70Ru10B20 (l) 0.016 0.199 0.022 0.622 0.134 0.007
Fe62Ru18B20 (m) 0.017 0.185 0.040 0.510 0.224 0.025

establish whether there were any special correlations between the iron and the ruthenium
atoms.

A similar analysis has also been made of the RDFs of the three Fe80−xRuxB20 obtained
from the neutron data shown in figure 4, where theωij weighting factors have been evaluated
with φ = b, the nuclear scattering length. Table 3 shows that for the two parent binary glasses,
the weighting factorωFeB is about three times larger with neutrons than with x-rays. Also the
visibility of the ruthenium atoms is much reduced with neutrons so that the combined value
of ωFeB andωRuB for the Fe62Ru18B20 glass are commensurate withωFeRu. The improved
real space resolution is important in determining the shape of the first peak in figure 4. The
theoretical resolution in these diffraction experiments is1r = 2π/Qmax but the real figure
will be slightly larger because of the Lorch modification function used for both x-ray and
neutron data. The effectiveQmax will relate to the point inS(Q) beyond which there is little
information content in the function. Thus taking valuesQmax ≈ 12 Å−1 andQmax ≈ 25 Å−1

gives1r ≈ 0.52 Å and1r ≈ 0.25 Å for the x-ray and neutron data respectively.
A separate sub-peak can therefore be seen on the lowr side of the first peak in the RDFs of

figure 4 for all three samples, which can be identified with the Fe–B and Ru–B first neighbour
correlations from the first neighbour distances given above. A partial co-ordination number
can be obtained on the assumption that this peak is symmetrical about its maximum, and this
yields the valuesn〈TM〉B = 1.6–1.9 given in brackets in table 2. Thesen〈TM〉B are in reasonable
agreement with similar values obtained elsewhere [16, 17]. The total co-ordination number
obtained by integrating the whole of the first peak up to a distance ofr = 3.2 Å has values
n1 = 11.3–11.9. These are slightly smaller than the values obtained with x-rays and this is
probably due to the better definition of the first minimum in the RDF. Note that it is not feasible
to determine partial co-ordination number for the transition metal atoms from thedifference
betweenn1 andn〈TM〉B , because the remainder of the first peak cannot be uniquely identified
with 〈TM〉 correlations [2]. An unusual feature of the three RDFs shown in figure 4 is that the
first minimum is not well developed for the parent Fe80B20. It is likely that the broadening at
the base of the first peak of theS(Q) for the Fe80B20 glass, referred to above, is responsible
for this. Certainly the amplitudes of the first peak and the first minimum of the two ruthenium
substituted glasses are in better accord with the amplitudes observed by Sváb et al [16] in
similar high resolution neutron measurements on Fe81B19 metallic glass. However the lack
of spurious ripple in theG(r) of the Fe80B20 glass [14], and the fact that its co-ordination
number is similar to the other two compositions, suggest that the derivation of itsS(Q) must
be substantially correct.
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4. Structural and magnetic properties of (FeRu)B metallic glasses

TheS(Q) and RDF curves presented here contain all the classic and established features which
show that the (FeRu)B samples are good metallic glasses. The x-ray and neutron measurements
demonstrate that addition of up to 22% ruthenium to the eutectic alloy Fe83B17 alloy, and up
to 18% ruthenium to the Fe80B20 composition, does not cause anyabruptstructural changes
in the two series of glasses studied.

On the other hand, the value of the net magnetic moment derived from magnetization
measurements falls slowly at first and then more rapidly with the addition of ruthenium to
Fe80B20glass [8] and this is also mirrored in the variation of Curie temperature with composition
[7]. The net magnetic moment per transition metalµ〈TM〉 obtained from [8] is shown in the top
part of figure 5. This variation cannot be described by a simple dilution withµRu = 0 alone,

µ〈TM〉 = (80− x)µFe + xµRu
80

⇒
(
1− x

80

)
µFe

which is shown by the dashed line in the figure. However, if the magnetic moment on the iron
falls according to the fraction (e.g. [18]) of first neighbour iron atoms,

µ
eff

Fe ∝
(80− x)µ80

Fe

80
then the inclusion of this extra term describes the initial slow decrease ofµ〈TM〉,

µ〈TM〉 =
(
1− x

80

)2
µFe

as shown by the dash–dot line in figure 5. However it would be necessary to make an additional
assumption that an (increasing) fraction (1−K) of these magnetic moments are antiferromag-
netically aligned with respect to the majority (K), to describe the precipitous fall inµ〈TM〉
beyond 15% ruthenium so that

µ〈TM〉 =
(
1− x

80

)2
(2K − 1)µFe.

The values ofK can be found from the ‘expected’ and actual values ofµ〈TM〉. The fraction
of these antiferromagnetically aligned magnetic moments is zero for glasses with less than
15% ruthenium and then (1−K) increases monotonically from 0.12 for the Fe62Ru18B20 glass
to 0.38 for the Fe58Ru22B20 sample [14] and this is depicted by the solid line in the figure.
Note that the presence of these antiferromagnetically aligned moments cannot stimulate the
presence of a non-collinear state, as this is excluded on the basis of the polarized beam neutron
measurements [6]. The values of (1−K) obtained do not appear to depend on the fraction of
iron first neighbours. Naturally, by this third stage of the model, there must be a number of
equivalent combinations of similar parameters which would produce the same degree of fit so
the model cannot be taken as definitive.

An alternative to this increasingly arbitrary description is to consider that the ternary
(FeRu)B glasses are based on a notional amorphous iron a-Fe100, whose atomic sites are
diluted by the addition of the non-magnetic elements ruthenium and boron. The (FeRu)B
glasses can then be considered in terms of site percolation, in which ferromagnetism will
appear at a critical concentrationxc of the iron atoms and the magnetizationM will increase
with composition according to a power law,M = (x − xc)β [19]. In this case it is best to
consider the average magnetic moment per atom (or site)〈µ〉 which is directly related to the
saturation magnetizationM = N〈µ〉. Thus, neglecting the data point for the Fe58Ru22B20

sample which is in the spin glass regime, the data were replotted as shown in the lower part of
figure 5 and fitted on a trial and error basis. This gave the curve〈µ〉 = 3.00(x− xc)0.39 shown
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Figure 5. The variation of magnetic moment with composition for Fe80−xRuxB20 metallic glasses
is given (after [8]). The top figure shows the reduction of the average magnetic moment on the
transition metal atoms〈µTM 〉 with the addition of ruthenium and the lines indicate the predictions
of the models discussed in the text. The bottom figure depicts the onset of ferromagnetism and the
variation of average magnetic moment per atom〈µ〉 described by percolation theory.

as a solid line in the figure. The value ofβ = 0.39 is very close to the expected one (0.41) for a
three dimensional structure [19] although the critical concentrationxc = 0.595 is much greater
than expected for either a close packed crystalline structurexc ≈ 0.195 [19] or an amorphous
arrayxc ≈ 0.27 [20]. It has been suggested [8] that other ternary metallic glass systems
which have similarly large values ofxc, such as (FeMn)–met glasses withxc ≈ 0.65 [21] and
(FexCo100−x)By glasses withxc ≈ 0.60 [22] may have ferromagnetic and antiferromagnetic
interactions. However the curve in the lower part of figure 5 gives a very satisfactory fit to the
data points based on a simple dilution of a ferromagnetic species with no prior assumptions
as to the moment values and no necessity to invoke the presence of non collinear magnetic
structures. The curve fortuitously extrapolates to〈µ〉 = 2.11µB in the limit x = 1.0, which
is within 4% of the magnetic moment of metallic iron.
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5. Conclusions

The conclusions of this study are that the (FeRu)B samples are well behaved metallic glasses
whoseS(Q) and RDF curves exhibit all the established features. The numerical data presented
in tables 1 and 2 show that the glass structures vary in a regular manner with composition. The
ferromagnetic phase appears at a high ruthenium concentration and the values of magnetic
moment follow a concentration dependence predicted by percolation theory. Despite the
presence of disorder in the directions of the magnetic moments which is intrinsic in the spin
glass and re-entrant spin glass phases, our neutron experiments with polarized beams have
found no evidence of non-collinear magnetic structures in the Fe70Ru10B20 and Fe62Ru18B20

samples studied [6]. It will clearly be of interest now to investigate a new series of samples with
low concentrations of ruthenium, to establish how rapidly the non-collinear magnetic structure
in the parent binary glasses is suppressed. It will also be worthwhile to study glasses with
higher ruthenium concentrations using neutron small angle scattering, to look for magnetic
correlations on longer length scales than those accessible in the experiments performed to date.
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