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Abstract. The phenomenon of ‘moment canting’, where the atomic moments in a soft magnetic
material do not completely align with an applied field of substantial magnitude, has been
measured os a function of field in field annealed FesgSigB 3 metallic glass ribbons. Probability
distributions for the Fe moment directions were deduced from unpolarized S7Fe Mbossbauer
experiments. A method of analysis was devised to account for spectral saturation effects, and
validated with reference to polycrystalline o-Fe. Fields of up to 0.5 T were applied at room
temperature in the ribbon plane. Even in 0.5 T the in-plane moroent canting did not fall to zero,
with the standard deviation of the Gaussian spread in moment directions remaining at 12° @ 1°,
Fields of up to 9 T were applied at 4.2 K, normal to the ribbon plane. Even in 9 T appreciable
canting was observed, with a Gaussian standard deviation of 11° &= 1° with respect to the applied
field direction. An a priori ‘combed hair® model was developed to describe the moment canting
that would result from the presence of a few frustrated exchange interactions between some
magnetic atoms. Long-distance moment canting was predicted, with a truncated inverse sine
probability distribution. The data were found to be adequately described using this model.

1. Introduction

The issue of moment canting in metallic glasses is of considerable interest from a
fundamental viewpoint, and also with respect to the applicability of these materials in
modern transducer and sensor devices. Over the last few years a body of evidence has
been amassed from polarized neutron scattering [1,2], magnetostriction [3, 4], high-field
magnetization [5], and Md&ssbauer spectroscopy [6—8] experiments which supports the
conclusion that in some nominally ferromagnetic amorphous alloys the atomic moments
are not collinear in the presence of an applied field. The most surprising aspect of this non-
collinear state is that it appears to persist in applied fields well in excess of the technical
saturation field of the alloys concerned. An example of this is the metallic glass Fe;gSisB13,
which has a technical saturation field at room temperature of the order of 25 mT, but which
shows a continuing increase in magnetization, and therefore a lack of absolute saturation,
even in pulsed magnetic ficlds as high as 120 T [5].

The observation of moment canting effects in such large fields indicates that the
determining factors are related to the strong exchange interactions between magnetic ions,
In the last few years several anthors have considered theoretical and numerical models

fi Present address: Physics Department, Technical University of Denmark, DK-2800 Lyngby, Denmark,

0953-8984/95/499571+23519.50 (© 1995 10P Publishing Ltd ) 9571



9572 O A Pankhurst et al

aimed at establishing the mechanics of the moment canting [9-12], as well as the nature
of the magnetic ground state of these alloys [13, 14], based on some sort of exchange-
mediated behaviour. Most of these models postulate that the local exchange experienced
by the atomic moments can vary in both magnitude and sign, and that as a consequence the
moment correlation length can be drastically reduced in localized regions in the material.

To date there have been few studies of moment canting which have made quantitative,
ag well as qualitative, assessments of the systematic applied-field-dependent characteristics
of the moment canting. This is the goal of our work. We report here on unpolarized
Massbauer effect measurements, and later we will report on polarized Mossbauner effect
measurements [15]. The experimental results will be discussed with reference to a disturbed
exchange model of moment canting which exfends earlier theoretical concepts to provide a
new guantitative description for the shape of the moment canting probability distribution.

In this paper we describe a systematic series of measurements using Mdssbauver
spectroscopy to probe the atomic moment distributions in post-production treated FeqssSigB1s
ribbons. We describe the results of experiments in two distinct geometries: one with
moderate fields (up to 500 mT) applied in-plane, and a second with large fields (up to 9 T)
applied normal to the plane. The validity and [imitations of the unpolarized Mdssbauer
technique for the measurement of moment canting is critically assessed and discussed.
A new ‘combed hair' disturbed exchange model of moment canting is presented, and
experimentally observable guantities derived. These are then compared with the measured
data, and conclusions drawn regarding the nature of moment canting in Fe73SigBi3.

2. Experimental details

2.1. Sample preparation

The FezSigB,3 samples in this study were cut from a 25 pm thick roll of commercially
available source material, METGLAS® 2605-52. Data were recorded from samples in
either their ‘as received’ state, or in the post-production treated ‘stress relieved’ or ‘field
annealed” states. Details of the specimen dimensions and post-production treatments are
given in table 1. Since throughout this paper we will refer, wherever relevant, to previous
work on these Fe;3SigB s ribbon specimens [8, 16-20], details of the full range of related
samples are included in table I.

Details of the field annealing processes are as follows. First the individual samples were
sandwiched between a pair of flat-faced aluminium plates and placed between the poles of
a four inch electromagnet. The magnetic field was then applied, and the samples heated
using a hot-air gun. Temperatures were monitored from a thermocouple attached to one of
the plates. The plates were heated to 400°C (within ~ 3.5 min), and held constant within
=1 °C throughout the anneal. After a fixed time pericd, the hot-air gun heater was turned
off, but-the fan left on. The plate temperature fell below 100°C within four minutes, The
field was left on until the plate temperature dropped below 60 °C. The rectangular samples
were aligned by eye, within an accuracy of about £2°, with either their long axis (defined
ag the x axis) or their short axis, (the y axis) parallel to the applied field. Stress relieved
samples were prepared in the same manner, except that no field was applied during the
heating and cooling cycle.

For each set of samples, x-ray diffraction data were recorded from those that were
annealed for the longest time. Although we know from previous work that prolonged
annealing can give rise to the formation of surface crystallites, in none of the samples
discussed in this paper was there any evidence of crystallization.
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Table 1. Dimensions and post-production treatment details for the Fe73SigB 13 ribbon samples
used in this work and in relevant earlier work by the authors, Unless otherwise specified, the
samplecs were rectangular in shape. Abbreviations: AR for as-received, SR for stress refieved,
FA-x for field annealed along the long x axis of the sample, and FA-y for field annealed along
the short y axis of the sample.

Sample  Dimensions Treatment Reference
1 45 mmx25 mm AR [17,19)

2 45 mmx25 mm SR: 400°C, 40 min [17,19]

3 45 mmx25 mm FA-x: 0.4 T, 400°C, 40 min [17-19]

4 45 mmx25 mm FA-y: 0.4 T, 400°C, 40 min [17,19]

3 35 mmx17.5 mm SR: 400°C, 40 min [15}

6 35 mmx17.5 mm FA-x: 0.4 T, 400°C, 60 min®  [8,15)

7 33 mmx25 mm SR: 400°C, 20 min [201

8 35 mmx25 mm , FA-x: 0.4 T, 400°C, 10 min [203

9 35 mmx=25 mm FA-x: 0.4 T, 400°C, 20 min  This work + [20]
10 35 mmx25 mm FA-x: 0.4 T, 400°C, 60 min [20

1 19 mm diameter disc  FA: 0.4 T, 400°C, 20 min ‘This work

* There is a.typographicél error in [8] relating to the duration of the anneal.

2.2. Mdssbauer experiments

Maissbauer spectra were recorded using a 100 mCi unpolarized single-line *’CoRh source
of 14.4 keV 'Fe y-rays. A constant acceleration mode of operation was used, with the
source velocity following a triangular drive waveform. Spectra were recorded with a 576
channel mukti-channel analyser, and the spectra were folded to remove baseline curvature.
Calibration between channel and source velocity was with reference to an «-Fe foil at room
temperature. Each spectrum took approximately 24 h to collect.

The measurement of moment distributions in Fe-based metallic glass nbbons using *'Fe
Misssbauer spectroscopy is relatively straightforward. Tn a six-line >’ Fe Mussbauer spectrum
obtained from a magnetically ordered material, the relative area of the outer:middle:inner
_pairs of lines fall in the ratio 3:r:1, where r depends on the angle o between the absorbing
Fe atom’s moment 2, and the propagation direction of the y-ray beam (see figure 1). This
variation in r originates from the angular probability distributions of the radiative transitions
between the Fe atom’s nuclear sub-levels. In a metallic glass such as FeygSigB 3, there is a
distribution of moment directions, and therefore a distribution of contributions to ». It can
be shown that

r=4{sin* &)/ (1 + {cos® &)) (1)

where the angular brackets refer to the spatial averages of sin? & and cos® . From any single
Mdssbauver spectrum one can determine a value for the spatially averaged angle {«}, but if
detailed information about the distribution of moment directions is required it is advisable
to record a series of spectra, and analyse r as a function of the angle of incidence of the
y-ray beam [16]. ‘

For the in-plane applied field experiments described in section 3 a variable angle
geometry was employed, where the angle of incidence, 1, between the y-ray beam and
the normal to the ribbon plane was systematically varied. The variable angle geometry is
shown in figure I, which defines a co-ordinate system in which the x axis is parallel to the
long axis of the ribbon, the v axis is along the width. and the z axis is the normal to the
ribbon plane. For each sample spectra were recorded for y-ray propagation directions of -
¥ = 0°, 20°, 40° and 60° in both the xz and yz planes: a total of seven different spectra for
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Figure 1. The experimental geometry for the Mossbauer experiments, showing the angle ¥
between the incident y-ray beam and the normal to the ribbor plane (the z axis). Also defined
are the out-of-plane and in-plane polar angles # and v for any given atomic moment 2, and the
angle o between w and the y-ray beam.

each sample. The variation in 1 was achieved by mounting the ribbons on a swivel plate
which was free to rotate about an axis perpendicular to the y-ray beam. The ribbons were
mounted by sandwiching them between a lead mask (with a hole to allow the transmission
of the ¢-rays) and a perspex plate, taking care to minimize the possible application of stress
to the sample.

2.3. Applied-field geometrics

Two different applied field sources and geometries were employed: an electromagnet for
in-ribbon-plane fields of up to 500 mT, and a superconducting magnet for fields of up to
9 T directed normal to the ribbon plane.

X

Figure 2. A schematic diagram of the positioning of the rectangular FeSiB ribbon sample
between the poles of a four inch electromagnet relative to the direction of propagation of the
Mossbauer y-rays. Two series of spectra were recorded, both with the ribbon z axis at 0°, 20°,
40° and 60° to the Z axis. In the first series the ribbon y axis was kept parallel to the applied
field (the X axis) and the ribbon x axis was rotated in the Y Z plane. In the second series the
ribbon x axis was vertical (paraliel to the ¥ axis) and the ribbon y axis was rotated in the XZ
plane.

In-plane fields of 7 mT, 50 mT and 500 mT were applied to the ribbons using a four inch
electromagnet. A laboratory reference co-ordinate system is defined in figure 2, where the
X axis is horizontal and along the pole axis of the electromagnet, the ¥ axis is vertical, and
the Z axis is horizontal and along the y-ray beam. As the purpose of the experiment was
to observe the effect of an applied field directed perpendicular to the magnetic anisotropy
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induced by the anneal field (along the long axis of the ribbon, the x axis), the applied field
was directed as near as possible to the y axis. This was achieved exactly for the spectra
recorded with v in the xz plane: by placing the ribbon in the electromagnet with its y axis
paralle] to the X axis, the ribbon could be rotated about the y axis, with its x direction
moving in the ¥ Z plane (see figure 2). However, for v varying in the yz plane, the x
axis was kept parallel to the Y axis, and the ribbon rotated about the x axis. Although this
“successfully allowed the y direction to move in the XZ plane, it meant that the applied
field direction could no longer be assumed to be in-plane with respect to the ribbon. This
_ point will be discussed further in section 3, where it is shown that the high permeability of
the ribbons acts to moderate the applied field directions. This keeps the lines of magnetic
flux within the ribbon plane for the small 7 mT and 50 mT applied fields, although this is
no longer true for the 500 mT field.

For the normal-to-plane applied field experiments a 19 mm diameter disc was used.
This disc was placed in a stress-free plastic sample holder, and mounted in the centre of
a 10 T superconducting solencid. The ribbon was completely immersed in liquid helium,
and the applied field and y-rays were directed along the normal to the ribbon plane.

subsectionThe fitting procedure To derive the distribution of moment directions in a
metallic glass ribbon from its Mssbauer spectra, an appropriate fitting procedure must be
adopted. There are two main issues: (i) how to model the distribution in the Fe magnetic
hyperfine fields and incorporate the effect of non-zero electric quadrupole interactions, and
(if) how to cope with any saturation effects that may be present.

The Massbauer spectra of FeysSeBis (see figure 3) have broad absorption lines due to
the distribution in magnitude of the magnetic hyperfine field present at the 3Fe nuclei. The
magnitude of the hyperfine splitting reflects both the core electron polarization due to the
valence and conduction band electrons and the dipolar field contributions from neighbouring
magnetic atoms. The distribution of hyperfine fields, evident in the broad lines, results from
the variation in local environments experienced by the Fe atoms in the glassy alloy.

The manner in which one models this distribution in hyperfine fields (known colloquially
as the ‘P(H) distribution’) depends both on the system being studied, and the degree
of accuracy sought. One approach is to use a spectral lineshape that reflects the P(H)
distribution, as in the *Pearson VII’ model [21]. This model takes full account of
quadrupole interactions, no matter how large. It has the advantage of simplicity, but
provides little information on the P(H) distribution. There are two common methods for
P(H) measurements, the Window [22] and Hesse and Riibartsch [23] methods. Both make
no a priori assumptions about the nature of the distributions, and both assume that the
effect of any non-zero quadrupole interactions are small compared to the magnetic dipole
interactions. In many cases these are appropriate and advantageous assumptions, although
there are sometimes problems that arise due to the relatively unconstrained nature of the
analysis.

A fourth method of modelling the P(H) distribution is the Lines and Eibschiitz method
[24]. In this model the spectra are fitted wsing six Voigtian line profiles (Gaussian
distributions of Lorentzian lines) whose positions are constrained to be physically realizable.
The model incorporates experimentally fitted correlations between the electric monopole,
electric quadrupole and magnetic hyperfine parameters of the sample, making it more
realistic than either the Window or the Hesse and Riibartsch models. It should be noted
however that the Lines and Eibschiitz model is most appropriate in materials where the
quadrupole interaction is small compared to the magnetic splitting, and the spectral lines
are well separated from each other. This condition is satisfied in Fe;3SisB 5. Also, there is
an inherent assumption in the model that the P(H) distribution may be adequately described
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Figure 3. The room temperature Mdssbauer spectra of as-cast FergSisBi3 ribbons (sample 1)
in an in-plane applied field of 250 mT. The differences in the spectra observed as a function of
the number of layers, each 25 wm thick, stacked upon each other, are indicative of thickness
saturation effects. The solid lines result from a least-squares fit using a constrained set of six
Voigtian line profiles.

by a single-mode Gaussian distribution, and that there are no significant contributions from
e.g. low-field tails in the P(H) distribution.

The question of whether a single-mode P(H) distribution is a reasonable model for
FeqsSigBi3 requires consideration. In the 1980s there was some debate in the literature
following a report that Fe;38igB13 possessed a bi-modal P(H) distribution [25]. This
conclusion was challenged and shown to be atiributable to artefacts associated with the
Window method of P(H) analysis [26]. It was also argued that in a material such as
Fe75SipB 3, with only one transition metal present, there was no reason to expect any bi-
modality in the distribution [26]. To our knowledge there have been no further reports of
any low-field contributions of bi-modality in the P(H) distribution of Fes;38igB;s.

Nevertheless, we have tested this issue further by using a variation of the spectral
subtraction method of Vincze [27]. Two independent spectra were recorded in zero applied
field on a sample of field annealed FeysSigB13. The only difference between the two spectra
was that in one case the y-ray beam was inclined at an angle 4 = 40° in the xz plane,
and in the other case it was at 1 == 40° in the yz plane. The spectra differed only in the
relative areas of their second and fifth lines in accordance with equation (1). By scaling
the counts in one spectrum relative to the other, and then subtracting them, it is possible to
obtain a spectyum that reveals the shape of the second and fifth lines on their own. This
18 shown in figure 4. If there were any significant bi-modality or low-field contributions in



Amorphous FeSiB ribbons in applied fields 9577

the P(H) distribution, this would be evidenced by asymmetric or double-peaked lineshapes
in the subtracted spectrum. It is clear in figure 4 that this is not the case. We therefore
conclude that the P(H) distribution in FesgSigB3 is adequately described as a single-mode
Gaussian distribution, and in the remainder of this work we have chosen to use the Lines
and Eibschiitz fitting procedure.

x - Xy o
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-4 §x x ®
2 ¥ %
& x % ¥
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Figure 4. Difference spectrum obtained by subtracting two room temperature Mdssbauer spectra
of a field annealed ribbon of FeSigB )13 from each other. The two spectra were recorded in zero
applied ficld, with the incident y-ray beam oriented at 40° to the normal fo the ribbon, in the
xz and yz planes respectively. The difference spectrum shows only the second and fifth lines of
the hyperfine sextet, the areas of which respond to the distribution in moment directions. The
smooth shape of the lines reveals that the P(H) distribution in hyperfine fields in FersSieBis
has a single mode, with no significant bi-modality or low-field tail.

It may be noted in passing that the variation of the spectra subtraction method described
here is new, and that it overcomes some of the strongest criticisms of Vincze’s method that
have been raised in the past [28]. Specifically, it does not rely on comparing the data
from zero field and applied field runs, and therefore does not require that all the magnetic
moments in the sample are equally affected by the applied field. Another advantage is
that the two spectra used both had the same y-ray inclination angle and therefore were of
the same effective thickness. As discussed below, this means that saturation effects were
equivalent for the two spectra used in the subtraction. '

2.4. Correction for saturation effects

A series of Massbauer spectra obtained for 1, 2, 3, 4 and 6 layers of as-cast FeySisB3
ribbon (sample 1) are shown in figure 3. The ribbons were subject fo an in-plane field of
250 mT from a pair of NdFeB permanent magnets mounted on a rectangular steel frame,
and the y-ray beam was directed normal to the ribbon plane. Given that 250 mT is an order
of magnitude greater than the technical saturation field of Fe;3SigB)3, one would expect that
the atomic Fe moments would lie close to the applied field. However, there are substantial
casting stresses in as-cast ribbons, which lead to significant out-of-plane canting [17]. In
the spectra in figure 3 the angle (¢} in equation (1) is ~ 77°, with an area ratio 3:3.6:1 in
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the outer:middle:inner pairs of lines. As the thickness of the absorber increases the areas of
the lines become more equal. This is due to saturation. As the number of layers of ribbon
increases, the sample becomes so ‘thick” that the most intense absorption lines saturate as
all the y-rays corresponding to that energy are absorbed. The relative intensity of the less
probable nuclear transitions (e.g. the central two absorption lines) then appear to have an
enhanced absorption relative to the most intense lines.

A number of methods of varying complexity have been proposed to model saturation
effects. The most rigorous is the ‘ransmission integral’ method [29,30], where the
saturation effects are incorporated into the underlying description of the shape and area
of the absorption lines. However, this is a somewhat cumbersome approach, especially
when dealing with spectra containing distributions of hyperfine parameters. A simpler,
first-order approach is that of Shirley et @l [31], which in essence is 2 phenomenological
model of the effect of saturation, rather than the first-principles approach of the transmission
integral. In the Shirley et al model the sample is assigned an ‘effective thickness’ parameter,
T4. The increased linewidth of the observed absorption lines is then approximated by

[ =Tp(1 4+ 0.135z4) (2)

for 0 < 74 < 5, where I'g is the natural linewidth for an ideally thin absorber. Similarly
the reduced area of the absorption lines is approximated by

A =240(1 +0.1357,)[1 — exp(—Lt5) In(3Ta)) /14 3)

for 0 < 74 < 5, where Ig(%m) = Jo(-%im) is the zeroth-order Bessel function of imaginary
argument evaluated at %1:,4 [31].

The spectra in figure 3 were least-squares fitted using a computer program based on
the Lines and Eibschiitz P () model, incorporating Shirley et al corrections for saturation
effects. Each Voigtian profile was approximated by a Gaussian probability distribution of
natural linewidth Lorentzian lines, with neighbouring Lorentzians separated by 0.04 mm s~'.
All five spectra were simultaneously fitted so that the hyperfine parameters controlling the
Voigt profiles in each spectrum were identical. A global thickness parameter T4 was fitted,
and was scaled according to the number of ribbon layers for each spectrum: e.g. the effective
thickness of the single-layer spectrum was 7, while that of the six-layer spectrum was 67;.
The thickness was also scaled for each constituent Lorentzian line in the Voigt profile, so
that each Lorentzian had a specific 4 value, appropriate for use in equations {2) and (3),
agsociated with it. The best fit to the data yielded a global thickness parameter value of
7 = 33.5, which corresponds to a maximum thickness for an individual Lorentzian line
of T7%¢ = 2.4, which occurred for the six-layer spectrum. This is well within the validity
limits of the Shirley et al approximations. It is evident from the high quality of the fit (the
solid lines in figure 3) that the model is sufficiently flexible to describe the observed data.

2.5. A double Gaussian model for the distribution in Fe moment direction

From our earlier studies on the moment distributions in Fe;3S815B13, we have concluded that
an appropriate and physically realistic model for the distribution of moment direction is a
double Gaussian [19]. In this model the probability distribution is expressed as

Pu,v) = [1/@royon)]exp{~[(u — uo)*/207] = [(v — w)*/2071}  (4)
where # and v are the out-of-plane and in-plane pelar angles defining the directions of
each individual moment (see figure 1), and o, and o, are the Gaussian standard deviations

defining the spread in the orientation angles. The probability distribution is taken to be
centred on the direction (up, vp).
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By monitoring the Mossbauer area parameter r as a function of the polar and azimuthal
angles of incidence of the incoming y-rays, ¥ and @, it is possible to uniquely determine
the parameters ug, vy, o, and o, for the probability distribution [19]. For the coordinate
system shown in figure 1

sin? @ = 1 — cos® u sin® 3 (cos v cos @ + sin v sin ®)? — sin u cos® Y

—3 sin 24 sin 24 (cos v cos ¥ + sin v sin @) (5)
from which the spatial average may be expressed as
T /2 )
(sin’ o} = f f Plu, v)sin® o cos u dudv 6)
- -2

where dS2 = cosududv is the surface element in a unit sphere. It has proved to be
straightforward to write a computer program to numerically integrate equations (6) using
algorithms from the NAG subroutine library. An alternative means of solving the equations
has also been tested, where an equi-probable two-dimensional net in # and v is used. This
method involves the one-dimensional integration, in « and v respectively, of the Gaussian
distribution in equation (4) to obtain solutions involving the error function. Comparisons
have been made between the two programs, and agreement within 3-=1% has been achieved
using a 500 x 500 two-dimensional grid for the equi-probability method.

3. Response to in-plane fields up to 0.5 T

3.1. Control experiment in o-Fe

_ Before considering the applied-field data for the Fes3SipB s samples, it is instructive to first
test the fitting procedure outlined above on a relatively well-known system. For this purpose
we chose a 25 pm thick foil of pure polycrystalline «-Fe. Mossbauer spectra were recorded
with the foil mounted in the 250 mT permanent magnet frame. Representative spectra are
shown in figure 5. The spectra were fitted using Voigt profiles, including saturation effects.
The results obtained for the area ratio parameter r are shown in figure 6. These data
were then analysed using the double Gaussian moment distribution model. The parameters
obtained indicate that the moments were distributed about the applied field direction, with
an out-of-plane standard deviation ¢, = 6.0° £ 0.4° and an in-plane standard deviation
oy = 9.4° £ 0.6°. , ’

These are realistic results for polycrystalline «-Fe. The magnetocrystalline anisotropy
in a-Fe is rather large, K; ~ 5 x 10* J m~3, and on the basis of this alone one expects a
mean angle between the 250 mT field and the Fe moments ~ 2.5° [32], corresponding to
a Gaussian standard deviation ~ 2°. Adding the effect of any remanent internal stresses
or impurity pinning centres, it is reasonable to expect that the moment distribution would
have standard deviations of the order of those measured. In earlier polarized Mdossbauer
measurements on in-plane moment distributions in stress relieved a-Fe we measured a
mean angle between a 250 mT field and the Fe moments ~ 6°, corresponding to a Gaussian
deviation ~ 4.5° [8]. The slightly higher values obtained here may be attributed to the
different histories of the «-Fe samples used. .

3.2, FeSiB experiments

In earlier experiments on FeqgSigBy3 ribbons we have found that post-production treatment
has a major effect on the zero-field moment distribution [17, 19, 20]. For this work we have
- therefore chosen to concenirate on a well-characterized field annealed ribbon, one that was
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VARIABLE ANGLE: Fe FOIL IN 250 mT FIELD 1]
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Figare 5. The room temperature M&ssbauer spectra of a polycrystalline a-Fe foil subjected to
an in-plane applied field of 250 mT along its y axis, and oriented with its normal (z axis) at
4 = 0°, 20° and 40° refative to an incident y-ray beam in the yz-plane. The solid lines result

from a Jeast-squares fit using a constrained set of six Voigtian line profiles.
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Figure 6. The relative area r of the second and fifth lines in the Mdssbauer spectra of an «-Fe
foil in an applied field of 250 mT, as a function of the angle of inclination between the y-ray
beam and the normal to the foil plane. The solid lines result from a least-squares fit using a
double Gaussian moment distribution model.

annealed in a field of 0.4 T directed along the x axis for 20 min at 400°C. This sample is
denoted number 9 in table 1.
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Figure 7. The room temperature Missbauer spectra of sample 9, a FejgSisBi3 ribbon that was
field annealed to induce magnetic anisotropy along its x axis prior to the experiment. Spectra
are shown for (a) zero applied field and (b) an in-plane applied field of 50 mT directed along
the y axis. In both cases the ribbon was oriented with its normal (z axis) at ¥ = 0°, 20°, 40°
and 60° relative to an incident y-ray beam in the xz plane. The change in the areas of the
second and fifth lines reflects the reorientation of the Fe moments: away from the x axis in
(a), and towards the applied field in (&). The solid lines result from a least-squares fit using a
constrained set of six Voigtian line profiles.

Variable angle Massbauer spectra were fecorded both in zero field and with applied fields

of 7 mT, 50 mT and 500 mT directed as near as possible to the y axis. Representative
spectra for the zero field and 50 mT experiments are shown in figure 7. The results obtained
for the area ratio parameter  for all four runs are shown in figure 8, along with the fits
obtained using the double Gaussian model. The fitted parameters for the resultant moment
distributions are listed in table 2.

Table 2. OQut-of-plane {r,) and in-plane (o) standard deviations for a double Gaussian
distribution of moment directions, and the angles (ug and ) defining its central axis, for a
field annealed Fe;3SigB (3 ribbon as a function of applied field. The field annealing induced a
distribution centred on the ribbon's x axis {correspanding to g = 0°). The applied field was
directed along the y axis, corresponding to vy = 90°.

Applied field up v oy oy

None 0 0 4.6°4+05° 214°%20.3° -
7mT 0° 900 007405 12.1°x04°

50 mT o 90°  00°£05° 128°+04°

500 mT 00 9 " 0.0°+05° 11.9°%£0.9°
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Figure 8. The relative area r of the second and fifth lines in the Mossbauer spectra of sample 9,
a field annealed Fey3SipBi3 ribbon, subjected to in-plane applied fields of 0, 7 mT, 50 mT and
500 mT. The parameter is shown as a function of the angle of inclination between the y-ray
beam and the normal to the foil plane. The solid lines result from a least-squares fit using a
double Gaussian moment distribution model. The misfit apparent in the 500 mT graph is due
to the out-of-plane component of the applied field, and is discussed in the text.

Table 3. Parameters defining an inverse sine distribution of moment directions for field annealed
Feg3SieB13 ribbon as 2 function of applied magnetic field. The distribution is derived from the
‘combed hair’ model outlined in the text, defined in equation (10).

Applied field  |smin| Umax [vminl Vmax

None PE1° 240440 QPL1° 8P LE°
7 mT g°® Qen 0°£1° 57°45°
50 mT ge@ Qea 0°£ 15 48°%x5°
500 mT (1 Q=2 0°£1° 47°45°

2 Parameter fixed during fitting.

It is notable that for the 500 mT experiment the double Gaussian fit underestimated
the value of r for the data points at inclination angles 1y, = 20°, 40° and 60°. However,
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Figure 8. (Continued)

this is explicable as a result of the out-of-plane reorientation induced by the local magnetic
flux no longer being in-plane in those spectra. (The corresponding spectra for the lower
electromagnet fields of 7 mT and. 50 mT show no sign of out-of-plane reorientation,
indicating that in such low applied fields the magnetic flux is contained within the ribbon
plane.) For the 500 mT spectra it was found that the difference between the measured and
predicted values of » could be accounted for by allowing the symmetry axis of the double
Gaussian distribution to rotate out-of-plane. It was assumed that the out-of-plane inclination
angle g of the symmetry axis scaled with the magnitude of the normal-to-plane component
of the applied field. The dotied curve in figure 8 corresponds to up = 3.9°, 7.3° and 9.8°
for the yr,, = 20°, 40° and 60° spectra respectively.

On inspection of these data it is clear that the immediate effect of even the smallest
7 mT applied field is to collapse the moment distribution into the ribbon plane. However,
once the moments lie in the ribbon plane, the in-plane distribution in direction is remarkably
insensitive to the magnitude of applied field: the standard deviation is ~ 12° for all three
applied fields, 7 mT, 50 mT and 500 mT. This is an important clue to the origin of the
moment canting in FeysSiaBs, supporting the notion that it «is an intrinsic effect, some
form of natoral ‘barrier’. Later we will present a model of moment canting originating
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from frustrated exchange interactions between atoms (section 5). However, before that we
consider the response of the material to even larger applied fields, up to 9 T, and test the
degree to which the moment canting is impervious to applied field strength.

4. The response to normal-to-plane fields up to 9.0 T

4.1. The control experz‘r;wnr on o-Fe

In this section we consider the effect of the application of much larger magnetic fields
directed normal to the ribbon plane. Onee again it is instructive to test the experimental
procedure with reference to the behaviour of polycrystalline a-Fe. The spectra shown
in figure 9 were recorded with the «-Fe foil mounted inside either a 10 T or a 15 T
superconducting magnet. Two features are noticeable in the spectra. The relative area r
of the second and fifth lines in the six-line specira is large in fields up to ~ 2 T, then
falls to approximately zero in fields greater than ~ 3 T. Secondly, the magnitude of the
magnetic hyperfine splitting of the spectra, reflected most clearly in the velocity separation
of the first and sixth lines, is approximately constant in fields up to ~ 2 T, then begins to
decrease systematically as the applied fleld increases. Both these features are emphasized
in the graphs of r and hyperfine splitting as a function of applied field, shown in figure 10.

The change in the relative area r and in the magnetic splitting both convey information
about the moment distribution in the foil. As has been discussed already, the change in
r is related to the change in the angle o between the moments and the y-ray beam. The
change in magnetic splitting is also directly related to changes in &, since in this geometry
" the external applied field is parallel to the y-ray beam. The ‘effective’ magnetic field
experienced by an Fe atom in the foil is a vector sum:

Bysf = Biy + By + Bun 7

where By is the internal hyperfine field in «-Fe (of the order of 33.8 T at 4.2 K), By is the
applied field, and By, is the demagnetization field. Tt should be noted that the hyperfine
field in Fe is dominated by core electron polarization, and is actually antiparallel to the
Fe atomic moment. This therefore means that if the Fe atomic moments were completely
aligned by the applied field, one would expect to see a linear decrease in B,y as the applied
field increases. This explains the behaviour seen in applied fields above ~ 2 T in figure 10.

The demagnetization field is given by By, = —poNM, where N is the
‘demagnetization factor’ and M is the magnetization. For normal-to-plane magnetization
N = 1, while for in-plane magnetization N = 0. Thus, for the normal-to-plane applied field
experiment described here, the demagnetization field opposes the applied field. In fact the
demagnetization field directly cancels out the effect of the applied field, By, = —By, uanti}
the magnetization induced by the applied field reaches its technical saturation value, M;.
At higher applied fields the magnetization is effectively constant, and the demagnetization
field also remains constant. In a-Fe at 4.2 K, the field at which this transition takes place
corresponds to By = poM, = 2.18 T [32],

The predicted change in B.sr as a function of By compares very favourably with
the observed behaviour shown in figure 10. The effective field is constant up to By =
2.2 £ 0.1 T, after which it decreases roughly linearly with increasing applied field. The
mean gradient over the region from Bg =3 T to 13 T region is —0.97 4: 0,02, although on
careful inspection one finds that there is a slight curvature in the data, with the tangential
slope of the curve approaching the limiting value of —1 as the applied field increases. This
curvature is again understandable in terms of the approach to magnetic saturation in the
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Figure 9. The Muossbauer spectra of a polycrystalline or-Fe foil at 4.2 K subjected to normal-
to-plane applied fields of up to 13 T. The y-ray beam was directed parallel to the applied field.
Both the reduction’in relative area of the second and fifth absorption lines, and the decrease in
the splitting between the lines, are indicative of the Fe moments in the foil becoming aligned
with the applied field. The solid lines are the resuits of a least-squares fit using a constrained -
set of six Voigtian line profiles.
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foil, with the applied field competing against the magnetocrystalline and other anisotropies
in the o-Fe grains. More details on this approach to saturation are afforded by the data
on the relative area r as a function of field, which shows that up to By = 3 T there is
still an appreciable degree of resistance to the applied field, and that only for By =2 4 T
does r = O (within cxperimental error), indicating that the Fe atomic moments are then
completely collinear with the applied field.

Another notable feature in figure 10 is the enhancement in r for applied fields below
~ 2 T. At first sight this might seem unusual, as it indicates that the Fe moments are moving
away from the applied field, to be oriented more closely in the ribbon plane, perpendicular
to the applied field. However, such behaviour has been seen before in similar systems [33],
and is understandable if one accepts that there is inevitably some degree of misalignment
in the experiment, so that the applied field is not exactly normal to the o-Fe foil. Such
a misalignment will produce an in-plane component of applied field. Although this in-
plane component may be very small, the demagnetization field in the ribbon plane, as
discussed above, is zero, so that the response of the foil magnetization to this field is
uninhibited. Therefore, for applied fields up to the critical field of 2.18 T, a misalignment
will preferentially produce in-plane reorientation of the Fe moments. We have tested this
explanation of the cbserved enhancement in r by deliberately misaligning the ribbon-plane
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Figure 10. Data derived from the spectra of figure 8 for a polycrystalline a-Fe foil in normal-
to-plane fields of up to 13 T: {a) the relative area » of the second and fifth lines in the spectra,
and (b) the magnitude of the effective magnetic field experienced at the Fe nuclei, comprising
the vector sum of the hyperfine, applied and demagnetization fields acting in the foil. The solid
lines are a gnide o the eye only.

normal to be ~ 5° away from the applied field. As expected, the increaseinr for By < 2.2 T
was then larger than in the first set of data.

4.2, FeSiB experiments

Normal-to-plane applied field spectra of a field annealed FeygSigB 3 specimen, sample 11,
were recorded in a 10 T superconducting magnet for applied fields of 0, 1,2, 3,5 and 9 T.
These spectra are shown in figore 11. In a similar manner to that observed in «-Fe, the
relative area r of the second and fifth lines falls sharply with applied field, and the velocity
separation of the outermost lines decreases in larger applied fields. Plots of both r and the
effective field B¢y, as a function of By are shown in figure 12. The plot of r versus By
differs from that observed in o-Fe in that it does not have a low-field maximum. This is
partly because in the initial state the Fe moments lie near the ribbon plane (r = 3.1) whereas
in a-Fe the initial state saw the Fe moments randomly oriented over a sphere (r = 2.0). Tt
is also because the maximum demagnetization field in Fe73SigBia is much smaller than in
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Figure 11. The Mé&ssbauer spectra of sample 11, a field annealed FesgS8igB)3 ribbon, at 4.2 K
in normal-to-plane fields of up to 9 T. The y-ray beam was directed parallel to the applied field.
Both the reduction in relative area of the second and fifth absorption lines, and the decrease
in the splitting between the lines, show the Fe moments in the foil becoming aligned with the
applied field. The solid lines are the results of a least-squares fit using a constrained set of six
Voigtian line profiles.

a-Fe, with poM; in the metallic glass at 4.2 X falling well below the lowest experimental
applied field of 1.0 T. The plot of B,y versus By is similar to that seen in «-Fe, with an
initial flat region where the demagnetization field countermands the applied field, followed
by a roughly linear decrease as the applied field penetrates the ribbon.

It is apparent in figures 11 and 12 that the relative areas of lines two and five in the
Mdssbauer spectra do not entirely fall to zero, even in a field of 9 T. This could be taken as
evidence for moment canting, with r = 0.13 = 0.02 in the 9 T spectrum corresponding to a
Gaussian distribution in moment directions with standard deviation 10.6° £ 0.8°. However,
care should be taken in interpreting this result. Whereas in «-Fe the absorption lines were
sharp and well-resolved, facilitating an accurate measurement of r, the Fe;4SigB3 spectra
of figure 11 have much broader lines, and the mean hyperfine splitting is somewhat smaller.
This makes it more difficult to distingnish between a non-zero contribution of lines two and
five and a possible contribution from the wings of lines one and six.

For this reason it is advisable to look for corroborating evidence from the field
dependence of the effective hyperfine splitting. This is useful since the value of the effective
field is well defined through the velocity separation of lines one and six. The slope of the
curve of B versus By in the region with By 2 3 T is —0.95 & 0.03. (Because of
the limited number of datapoints collected the fitting uncertainty is relatively high.) If we
assume that there is a mean angle of canting between the hyperfine field at the Fe nuclei and
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Figure 12. Data derived from the spectra of figure 10 for sample 11, a field annealed Fe73SigB3
ribbon, in normat-to-plane fields of up to 9 T: (a) the relative area r of the second and fifth
lines in the spectra, and (&) the magnitude of the effective magnetic field experienced at the Pe
nuclei, comprising the vector sum of the hyperfine, applied and demagnetization fields acting in
the foil. The solid lines are a guide (o the eye only.

the applied field which results in the nuclei seeing only 95% of the applied field strength,
the required canting angle is {&) = cos™ (0.95 £ 0.03) = 18° £ 6°. This corresponds to a
Gaussian distribution with a standard deviation o = 13° £ 5°, This is within experimental
error of the figure estimated from the relative areas, and lends weight to the conclusion that
there is substantial residual moment canting present in the ribbon even in the presence of
normal-to-plane applied fields as large as 9 T.

Thus the in-plane and normal-to-plane applied field experiments yield very similar
results: canting with o ~ 12° in 500 mT in-plane compared to o ~ 11° out-of-plane
in 9 T. On the other hand, the in-plane applied fields were easily sufficient to achieve an
out-of-plane ¢ ~ 0°. The implication is that co-operative effects such as demagnetization
can relatively easily confine all the Fe moments to a planar state, but that there is some
other mechanism which inhibits the complete collinear alignment of the Fe moments with
an applied field. This mechanism appears to be intrinsic, as evidenced by its appearance
in both the in-plane and normal-to-plane applied field experiments. It would also appear to
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" Figure 13. The theoretical basis of the ‘combed hair® disturbed exchange model, illustrated
for four atoms on a square [attice, The four nearest-neighbour exchange interactions are
ferromagnetic, with exchange constant J. The next-nearest-neighbour interaction between two
of the atoms is antiferromagnetic, with exchange constant J'. In the Jowest energy state the two
antiferromagnetically coupled moments are each canted by 8 = cos™! (J/}J'}).

be not significantly affected by temperature. In the next section we discuss a model which
may in part account for these observations.

5. ‘Combed hair’ model of moment canting due to disturbed exchange

To better understand and interpret quantitative data on the moment canting as a function of
applied field, it is important that we consider what mechanisms might be giving rise fo the
canting. Although the double Gaussian moment distribution model that we have used so
far is adequate for analysing the data, it is in essence a phenomenological model, without
any atomic-scale justification. We present here the outline of an alternative @ priori model
of moment canting induced by frustrated exchange interactions. For reasons which will
become obvious, we have termed this a ‘combed hair’ model of moment canting.

The starting proposition, given the fact that moment canting is seen to persist even
in very large applied fields [5], is that the canting must be associated with exchange
interactions rather than the much weaker anisotropic interactions. Secondly, on the basis
of the topological disorder inherent in the system, we postulate that there may be some
antiferromagnetic exchange interactions acting between some of the iron atoms. This is
reasonable given that antiferromagnetic’ interactions are known to occur in appropriaie
geometries, as in the face-centred-cubic lattice of y-Fe.

The effect of a few antiferromagnetic bonds on an isotropic ferromagnetic system is to
induce frustration and local canting, and in turn to induce longer-range canting [11]. The
first point is illustrated in the four-spin square lattice model illustrated in figure 13. Given
ferromagnetic coupling between nearest-neighbour spins, with exchange constant J > 0,
and a single antiferromagnetic interaction with J' < O between two of the next-nearest-
neighbour spins, the energy of the system is U (@) = —4J cos 8 + |J'| cos 26, where 6 is
the canting angle of the antiferromagnetically-coupled spins. Equilibrium solutions for this
are 8 = 0 and w, but also the canted state, where 1J’| > J, of 8 = cos™1 (J/|J']).

The second point regarding the effect that a few canted spins can have on the long-
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range spin state is illustrated by imagining that the two canted spins are now placed within
a large ferromagnetic region, as illustrated in figure 14. The spins neighbouring the two
canted spins will experience a small exchange field directed perpendicular to the main
ferromagnetic axis. We denote this field &,(r), where r is the position vector relative to the
centre of the square lattice, midway between the two canted spins. Under the continuum
approximation the magnetization due to this field may be written

My(r) = f P Y — Ty () | ®a)

Kax(r =)= explik - (r — )] xex (k) (8b)
K

he (Y = T sin@[8(r — b) — 8(r + b)] (8¢c)

where x.. is the magnetic susceptibility, 4(r &£ b) is the delta-function, and b = %a(l, 1,0
is the vector connecting the two canted spins, for a lattice constant 2. In an isotropic magnet
xex (k) will vary as (A2 + k2)~!, where A? is the spin wave energy gap due to anisotropy
and the external field, divided by the spin wave stiffness. Substituting this into (8), and
making the approximation that [r & & = r £ b - cos¢ where ¢ is the angle between the
vectors v and b, we obtain

M (r, ¢) x (expl—Ir — bl/A)/|r — b]) — (expl—|r + b/ A}/Ir + b))  (92)

o 2r " exp(—r/A) sinh(b cos ¢/A) + 2r 2 exp(—r)bcos¢. (9b)

The leading term in (9%) therefore shows that M, (r) varies as exp(—r/A)/r, which is a
very slow decay law. Thus the effect of the pair of frustrated spins on the overall distribution

of moment directions in the system may be large, as illustrated in figure 14. The resulting
distribution may be visualized as resembling combed hair around a knot.
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Figure 14. An illustration of long-range perturbations in moment direction around a pair of
antiferromagnetically exchange coupled moments within a square lattice of ferromagnetically
coupled moments, as determined in the ‘combed hair® disturbed exchange model.

This model is very simple and requires refinement before it might realistically be said
to model the random system of canting angles and interatomic separations in a metallic
glass. Even so, an interesting result relating to the anticipated power-law behaviour of the
probability distribution P(M,) may be obtained from the existing model, which is worth
considering here. The pair of frustrated spins can be regarded as generating a dipolar
disturbance in the system, which leads to |M.(r)| o< 2. At large distance the number of
spins varies as r?, so that we might expect P(M;) to vary as M. A sketch of such a
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distribution is shown in figure 15. There is a cut-off point for large M, due to the finite
canting angle caused by frustration, and for small A{, because there will be a finite mean
distance separating pairs of frustrated spins. '

The ramification of such a power law for P(M,) is that the probability distribution for
the moment directions P{u, v), previonsly modelled in equation (4) as a double Gaussian,
might more properly be expressed as an inverse sine distribution:

P(u, v) = constant for v < tpp and v < Vg (10a)
o« (1/sinuXl/siny) O tmin < timay 30d Vpin < U < Umax (108)
=0 for u > tpax and v > Vpax- (10¢)

P(M,)
1M,
Mx

F'igure 15. A schematic diagram of the inverse sine probability distribution of moment directions
derived from the ‘combed hair’ disturbed exchange model.

‘We have analysed the applied field Mossbaver data for the FeSiB ribbons using this
moment distribution. In the same way as for the double Gaussian, a computer program
was written to evaluate a 500 x 500 equi-probable two-dimensional net in # and v. Results
were obtained for the in-plane data that were identical in quality to those obtained with the
double Gaussian model (figure 8): a full set of fitted parameters are given in table 3. In a
field of 500 mT in-plane the distribution is characterized by v, & 0° and vyey = 47° £ 35°,
For the normal-to-plane applied field data, the figure r = 0.13 = 0.02 for the 9 T applied
field corresponds t0 Ui, = Upun & 0% and Uy = Umax = 62° &= 6°. Once again it is notable
that the degree of in-plane canting seen at room temperature in fields up to 0.5 T is similar
to the degree of out-of-plane canting found at 4.2 K in fields up to 9 T.

It is also significant that the inverse sine distribution gives good quality fits to the
data. Not all models give good fits. In previous studies of as-cast, stress relieved and
field annealed ribbons (in zero applied field) we found that models based on (i) a uniform
moment, (ii) an ellipsoidal distribution, and (iii) a two-moment domain system, gave inferior
fits compared to either a wedge-shaped or double Gaussian distribution [17,19]. (The
wedge-shaped model is a purely phenomenological model, as proposed by Melamud ef
al [6].y However, the unpolarized Mossbauer data in figure 8 is not sufficient to allow
further differentiation between the three remaining candidate models. In a forthcoming
paper on polarized Mossbauer studies of FesgSigB)3 we present data aimed at experimentally
distinguishing between the wedge shaped, double Gaussian and inverse sine distributions
[15]. But at this point, based on the available data, we cannot absolutely rule out any of the
three possibilities, although it is clear that the wedge-shaped model is physically unlikely,
and the inverse sine distribution, being based on an a priori model, is the most attractive.
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6. Conclusions

In a series of unpolarized Massbauer effect measurements on field annealed Fey3SigBi3
ribbon, we have found that even in applied fields of up t0 0.5 T in-plane and 9 T normal-
to-plane, substantial moment canting persists. The magnitude of the canting is similar in
both the 0.5 T and the 9 T data. We have considered an a priori model ascribing the
origin of the canting to disturbed exchange interactions between some of the Fe moments.
Taking as a first approximation a square plane lattice model, we have derived a quantitative
description for the canting probability distribution: a truncated inverse sine distribution.
The systematic variation in canting with applied field was found to be adequately described
using this model, although a phenomenological double Gaussian model was equally able
to fit the data. Polarized Massbauer effect measurements are currently under way aimed
at distinguishing experimentally between the inverse sine and’ double Gaussian distribution
functions.

The body of evidence that has now been gathered, both in this work and in earlier
polarized neutron, magnetostriction and high-field magnetization experiments, confirms that
moment canting is an intrinsic property of some 3d-based amorphous alloys. The possible
identification of this effect as due to a disturbed exchange mechanism between some of
the magnetic atoms offers the potential for further work aimed at controlling or modifying
the degree of frustration present, e.g, through varying preparation conditions, compositions
and post-production treatment. If one could achieve an improved moment collinearity in
moderate applied fields, the attendant increase in technical saturation magnetization could
be a significant factor in future device development and manufacture. It is this prospect
that is most likely to encourage further work in this field.
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