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ABSTRACT

The great number of different local environments in amorphous alloys leads to the
evolution of complicated non collinear magnetic structures. Alloy additions can affect the
magnetic structure in surprising ways. For example, replacement of a small amount of Fe
with Co increases the saturation magnetization even though Co has a much smaller
moment than Fe. The calculated behavior of the magnetic structure of (Feq.xMx) 0.8Bo.2
with M=Co, Cr, Zr, and Mn,Zr are presented.

INTRODUCTION

For many years rapidly quenched iron based metallic glasses have been of technological
importance because of their high permeability. The discovery in the past decade of alloy
compositions that can form bulk metallic glasses by slow cooling from the melt has
generated renewed interest in magnetic glasses. In this paper we describe our efforts to
construct realistic models of the magnetic structure based on first principles calculations.
For amorphous materials the importance of such models is elevated because of the
difficulty of experimental structure determination. Calculations of the magnetic structure
based on these structural models give values of the saturation magnetization that can be
compared to measurements. These comparisons serve to corroborate the validity of the
structural models.

TECHNIQUE

Our investigation begins with models of the well studied the near-eutectic glass
Feo30Bo2o to which we add Co, Cr, Zr and Mn,Zr . We employ small structural models
consisting of 100 atoms in a cubic cell with periodic boundary conditions. The structures
are generated using the Vienna ab-initio simulation program (VASP) [1], a pseudo
potential based molecular dynamics code, to obtain the liquid state. Rather than ignore
local magnetic effects in the simulation of the liquid we treat the liquid as a collinear
magnetic system. This treatment permits ferromagnetic and anti-ferromagnetic alignment
of spin moments. This approximate inclusion of magnetic effects is found to improve the
agreement between, for example, the measured and calculated pair distribution functions
of liquid iron.
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VASP molecular dynamics was performed for FepgoBo2o to establish equilibrium at
1400K. The system was instantaneously quenched to the local metastable equilibrium
configuration. Calculations were performed at 'medium’ precision in the terminology of
the VASP software; one “K-point” in the Brillouin zone was used. These choices are
typical of MD for this number of atoms and give a reasonable balance between accuracy
and computation time. Forces were calculated with more “K-points” for a few
configurations to confirm that “K-point” convergence would not compromise the validity
of the results. Similar calculations were preformed for the Zr and Mn,Zr containing
alloys. The dilute Co and Cr compositions were obtained by direct substitution for Fe in
the quenched Fey 30Bo2o structure. For the direct replacement of Fe the cell was bisected
in the x, y, and z, planes to form eight cubes. One Fe in each of four non adjacent small
cubes was replaced at random to obtain the 4% Co and Cr compositions. The 8% Co
composition was obtained by selecting one additional Fe from each of the remaining four
small cubes.

The locally self consistent multiple scattering method [2], was used to determine the
electronic and magnetic ground state structure within the local density approximation for
the quenched structures. Angular momenta up to 1=3 were included and all scattering
from atoms within a local interaction zone of 10.0 Bohr radii was evaluated. The
spherical approximation to the Kohn-Sham potential was made within the atomic sphere-
muffin-tin approximation [3].

Figure 1. Moments in Feg 30 Bo2o and Fep 76 Cogos Bo2o. Red arrows indicate moments of
2.2 UB .

RESULTS

Our starting point is the magnetic structure of FepgoBo2o which is compared to Feg 76
Cop.os Booo in Fig. 1. We find the moments to be almost collinear in FepgoBo2o for this
calculation performed at the experimental density. There is a small amount of spread in
the moment directions but no antiferromagnetically aligned Fe moments. All B atoms



CC6.12.3

have small anti-ferromagnetic moments. For this alloy the vector sum of the moments, or
saturation magnetization is 1.72ug/(transition metal atom) while the sum of the local
moment magnitudes is 1.85 pg/(transition metal atom). This agrees well with the

measured magnetization (1.7 ug at 14% B and 1.84 ug at 25%) [4] and with earlier
calculations [5].

In Fig. 2 distributions of moment magnitudes are shown for alloys with and without Zr.
The effect of Zr is to broaden the distribution of moments and to reduce the average.
Some atoms continue to have moments as large as in bce Fe but on average moments are
reduced considerably. Although we find no antiferromagnetic Fe moments for Fej s0Bo .20
the addition of Zr results in two of the Fe moments being antiferromagnetically aligned.
The moment distributions are consistent with Mossbauer measurements [6].

Magnetic Moment Distribution . L
inFe B __ Amorphous Metals Magnetic Moment Distribution

0.80 0.20 inFe Zr B __ Amorphous Metals
25 - 0.68 0.10 0.22

35
Bl Moment on Fe atoms| | r

30 | B Fe moment 7

Hl Moment on B atoms |

[ Zr moment ]
25 - - 3]

M B moment

Count
Count

08 -04 0 04 08 12 16 2 24
Magnetic Moment (Bohr)

-0.8 -0.4 0 04 08 12 16 2 2.4
Magnetic Moment (Bohr)

Figure 2. Distribution of local moments



CC6.12.4

1 effect of substitutions for Fe in FeS80B20
5 . . | . |

1.1

spin moment per atom (Bohr)
[
© =

c O o O
(S I BN I

10 15 20 25 30
atomic percent of substitution for Fe

a
t

Figure 3. Saturation magnetization per atom

The impact of various additions is summarized in Fig. 3. Of the additions shown, only Co
increases the saturation spin moment. One expects that as atoms with smaller moments
are added the saturation magnetization would be reduced by dilution. Such a picture
neglects the vector nature of the local moments. For example, although Mn has a large
moment it has a predominantly anti-ferromagnetic exchange interaction with Fe and
reduces the saturation magnetization by making the moments very non-collinear. This
situation is depicted in Fig. 4 for Fey4sMng20Zr010Bo22. Just the opposite is true of Co
which has a very strong ferromagnetic exchange coupling with Fe. The presence of Co
leads to alignment of the Fe moments, as seen in Fig. 1, resulting in an increased
saturation magnetization of 1.75 pup/(transition metal atom) even though the local
moment magnitudes have a reduced average of 1.82 ug/(transition metal atom) because
the Co average moment is only 1.08up. The measured saturation moment peaks near 15
atomic percent Co showing a .14 pg/(transition metal atom) increase due to Co [7]. Our
calculated moments agree qualitatively with experiment, showing an increase of 0.03 g
followed by a reduction in moment by 8% Co.
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Figure 4. Moments in Fep4sMng 20210 10Bo22. Clusters of moments represent Mn, Fe, and
Zr (Zr moments are multiplied by a factor of 10) from top to bottom.

One measure of the strength of the exchange interactions involving Co is that the energy
required to reverse the moment directions of the 4 Co atoms is 96.0mRy while the
increase upon reversing Fe moments at these same positions is only 48.4mRy. In an effort
to obtain an estimate of the magnetic ordering energy we modeled the paramagnetic
phase by randomizing the moment directions. We calculated the increase in energy
within the Harris approximation upon randomizing the directions of the moments.
Taking five random moment configurations for FepsoBoo we obtained an energy
increase of 4.2+/-0.2mRy/atom in rough agreement with the Curie temperature,
kgT.=4.1mRy[7]. However, repeating the procedure for Fe7s Copos Bo2o which has a
higher Curie temperature, kg Tc=4.3mRy[7], we obtain a smaller energy difference of
3.94/-2mRy contrary to the measured increase in T. associated with Co additions.
Additional calculations that do not make the Harris approximation and that go beyond
our current crude approximation to the paramagnetic state will be needed to resolve this
discrepancy.

Conclusions

We have performed a limited survey of the effect of substitutions on the magnetic
structure of FepsoBo2o and found an interesting variety of effects. The most serious
limitation of this study is the small size of the models. Although we can expect some self
averaging over Fe environments, it is clear that for example we can claim only semi-
quantitative accuracy for the effect of Co on the magnetic structure. In spite of this
limitation we find magnetic structure and mechanisms generally in agreement with
observation.
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