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Abstract. We describe how reverse Monte Carlo (RMC) modelling may be used to analyse
neutron diffraction data from a disordered magnetic material. By applying the technique
to the amorphous binary alloy DyrNi; we determine both an atomic structure and a
magnetic siructure which reproduce the diffraction data. The atomic structure is found
to be essentially random close packed while the magnetic structure at low temperatures
is dominantly ferromagnetic. The development of short and long range magnetic order
can be followed as the temperature is decreased below the Curie temperature, We
anticipate that this technique, already emplayed for the determination of many ditferent
types of disordered atomic structures, will also be of great use in the determination of
disordered magnetic structures in amorphous and crystalline magnetic materials.

1. Introduction

The magnetic structure of materials which exhibit either long range order or complete
disorder are reasonably well understood for systems where the spins lie on regular
lattice sites. For systems where these extremes of order/disorder are not displayed,
or where the spins lie on an irregular atomic arrangement, the magnetic structures
are still not well characterized. Spin glasses (see e.g. Binder and Young 1986, Huang
1985), frustrated magnets such as certain dilute magnetic semiconductors (Furdyna
and Samarth 1987), and magnetic amorphous materials (e.g. Moorjani and Coey 1984,
Sellmeyer er @l 1988) all come into this category and because of the wide interest in
these materials it would be of considerable value to develop a method for determining
their magnetic structure. The above materials show coherent diffuse scattering in their
neutron diffraction patterns which is associated with either short range atomic order
or short range magnetic order or both. McGreevy and Pusztai 1988 have shown
that the reverse Monte Carlo (RMC) method can be used to model the atomic short
range order associated with diffuse scattering. The question of the uniqueness of the
structures produced by this method has been discussed in detail by McGreewy ef af
1990 and Howe and McGreevy 1991, In this paper the RMC technique is extended to
encompass magnetic diffuse scattering and hence to model the magnetic structure of
disordered materials.

Computer simulation methods are not new to the study of disordered magnetism
(see e.g. Fernandez and Streit 1982, Fernandez et o/ 1983 and references therein).
However, most techniques that have already been employed are based on some form
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of exchange interaction, e.g. the RKKY interaction for spin glasses (Ruderman and
Kittel 1954, Kasuya 1956, Yosida 1957). By definition a model has therefore been
imposed on the resultant magneric structure. RMC, in contrast, benefits from the fact
that no prior knowledge of interatomic (or spin-spin) interactions is required and the
model produced is only constrained by the experimental data which is being used.
This is especially useful when potentials are either not known or only approximately
determined.

This paper is organized as follows: in section 2 we outline the RMC technique and
describe how it has been adapted to analyse disordered magnetic systems. In section 3
we apply the technique to neutron diffraction data on amorphous Dy,Ni, measured
by Hannon et al (1991) using the double-null isotopic substitution technique (Wright
et al 1984) and in section 4 we discuss the results obtained from the simulation. The
final section will contain concluding remarks and a discussion of how the technique
may be of use in the general context of disordered magnetic systems where isotopic
substitution neutron diffraction measurements may not be possible.

2. Reverse Monte Carlo modelling

RMC is a method for producing three-dimensional models of the structure of disor-
dered materials which agree quantitatively with the available diffraction data. The
technique, which is described in detatl by McGreevy et al (1990), is similar to the
Metropolis Monte Carlo method (Metropolis et al 1953), with the difference that in-
stead of moving atoms to minimize the potential energy of the system, the difference
between the measured structure. factor(s) and the calculated structure factor(s) is
minimized. Atoms are placed in a box with periodic boundary conditions and moved
randomly one at a time {0 minimize

P =3 Y IFEQ:) - FE(Q)I*/207(Q)) (@)
Lk i=1

where FT(Q) and FE(Q) are the calculated and experimental structure factors
corresponding to the data set k respectively and o ( Q) is an estimate of the experi-
mental uncertainty. m,, is the number of ¢ points in data set k. Moves are accepted
unconditionally if x? is reduced and are accepted with probability exp(—Ax?) if x? is
increased, A x? being the change in x* for that move. All other moves are rejected.
Atoms are moved until x* reaches an equilibrium value about which it osciliates.
The resulting configuration of atoms should be a three-dimensional structure which is
consistent with FE(Q) within the experimental error o. Independent configurations
are then collected by saving subsequent configurations which are at least N accepted
moves apart, N being the number of atoms.

The extension of the RMC technique to modelling disordered magnetic structures
is straightforward. The total structure factor for a magnetic matcrial contains terms
which have both nuclear and magnetic origin. Spins, p, are assigned to each magnetic
atom in the configuration. The spins are rotated randomly on the atomic positions
and the atom positions are also moved randomly in order to minimize x? in the man-
ner described above. The resulting configuration now confains a three-dimensional
atomic structure and a threc-dimensional spin structure which are consistent with the
experimental total structure factor(s) within the experimental error.
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The nuclear and magnetic contributions to the neutron scattering intensities are
additive for an unpolarized neutron beam (Wright 1980) and the nuclear structure
factor may be defined in the usual way as a combination of partial structure factors
{Faber and Ziman 1965). The formalism of Blech and Averbach (1964) is used for the
calculation of the magnetic structure factor. The differential scattering cross-section
of a polycrystalline sample containing only one magnetic species is defined as

LW(Q) = da ——-d—C' +4wpch [A( )s'"Q'"+ B(r )(M—M)]dr

d2p (@ry (Qr)?
2)
where the paramagnetic scattering contribution is
de 2 2y
de = Zoau[solun@] @)

cy Is the concentration of the magnetic ion, p is the number density of ions,
(e*v/m,c?)? = 0.29 x 10~ cm?, p is the magnitude of the magnetic moment
(in pg) and f, (@) is the magnetic form factor.

e’y
Alr) = (Zm c?

4

)foxzm(Q)(l-‘y(o)-My(")) ' @)
and

B0 = (55L) A @) ~ G, @0 )

x and y subscripts denote the component of p parallel and perpendicular 1o the
radius vector joining the atoms at 0 and r respectively,
{e.e) at distance r is defined as

n,(r)

(popr), = - Z"’ (1 )/ TR pey ©

47r?°drpc M

where n,(r) is the sum of p2(0).s¢(7) for atoms at a distance between r and r+d»
from a centra] magnetic atom, averaged over all magnetic atoms as centres. & is half
the length of the (cubic) configuration box. Clearly (p.ss}, has a similar form to the
radial distribution function g{r).

Hence the total structure factor I€(Q) = FC(Q) + I§(Q) may be caiculated
directly from the configuration of atoms and spins. This function is fitted to the
corrected expenmentai data (the nuclear self-scattering having been Subtracted) by
minimizing x2?, where FS(Q) and FE(Q) in equation (1) are replaced by I°(Q)
and I%(Q).

3. Application to Dy;Ni,

The neutron diffraction data of Hannon et a/ (1991) on the amorphous alloy Dy,Ni,
are especially useful for testing the applicability of RMC since the doubie-null isotopic
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substitution technique was used. In Dy,Ni, the coherent nuclear scattering length b
of each element may be set to zero by a suitable combination of isotopes. Hence by
using samples where one or both elements have b = 0 as well as a natural isotopic
composition sample, not only may the atomic partial correlation functions be readily
separated but the magnetic scattering may also be isolated. When both Dy and Ni
have b = 0 the only contributions to the neutron scattering are either structureless
incoherent nuclear scattering or magnetic scattering, Four samples were measured
by Hannon et al (1991) at room temperature; ¥Dy, NNi,, NDy; °Ni,, °Dy, NNi; and
°Dy, °Ni,. °Dy,°Ni, was also measured at T = 986, 44 and 7K. The superscript N
refers to the natural isotopic combination and O to the isotopic combination giving
b = 0. From the four data sets measured at room temperature it is possible to
produce three structure factors containing only coherent nuclear scattering; "N F(Q),
NOF(Q) and N F(Q). These were then fitted simultaneously using RMC to produce
a configuration of atom positions which described the atomic structure. The initial
configuration contained a random distribution of 1000 atoms in the correct proportion
in a cubic box with sides [ = 29.39A. Atoms were not allowed to be closer to
each other than a certain cut-off distance. These distances were "%y-ny = 3.14,
,_n = 2.4Aand 7§ _y = 2.2, values determined from dircct sohution for the
partial radial distribution functions. A 1% uncertainty was estimated for the data.
The fits to the data sets are shown in figure 1 and display very good agreement.
The partial radial distribution functions, g,;(r), calculated from the configuration
(figure 2) are in close agreement with those produced by Hannon et af (1991) who
used conventional separation techniques which are possible with isotopic substitution
data (Enderby e al 1966). '

An advantage of RMC simulation over such separation techniques is that extra
information on the structure may be obtained. Since a three-dimensional distribution
of atoms consistent with the data is produced, neighbour distributions and three
particle correlation functions such as bond-angle distributions may also be calculated,
The distributions of number of neighbours within the first co-ordination shell, defined
by the first minimum in the appropriate g, (r) (4.4, 3.3 and 3.6 A for Dy-Dy, Dy-Ni
and Ni-Ni respectively), are shown in figure 3. These give average co-ordination
numbers of Cp,_p, = 10.2, Cp,_ = 2.5, Cyi_py = 5.8 and Cy_n; = 1.8
which are consistent with those obtained by Hannon et a/ (1991) by fitting the first
peak in rg;.(r). The bond angle distributions, P(cosf) are shown in figure 4, where
maximum bond lengths are again defined by the first minimum in g,;(r).

Having obtained a configuration which describes the atomic structure, atten-
tion was then turned to the magnetic structure. The neutron diffraction pattern
of °Dy, °Nij,, due only to magnetic scattering, displays an increasing amount of struc-
ture as the temperature is reduced. Assuming that the Ni moments are quenched
(Buschow 1980), that the moment on the Dy3* ion is constant with the free ion value
of 10.6 ug (Kittel 1976) and using the calculated values for the Dy3* ion form factor
(Lisher and Forsyth 1971), these data scts were also fitted using RMC. A spin was
placed on each Dy atom position in the configuration and these spins were rotated
randomly one at a time until x* converged. The atom positions were kept fixed,
since they had already been determined from the room temperature data sets. Small
temperature dependent effects on the nuclear structure werc not taken into account.
The °Dy,Ni, data sets had not been normalized and hence it was necessary to
introduce a scaling and additive constant in the model which were determined auto-
matically within the RMC procedure (McGreevy et af 1990). A perfect ferromagnetic
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Figure 1. Total atomic structure factors for Dy; Nig with three different isotopic composi-
tions; NDy; NNis (top, shifted by 8.0), ¥ Dy; "Ni (centre, shifted by 2.0) and *Dyy; N Nis
(bottom). Broken line, experimental data of Hannon er al 1991); selid line, RMC At.
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Figure 2. Partial radjal distribution functions for DyrNiz obtained by RMC modelling;
Inypy(T) (top, shifted by 8.5), gpymn; () (centre, shifted by 2.5) and gy;n;(r) (bottom}.

arrangement of spins was used as the initial spin configuration for modeliing the data
at T = 7K. At higher temperatures the final configuration that had been fitted to
the next lower temperature was then used as a starting configuration. A random ar-
rangement of spins was also used as the initial configuration, fitting first to the 293K
data and then consecutively to the lower temperateres. The results were found to be
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Figure 3. The distribution of nomber of ncighbours within the appropriate first co-
ordination shells of Dy;Nig; Dy=Dy (1op left), Dy-Ni (1op right), Ni~Dy (bottom left)
and Ni-Ni (boitom right).

independent of the initial configuration. RMC fits to the magnetic structure factors
for °Dy. ®Ni, are shown in figure S; again very good agreement has been obtained,
The spin-spin correlation function may be calculated from the spin configurations

{p-pY =m0, (r)/ny(r) (r>ry) &)

where ny(r) is the number of magnetic atoms at a distance between » and r + dr
from a central magnetic atom, averaged over all magnetic atoms as centres, and r§,1
is the distance of closest approach of two magnetic ions. Dividing by ny(r) removes
the effect of the density of spins in n,(r). (p.ps)" is shown in figurc 6 for each
temperature. Angular correlations of neighbouring spins, P,(cos#), may also be
calculated from the configurations (figure 7). P, (cos@) is defined as the number of
spin pairs within the first coordination shell (as defined above) whose relative angles
have cosines between cosf and cosé + bcosé.

4. Discussion of results

4.1, Atomic structure

The distribution of coordination numbers of Dy and Ni (figure 3) and the bond angle
distributions (figure 4) are consistent with an atomic structure that is essentially a
random close packed arrangement. Analysis of the bond angle distribution in terms
of spherical harmonic invariants (see e.g. McGreevy and Pusztai 1990) indicates that
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Figure 5. “Total structure factors for °Dy; ONiz at T =7, 44, 96 and 293K (in ascending
order, shifted by 0, 1.5, 2.5 and 3.5 respeciively). Broken linc, experimental data of
Hannon er af (1991); solid line, RMC it
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Figure 6. Spin-spin correlation function {p.u}’ calcuiated from the RMC configurations
for Dy;Niz at T =7, 44, 96 and 293K (in ascending order, shifted by 0, 0.3, 2.5 and
0.7 respectively).

the local symmetry is closest to hexagonal close packed, as it is for many simple
liguid metals. There is no strong evidence of local structures similar to those found
in crystalline Dy-Ni alloys. It is intercsting to note that the simpic close packed
structure found here differs from the dominantiy icosahedral arrangement found for



Disordered magnetic structure determination 7391
Ni-B and Fe-B glasses (Pusztai and McGreevy 1991).

4.2. Magnetic structure

At T = 7K the spin correlation function {u.u) peaks positively at an r value
corresponding to the first peak in gp,p,(r) (see figures 2 and 6), while P,(cosé)
peaks at cosf# = 1 (figare 7). This shows that the nearest neighbour magneuc
interaction is predominantly ferromagnetic. However, because P, (cosd) has a very
broad peak and (p.p)’ displays r dependent structure, there is considerable deviation
from ideal ferromagnetism and the magnetic correlations are more complex. (Ideal
ferromagnetism would be characterized in (z.p)’ by a flat distribution.) Any long
range ferromagnetic order is rapidly lost as the temperature is raised above the Curie
temperature (T; = 40K, Buschow (1980)) such that P,{cosf) is flat at T" = 96K,
although the first peak in {p.ps)’ is still slightly positive.
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Figure 7. Angular correlation function P, (cosf) between pairs of spins within the first
Dy-Dy co-ordination shell for Dy;Niz at T =7K (top left), 44K (top right), 26K
(bottom left) and 293K (bottom right).

The macroscopic magnetization may be simply calculated from the configurations.
This quantity has been measured experimentaily by Buschow (1980) at a number of
applied fields. From his work we estimate that the zero field magnetization should
be approximately 1.9 pg/Dy*+ jon at T = 7K and zero for T =44, 96 and 293K
By introducing an extra term in the definition of xZ,

= SUUCQ) - QP /207 + a(MC — MEY/20%  (§

i=1
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the total magnetization of the simulation AfC may be constrained to thc experi-
mentally determined value MF (o is a weighting factor). Investigations using the
T = TK data showed that constraining the total magnetization in this manner did
not degrade the agreement with IE(Q) unless an unphysical value of M® was used.
A value of M® = 4.5 up/Dy ion (the magnetization at 42K in a field of 18kOe)
produced a fit to the structure factor ~ 5% worse. The effect of constraining the total
magnetization to larger than physical values was to increase the flat level of {p.p2)’
and to make P,(cosf#) peak more sharply at cosé = 1. In other words it makes the
configuration more ferromagnetic, as would be expected. The data shown in figures
5-7 have the total magnetization constrained to the experimentally determined values.

Tigure 8. Spin distribution in a section of a configration for Dy;Niz at 7K. The
direction of the macroscopic magnetization is almost exactly to the right and in the
plane of the page.

In figure 8 we show the spin structure in a section of a configuration at T = 7K.
It is clear that the spin ordering is only weakly ferromagnetic. It shouid be noted
at this point that the mean angle of spins with respect to the net magnetization axis
is ~ 80°, corresponding to a magnetization of 1.9ug/Dy ion, but the mode of the
angular distribution occurs at 0°. Any interpretation that the spins are ‘canted’, based
on the average magnetization and hence on the nrean of the spin angle, is therefore
misleading.

The Q range of the available data limit the amount of information that may be
gained from RMC modelling, especially with respect to any long-range magnetic order
that may exist. The minimum @Q is 0.9A~! and hence any correlations longer than
7 A cannot be reliably determined. To a large extent this limitation is compensated
for by constrajning the macroscopic magnetization, but lower ¢ data would obviously
be valuable. Given that the use of large configurations (up to 30000 atoms) is
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possible data down to 0.2A-! can be used. In addition the magnetic form factor
must be carefully chosen. Since the "Dy, ONi, data at room temperature are in the
paramagnetic phase they should provide an accurate measurement of the Dy* form
factor in Dy,;Ni,. However, because the data were not normalized and there is some
evidence of structure (possibly from residual short ranpge order) close to the same
Q@ value where the 7K data peaks most strongly, the tabulated values for the free
ion form factor were used instead. This is not an ideal choice since the free ion
form factor would not be expected to be correct for Dy3* in Dy;Ni,. Indeed this is
shown in the RMC fits to the °Dy, °Ni, data measured at T = 293K where such a
disparity in form factor would be expected to have, relative to the coherent magnetic
scattering, the largest effect. The agrcement with this data is not as good as at lower
temperatures, and slightly spurious results were obtained such as a weak peak in
P,(cosf) at cosd = 1 (figure 7). These problems would be alleviated with a more
accurate experimental determination of the form lactor.

5. Conclusions

We have shown that the RMC method may readily be used to model disordered
magnetic structurcs as well as disordered atomic structures. The spin configurations
produced agree quantitatively with the experimental data and may be used to describe
the disordered magnetic structure, We have demonstrated this by fitting isotopic
substitution neutron diffraction data for Dy.Ni,, a magnctic amorphous alloy. The
results obtained for both the atomic and magnetic structures are not only consistent
with those determined by other methods, but also give a greater insight into the
three-dimensional nature of these disordered structures, The ability to incorporate
further experimental information in the simulation, e.g. macroscopic magnetization
measurements, is clearly very useful and may readily be extended to include other
known quantities.

Experimental separation of nuclear and magnetic scattering has, in the past, been
required prior to analysis of disordcred magretic structures and a number of differ-
ent methods have becn employed. In spin glasses the nuclear scattering is largely
confined to sharp Bragg peaks and the magnetic scattering to broad diffuse features
so separation of the two is relatively straightforward. The magnetic scattering can
often be isolated by subtraction of data measured at a temperature where paramag-
netism is observed from data measured in the ‘ordered’ phase. Neutron polarization
analysis may also be used (Moon er a/ 1968). In the case we have considered,
double-null jsotopic substitution was used. There are problems, however, in relying
on experimentally separated nuclear and magnetic scattering. Some spin glasses dis-
play diffuse neutron scattering due to short range atomic order in similar regions of
reciprocal space to the magnetic diffuse scattering, for example the crystalline alloy
CuMn (Cable er a/ 1984). Polarization analysis is time consuming and intrinsically
less accurate. For some amorphous materials the magnetic ordering temperature is
too close to the crystallization temperature for a paramagnetic measurement to be
possible. These complications may make rigorous separation of magnetic and nuclear
scattering impossible by experimental means alone.

We are aware that merely showing that the RMC simulation technique is successful
in modelling data obtained using double-null isotopic substitution does not demon-
strate jts peneral applicability. Indeed there are hardly any tnaterials where such an
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experimental technique is possible. However, because RMC can model the atomic and
magnetic structures at the same time it does not require an experimental separation
of the nuclear and magnetic scattering. The example which we have used in this paper
did not involve moving atoms and rotating spins at the same time only because the
data were such as to make it unnecessary. The RMC method can be used to model
less complete data, or data from different experimental techniques. The ability to
combine neutron diffraction, x-ray diffraction and ExaFs data (Keen and McGreevy
1990, Gurman and McGreevy 1990) and to constrain this with information such as
the macroscopic magnetization, will mean that for almost all problems multiple data
sets could be available. Modelling the combined data sets with RMC can elucidate the
nuclear and magnetic structures and it is therefore widely applicable to the study of
disordered magnetic structures.
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