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The spin dynamics of three-dimensional magnetically diluted iron oxides with the cubic perovskite structure

have been studied by a Monte Carlo analysis using both the uniaxial Ising model and the isotropic Heisenberg

model. The importance of a weak superexchange involving next nearest neighbours (nnn), in addition to the

much stronger nearest neighbour (nn) superexchange, has been assessed. In the Ising case, below the critical

temperature, antiferromagnetic domains are formed in which the domain walls are `pinned' by the non-

magnetic atoms such that increasing dilution causes substantial interpenetration of the domains, which is

accentuated by nnn superexchange. Using the Heisenberg model, the vector nature of the spins prevents

pinning, but a nnn superexchange of only 3±5% can cause spin rotation in localised clusters, and ultimately

destroys the coherence of long-range order even though individual spins are still strongly coupled. The

observed MoÈssbauer relaxation can be simulated for both models, and different relaxation rates are found for

spins that have different numbers of nn and nnn spins. However, the observed spectra are apparently more

consistent with Ising-like behaviour in the critical region, and it is suggested that local anisotropy may be an

important factor in these diluted systems, which would traditionally be expected to behave as Heisenberg

magnets.

Compounds with the stoichiometry ABX3 and the cubic
perovskite structure are regarded as ideal for the study of
magnetic superexchange interactions.1 The linear B±X±B
nearest neighbour (nn) superexchange pathway is dominant
and usually antiferromagnetic. The next nearest neighbour
(nnn) superexchange pathway is usually assumed to be
unimportant, and this may well be true in perovskite ¯uorides.
Although many perovskites are distorted by tilting of the BX6

polyhedra with B±X±B angles deviating from 180³, this does
not appear to prevent the formation of an antiferromagnetic
structure with long-range order. In perovskite oxides, the
higher charges on the ions will introduce a signi®cant degree of
covalency, and evidence is emerging to suggest that this can
result in the nnn superexchange becoming much more
important. In particular, the discovery2,3 of spin-glass beha-
viour in Sr2FeNbO6 and Sr2FeRuO6 strongly suggests that this
is the case. The Fe and Nb or Ru cations are disordered,3,4

while the Fe concentration on the B sites of p~50% is well
above the percolation limit of pc~31.16% so that antiferro-
magnetic order would be expected. Other compounds that have
been found to behave analogously5 are Ca2FeNbO6,
Ba2FeNbO6, Ca2FeTaO6, and Sr2FeTaO6. In all cases the
zero-®eld-cooled (ZFC) and ®eld-cooled (FC) magnetic
susceptibility data show hysteresis below ca. 25 K, while the
57Fe MoÈssbauer spectra broaden below 30 K and ultimately
develop a magnetic hyper®ne spectrum at 4.2 K, suggesting
that the Fe spins are `freezing' at low temperatures. Neutron
diffraction measurements on Sr2FeRuO6 and Sr2FeTaO6 at
low temperature3,6 show no evidence of long-range magnetic
order.

On the other hand, SrLaFeSnO6 which is also disordered on
both A and B sites shows conventional antiferromagnetic
order7 below 250 K, with similar behaviour8 observed in
BaLaFeSnO6 and SrEuFeSnO6, although CaLaFeSnO6 shows
evidence of some cation ordering. However, the magnetic
susceptibility in these compounds shows hysteresis between the
ZFC and FC data below 250 K, as well as signi®cant magnetic
relaxation in the 57Fe and 119Sn MoÈssbauer spectra to well

below 150 K. The magnetic moment, determined7 by neutron
diffraction at 1.7 K on SrLaFeSnO6, was 2.94 mB, which is
abnormally low.

MoÈssbauer relaxation is well known in magnetically diluted
oxides including the ferrimagnetic spinels, and the existence of
magnetic clusters is often assumed (following the work of
Ishikawa9), which increase in size with decreasing temperature
until long-range order is achieved. However, a convincing
theoretical explanation for the behaviour of a diluted spin
system as regards the MoÈssbauer relaxation has been lacking.
Similar relaxation behaviour has been seen10 in diluted oxides
with the `two-dimensional' K2NiF4 structure. In a recent
paper11 the dynamics of a 2-D Ising lattice as a model for
magnetically diluted SrLaFeO4 have been studied by a Monte
Carlo analysis. The formation of antiferromagnetic domains,
in which the domain walls (anti-phase boundaries) are pinned
by the non-magnetic atoms, is seen to be an important factor in
producing the magnetic hysteresis. MoÈssbauer relaxation can
be simulated, and it is evident that spins with few nearest
neighbour spins, particularly those close to a domain
boundary, will relax faster. However, the old `spin cluster'
interpretation is not a good model.

In this paper, a Monte Carlo analysis of a 3-D magnetically
diluted cubic perovskite lattice is described using both the
uniaxial Ising and the isotropic Heisenberg models for the
magnetism. The calculations described are mainly linked to a
magnetic concentration of p~50% to enable comparison with
the experimental data that are available.

The simulation methods

In the diluted K2NiF4 structure the magnetism is very close to
ideal 2-D planar, and the spin � 2-D Ising model was used11 to
simulate the magnetic behaviour. Although the computational
model adopted only two spin states for each ion represented by
z1 and 21, which will not describe the S~5/2 Fe3z ion
accurately, the basic approach succeeded in reproducing the
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observed phenomena. The same 2-D Ising model for the
magnetisation has been evaluated for the 3-D spin system,
because it was thought to be helpful to compare the extremes of
the Ising and Heisenberg models.

The linear Fe±O±Fe nn superexchange is represented by
Jsi

z.sj
z where J is the superexchange coupling constant. There

are 24 Fe±O±B±O±Fe superexchange pathways to the 12 nnn B
sites which can be represented in terms of J2. Two limiting cases
were considered. In Model 1, all 24 superexchange pathways
were considered to be equivalent regardless of the nature of
atom B. In Model 2, only those pathways in which B was not
Fe were considered. The thermal temperature was represented
in reduced units as kT/J, and an applied magnetic ®eld B could
be included. In this way the energy of each spin in the Ising
model can be written as
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The computer code for the simulations was written in the C
language. An N3 matrix of spins was created at random with a
concentration of magnetic spins of 0¡p¡100%. The spin
system was then allowed to evolve using Monte Carlo methods
as previously described,11 using periodic boundary conditions
to remove the edge effects. One Monte Carlo step (MCS)
corresponds to N3 random attempts at spin reversal. Data sets
of 503 and 1003 atoms were used, and a typical cooling cycle
used n MCS at kT/J~3.0, repeating at decrements of 0.1 until
kT/J~0.1. Typically n~2000 MCS with 1000 MCS to establish
near equilibrium and 1000 MCS for data collection. The largest
in-phase and out-of-phase antiferromagnetic percolation
clusters were determined,11 together with statistical informa-
tion on the domain boundaries. Various sizes of data set, and
different random site occupation and starting points were used,
and the features described here (for both Ising and Heisenberg
models) are considered to be effectively independent of these
parameters. However, only representative calculations will be
discussed in this paper.

The 3-D Heisenberg model can be expected to give a better
representation of the isotropic Fe3z (d5) spin system. The main
difference is that each spin is represented as a unit vector in
space using sx, sy and sz as component vectors. For a cooling
cycle these vectors are generated to give random orientations of
the spins. The magnetic ®eld was applied along the z direction.
The energy of spin i can be written as

Ei~{J
X6

j~1

sixsjxzsiysjyzsizsjz
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Data sets of 203 and 403 atoms including periodic boundary
conditions were used. At each attempt at spin reversal, a
prospective new spin vector was calculated: the three spin
vectors were allowed to change randomly by a small increment
up to a pre-set limit, and renormalized to a unit spin vector. A
decision was then made to accept the new spin vector, or retain
the original vector, by using the familiar Metropolis method.
The spin system inevitably evolves more slowly than in the
Ising calculation, and a cycle of 10 000z10 000 MCS was
adopted at each temperature. This necessarily limits the size of
the spin system which can be used, but produces better
estimates of the averages over all spins for nSxm, nSym and nSzm
and the average spin value nSm.

The ®nal values of the three spin vectors (in the range
21v0vz1) were converted to integers in the range 0±200.
These were used as red±green±blue values for a coloured

graphical display of the spin system with the staggered
correlation of the antiferromagnetic order included. The
model does not include the simple anti-phase boundaries of
the Ising model because the spins are vectors. However, as
shown by the examples included here, the colour display can
reveal clearly groups of spins with different orientations, and
therefore gives an indication of the overall coherence of the
spin system.

Models for nnn interactions

A major objective is to understand why for example
SrLaFeSnO6 is an antiferromagnet (albeit with a reduced Fe
moment), whereas Sr2FeNbO6 and Sr2FeTaO6 show no
ordered moment. All of these compounds show cation
disorder. The high-spin Fe3z cation can be relied upon to
give strong superexchange interactions in a perovskite, and in
LaFeO3 where the tilting of the FeO6 octahedra reduces the
bond angle to 157³, the NeÂel temperature is still a respectable
740 K. The most likely cause of spin frustration is competition
between the nn and nnn superexchange interactions, which
would both have to be antiferromagnetic. Nevertheless, this is
clearly ineffective in LaFeO3 even though the ratio of J2/J may
be non-zero. The covalent overlap of Fe3z with O22 will be
much stronger than the equivalent behaviour in a perovskite
¯uoride where the charges are smaller. When the non-magnetic
B cation has a nominal charge of z3 (Fe) or z4 (Sn) then the
compound is an antiferromagnet, but if the charge is z5 (Nb
or Ta) then the long-range order is lost.

It is reasonable to postulate that the nnn superexchange is
strong enough to cause the frustration of those spins having
only a small number of nn spins. Moreover, the increased
covalency associated with a higher charge on the intermediate
cation should increase the nnn superexchange. Model 1 in
which all 24 nnn superexchange pathways are assumed to be
equivalent is representative of LaFeO3 and perhaps SrLa-
FeSnO6, whereas Model 2 with nnn superexchange via the non-
magnetic cation only is a more extreme view which can be
applied to Sr2FeNbO6 and Sr2FeTaO6. The true situation may
be intermediate. The new results for Monte Carlo simulations
with p~50% and for various values of J2/J throw additional
light onto the problem.

Quenched 3-D Ising and Heisenberg spin systems

Various aspects of the behaviour of 3-D Ising spin systems have
been described previously by Nowak and Usadel in a series of
studies12±17 of models for a diluted Ising antiferromagnet in a
magnetic ®eld (DAFF), and for a random ®eld Ising ferro-
magnet (RFIM). These papers only consider the nn super-
exchange interaction, but nevertheless provide useful support
for the present study.

As with the earlier study11 on 2-D spin systems, the dynamic
evolution of a 3-D Ising spin matrix quenched (instanta-
neously) from high temperature provides a useful insight into
the dynamic approach to the equilibrium state. This procedure
is of course arti®cial, and realistic rate information cannot be
obtained, but nevertheless it does help to understand this very
complex problem of diluted spin systems. A matrix of 1003

atoms with p~50% was created in a random state, instanta-
neously cooled to kT/J~0.5 (a reduced temperature of T/
TN#0.25, where TN is the NeÂel temperature, and therefore still
with signi®cant thermal energy) and allowed to relax towards
equilibrium in the absence of a magnetic ®eld. The spin system
was then examined at appropriate intervals, and the largest in-
phase and out-of-phase antiferromagnetic percolation clusters
examined as described for the 2-D systems.11

After only 50 MCS some 44% of the spins are in the reversed
direction, but 96% of the spins are now incorporated into two
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large interpenetrating domains of effectively equal size. Such
domains have been described previously14 and are considered
to be essentially fractal in nature. It is logical to expect initially
that small in-phase and out-of-phase domains will form at
random, but the intergrowth of very large domains is
somewhat of a surprise, and does not appear to be size limited
as the same effect is seen in matrices of differing size. From this
stage onwards the rate of ¯ipping decreases slowly, but more
importantly the number of atoms that have changed at the end
of a period of say 2000 MCS is quite small. In fact a signi®cant
number of the ¯ips will be due to magnetically isolated spins
(1.6%) that can ¯ip repeatedly with a probability of 50%.

It is fortuitous that the concentration of interest (p~50%)
corresponds to the marked development of interpenetrating
domains. The important factor is undoubtedly the `pinning' of
the domain walls by the non-magnetic atoms. The number of
atoms in a domain wall decreases slowly, and after 10 000 MCS
only 6% of these have more than 1 anti-phase neighbour. A
typical spin matrix after 10 000 MCS is shown in Fig. 1. It is not
easy to illustrate the 3-D assembly of spins, and the in-phase
and out-of-phase antiferromagnetic spins are shown in black
and grey respectively, with non-magnetic atoms in white. Only
the faces of the cube can be seen. The domains remain highly
intergrown, reach all six faces of the cube, and contain over
96% the spins. Visual representation of the spins at 50 and
10 000 MCS differ in the ®ne detail rather than in any dramatic
local consolidation of domain structure. The 3-D staggered
correlation function can be represented by

c r� �~ 1

2n2

Xn

i~1

Xn

j~1

{1� �r sij,n2
sij,n2zrzsij,n2

sij,n2{r

� �* +
as the correlation of pairs of spins sijk at ¡r cell spacings on
either side of a reference plane of n2 spins at k~n/2. A plot of
ln[c(r)] against r has a slope of 21/l where l is the correlation
length. However, l should be viewed as a measure of
interpenetration rather than as an indication of domain size.
The value of l increases slowly from 1.6 to 4.6 cell spacings for

50 and 10 000 MCS respectively, and demonstrates that the
approach to a fully ordered state is exceedingly slow.

These data illustrate that the Ising 3-D spin system with
p~50% shows domain pinning in the same way as described
earlier for the Ising 2-D spin system. In fact the very small
correlation length would preclude the observation of anti-
ferromagnetic long-range order by neutron diffraction, and the
system is therefore best described as a spin-glass in nature. The
intergrowth structure observed is also dependent on the
sampling method, so that effectively the system appears to
have a multiple ground state, another characteristic of a spin-
glass. On the other hand a magnetically concentrated
(p~100%) spin system under the same conditions evolves
rapidly towards a single-domain structure within 1000 MCS.

Similar calculations for quenching of a 3-D Heisenberg
system were carried out using a random matrix of 403 atoms
with nn interactions only and a concentration of p~50%. The
temperature was instantaneously reduced to kT/J~0.1,
corresponding to a reduced temperature T/TN of ca. 0.2 to
allow some residual thermal energy. The system rapidly
adopted a single-domain structure, appearing to reach an
equilibrium state within 20 000 MCS. The average value of S
taken over all the spins was nSm~0.883. There is thus a marked
difference between the anisotropic Ising model that develops an
interpenetrating domain structure by `pinning', and the
isotropic Heisenberg model where the free rotation of the
spin vector prevents such an effect.

Slowly-cooled 3-D Ising spin systems

The same random spin matrix develops very differently in a
slow-cooling regime from kT/J~3.0 to 0.1 in decrements of 0.1
with 1000z1000 MCS at each temperature. The development
of long-range order in the vicinity of the critical temperature is
dif®cult to monitor from a small number of simulations of
®nite size. A useful criterion appears to be to observe the
number of spins that have changed orientation after 1000
MCS. If spins are ¯ipping randomly, then 50% of the spins are
reversed after this time interval. As long-range order appears
on cooling, this fraction decreases rapidly towards zero as

Fig. 1 The domain structure for a random Ising 3-D matrix of 1003

atoms (with p~50%, quenched to kT/J~0.5 and allowed to evolve for
10 000 MCS, as described in the text). Non-magnetic atoms are shown
in white, while in-phase and out-of-phase antiferromagnetic domains
are shown in black and grey respectively. Close inspection of the data
shows the existence of large numbers of non-magnetic atoms along the
domain boundaries. Over 97% of the spins belong to the two largest
intergrown percolation clusters.

Fig. 2 The number of spins in a 1003 matrix of atoms with p~50% that
reverse direction after 1000 MCS as a function of temperature. At high
temperature where the ¯ipping is rapid 50% of the spins (250 000) will
reverse direction. As spin alignment begins to take place below TN the
number of reversed spins drops rapidly. With increasing values of J2/J
(0 ®lled circles, 0.05 open circles, 0.10 ®lled triangles, 0.15 open
triangles) the ordering temperature decreases and becomes more
diffuse.
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illustrated in Fig. 2. The ®lled circles correspond to J2~0 (the
other data are described later). This criterion was applied11 to
the 2-D Ising systems, and is also useful in the present instance.
It is not clear as to whether the ®rst signs of slowing of the spins
are due to order over long ranges, or rather to the development
of large fractal clusters which may still be dynamic, but are
nevertheless relaxing very slowly. Certainly percolating clusters
that are dynamic are often seen just above the critical
temperature, and indeed for pw62.4% this will always be true.

The following observations were made for a typical
calculation. The critical temperature for J2~0 (i.e. for nn
interactions only) is at approximately kT/J~2.0. Spins with no
nn spins ¯ip rapidly at all temperatures. Spins with 1 and 2 nn
spins are ¯ipping rapidly for T/TNw0.25 and 0.5 respectively.
The energy of the system approaches the equilibrium value
within the ®rst 500 MCS. The matrix at kT/J~0.1 is shown in
Fig. 3. The two largest domains contain almost the same
numbers of spins, and together this amounts to 97.9% of the
total. Some isolated spins are evident, and the domain
boundaries are associated with large numbers of non-magnetic
atoms. The number of spins with 2 (or more) out-of-phase nn
interactions decreases rapidly below the critical temperature,
although some 1% of spins retain one nn contact, and can be
considered as being in a domain wall. The ®nal domain
structure is already clearly evident at kT/J~1.5, after which the
domain walls only consolidate at lower temperatures without
any major movement. However, the ®nal domain structure is
dependent on the random nature of the spin ¯ips, and seeding
the random number generator with a different starting point
will produce a visibly different end result of almost the same
energy. Thus the model can be regarded as having a degenerate
energy state. The energy calculated is within 2% of that for the
ideal single-domain lattice, but this ideal state may never be
achieved because the spins are `pinned' by the domain walls. A
similar calculation in reverse, starting from the fully ordered
state and then raising the temperature, produces large anti-
phase clusters only for kT/Jw1.8, but the energy and the
numbers of spin ¯ips are very similar with only a comparatively
small degree of hysteresis.

If J2 is allowed to become non-zero to all next nearest
neighbours (Model 1), then spins with a large nnn/nn

occupation ratio will tend to be reversed. This results in a
much lower energy than might have been the case, and also
increases the interpenetration of the domains, as seen in Fig. 4
for J2~0.1. Indeed, the energy achieved on cooling is below
that calculated for the ideal ordered state, and is clearly an
important factor in controlling the domain system. However, in
this example there are still two domains containing 95.0% of
the spins, but the number of atoms in the domain walls is now
23%. The number of spins ¯ipped after 1000 MCS for J2~0,
0.05, 0.10, and 0.15 are plotted in Fig. 2. It can be seen that the
increasing nnn interaction effectively decreases the transition
temperature, and the transition itself is more diffuse.

Slowly cooled 3-D Heisenberg spin systems

The undiluted (p~100%) simple cubic Heisenberg lattice with
antiferromagnetic nn (J) and nnn (J2) interactions is of
interest18 because of the potential for frustration. When J2 is
small, then the energy (for anti-parallel nn spins) can be written
as E~g(26Jz24J2). Spin frustration can occur for J2/
J~0.125. For J2/Jw0.125 the ground state is one of three
equivalent collinear con®gurations in which adjacent planes of
antiferromagnetic spins are coupled ferromagnetically. These
three situations were realised in some test runs of the
Heisenberg Monte Carlo calculation that gave a useful
veri®cation of the methodology. A random spin system with
p~100% was equilibrated for a particular value of J2 at kT/
J~3.0 for 1000z1000 (or 10 000z10 000) MCS, and cooled to
kT/J~0.1 in decrements of 0.1. The different spin arrange-
ments described above were observed. However, in the present
context an increasing magnetic dilution will eventually have a
dramatic in¯uence on the spin system, and one would expect
signi®cant frustration to develop locally in the lattice for values
of J2/J deviating substantially from 0.125.

Much more detailed simulations were carried out for 203 and
403 atoms at p~50% with equilibration at kT/J~0.80 for
1000z1000 (or 10 000z10 000) MCS, and cooled to kT/
J~0.025 in decrements of 0.025 (note that the Ising and

Fig. 3 The domain structure for the Ising 3-D matrix shown in Fig. 1,
after slowly cooling from kT/J~3.0 to 0.1 with 1000z1000 MCS per
step, as described in the text. The two largest intergrown percolation
clusters contain 97.9% of the spins, but the intergrowth is less, and the
correlation length is now 9.4 cell spacings.

Fig. 4 The domain structure for the Ising 3-D matrix shown in Fig. 3,
after the same cooling process from kT/J~3.0 to 0.1 with 1000z1000
MCS per step, but with a non-zero nnn interaction of J2/J~0.10. The
two largest percolation clusters are more intergrown, and the
correlation length has decreased to 6.4 cell spacings. The energy is
actually lower than would be the case for perfect antiferromagnetic
alignment, and illustrates how the domain formation is partially energy
driven.
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Heisenberg calculations are not scaled identically). The values
of the spin vectors were not averaged close to zero during 1000
MCS above the critical temperature, but 10 000 MCS proved
satisfactory in this regard. The ®nal data reported here were all
obtained for 403 atoms and 10 000 MCS to establish
equilibrium, and a further 10 000 MCS to obtain data values.
Each calculation took several days to run. It is believed that
these ®gures give a reasonable representation of the isotropic
Heisenberg spin system, and that the in¯uence of the size of the
data set and the number of MCS has been adequately
considered.

The energy of a matrix of 203 atoms as a function of J2/J is
shown in Fig. 5, together with the value of nSm after a slow-
cooling cycle with 10 000z10 000 MCS per decrement. Both
Model 1 and Model 2 are represented. Also included are the
values of the energy for a perfectly aligned antiferromagnetic
state. The (negative) energy from the spin interactions initially
decreases almost uniformly with increasing J2/J, but by J2/
J~0.04 a signi®cantly larger magnetic energy can be gained by
allowing spin misalignment. At the same time, the value of nSm
as a measure of ordered spin alignment decreases rapidly to ca.
0.5 at J2/J~0.04 (a nnn exchange of only 4%). Model 2, in
which only the exchange via the diamagnetic atoms is
considered, is only marginally less effective in destroying
long-range order. This is compatible with spin misalignment
being more likely when the number of nn neighbours is smaller.

Another way of following the effect of J2 on the ordering is
to consider the value of nSm as a function of both J2/J and kT/J
as shown in Fig. 6. The data shown are for 403 atoms and
10 000z10 000 MCS per decrement using Model 2, but very

similar results are seen for smaller data sets. An increase in J2/J
causes a decrease in T/TN (y0.20 for J2/J~0.03) and a rapid
decrease in nSm for 0.3vJ2/Jv0.7. An unexpected feature of
the latter is a marked decrease in nSm for kT/Jv0.1. However,
it seems plausible that the smaller J2 value can be responsible
for a progressive local spin rotation at the lower temperatures
as the thermal energy is removed. Evidence for this is shown
below. The conclusion can be drawn that the nnn antiferro-
magnetic interactions can result in a signi®cant reduction in the
observed magnetic moment as de®ned by nSm. Thus the
moment of 2.94 mB in SrLaFeSnO6 could mean a J2/J ratio of
only about 3%, whereas an increase to 6% for Nb and Ta would
effectively destroy the long-range order from a neutron
diffraction stand point.

It is not a trivial matter to understand the microscopic nature
of the spin alignment in three dimensions. A further
visualisation of the way in which the long-range order is
destroyed despite the presence of strong nn spin interactions
can be obtained by representing the spin direction as coloured
squares using red, green, and blue components to mimic the
three orthogonal directions which comprise the individual spin
vector. Fig. 7 shows typical data for a 403 matrix after slowly
cooling to kT/J~0.025 with 10 000 MCS per decrement, and
with J2/J values of 0.00, 0.03, 0.05 and 0.10. When J2/J~0 the
spins align essentially parallel to each other as shown by the
uniform colour, with the exception of isolated spins which are
not coupled to the rest of the matrix. It is clearly evident that
comparatively small values of J2/J can result in small clusters of
spins, largely segregated from the bulk by non-magnetic atoms,
that differ markedly in orientation from adjacent clusters as
shown by the changes in colour, while a substantial spin
rotation can occur within regions of poor contact. Thus
percolation alone is no longer a suf®cient condition to cause
spin alignment, and in this respect the isotropic Heisenberg
model differs very signi®cantly from the anisotropic Ising
model.

Spin relaxation in an applied magnetic ®eld

The magnetically diluted perovskites should show ideally no
difference between the magnetism observed (a) when the spins

Fig. 5 The lower diagram shows the ®nal energy of a matrix of 203

atoms as a function of J2/J after a slow-cooling cycle with
10 000z10 000 MCS per decrement (triangles), while the upper
diagram similarly shows the value of nSm (squares). Data for Model
1 and Model 2 are represented as open and ®lled symbols respectively.
The circles represent the values of the energy for a perfectly aligned
antiferromagnetic state, showing that spin misalignment lowers the
energy when J2/J is non-zero. The value of nSm as a measure of ordered
spin alignment decreases rapidly with increase in J2/J.

Fig. 6 The value of nSm as a function of both J2/J and kT/J for 403

atoms and 10 000z10 000 MCS per decrement using Model 2. The
values of J2 from top to bottom are 0.00, 0.01, 0.02, 0.03, 0.04, 0.05,
0.07, 0.10, and 0.15. An increase in J2/J causes a decrease in T/TN and a
rapid decrease in nSm. The conclusion can be drawn that the nnn
antiferromagnetic interactions can result in a signi®cant reduction in
the observed magnetic moment as de®ned by nSm, and could effectively
destroy the long-range order from a neutron diffraction stand point.
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are slowly cooled through the critical temperature before a ®eld
is applied and the magnetism recorded during heating (a ZFC
experiment), and (b) when the ®eld is applied and the spins are
slowly cooled through the critical temperature while the
magnetism is recorded (a FC experiment). However, experi-
mental data2,5,7,8 have revealed a pronounced hysteresis in the
magnetic behaviour suggestive of a multiple ground state. In
the 2-D magnetically diluted oxide systems it was shown11 that
this could occur in an Ising lattice by the interpenetration and
pinning of the domain walls.

Calculations for a 3-D Ising lattice con®rm that similar
behaviour can be predicted. Simulations were made for 1003

atoms using 1000z1000 MCS at each temperature step as
described earlier, but with the appropriate application of an
applied ®eld H/J~1 or 0.1. A large value of the ®eld is
necessary because of the ®nite size of the simulation. Some
typical data sets are shown in Fig. 8. The ®eld that is applied
along the unique axis causes an imbalance in the number of
spins parallel and antiparallel to the ®eld. And the fractional
imbalance can be crudely related to the effective magnetisation

M. Hysteresis is shown in Fig. 8 for J2/J~0 and 0.05 with H/
J~1, and for J2/J~0.05 and H/J~0.1, and indeed is a feature

Fig. 7 A representation of a 403 matrix of atoms after cooling to kT/J~0.025 with 10 000 MCS per decrement for J2/J values of (a) 0.00, (b) 0.03, (c)
0.05, and (d) 0.10. The non-magnetic atoms are shown in black, while the spin orientation is represented by a colour with the red±green±blue
intensities scaled to the corresponding x, y, z spin vectors. Increasing values of J2/J cause increasing spin misalignment and small regions of nearly
parallel spins separated by largely non-magnetic boundaries.

Fig. 8 The magnetisation M of an Ising matrix of 1003 atoms with
1000z1000 MCS per increment as a function of kT/J for the values (a)
J2/J~0.00 and H/J~1, (b) J2/J~0.05 and H/J~1, (c) J2/J~0.05 and
H/J~0.1. In all cases there is a distinct hysteresis between the ZFC
(open symbols) and FC (®lled symbols) calculations.
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of all simulations carried out for a wide range of J2/J and H/J
values. As J2/J increases the interpenetration of the domains
also increases markedly.

A number of FC and ZFC simulations for both Model 1 and
Model 2 with a 203 Heisenberg lattice, an applied ®eld of H/
J~1, and for various values of J2/J showed no signi®cant
evidence for magnetic hysteresis. This is in sharp contrast to the
pronounced hysteresis found using the Ising model, but is not
too surprising as the isotropic spin rotation of the Heisenberg
system precludes the pinning of spins at low temperatures. This
does lead, however, to a belief that the experimental
observations of hysteresis must re¯ect a degree of anisotropic
behaviour in the spin system. A likely cause of this is the local
distortions caused by randomly placed ions of differing size and
charge, although no attempt has been made to include these
effects in the present calculations.

Relaxation in MoÈssbauer spectra

In an attempt to demonstrate the effect of the spin dynamics on
relaxation of the MoÈssbauer spectrum, the calculations
described above included the calculation of a histogram of
the nSim values from 0 to 1 in units of 0.01. A series of 100
MoÈssbauer spectra using the same increments and a maximum
¯ux density of 50 T were calculated, and then summed with
weightings from the histogram.

A 3-D Ising simulation for Model 1 using 1003 atoms and
1000z1000 MCS, given in Fig. 9, shows the development with
decreasing temperature of broad magnetic wings beneath a

collapsed central feature, very similar to experimental observa-
tions for SrLaFeSnO6. Even for J2/J~0, the central feature is
apparent at kT/J~1.5 (T/TN ca. 0.75). A similar series of
calculations for J2/J~0.10 differ principally in that the
equivalent spectra are now at a reduced temperature some
0.5 lower than before. The spin system still `freezes', but at a
signi®cantly lower temperature.

Simulations using the Heisenberg lattice with Model 2
required 10 000 MCS to prevent unrealistic line broadening
above TN because of inadequate averaging of the spins. For J2/
J~0, the characteristic 6-line pattern develops quite quickly
below TN as illustrated in Fig. 10. For J2/J~0.05, the initial
broadening below TN retains a central collapsed component at
much lower reduced temperatures as shown in Fig. 11, and
signi®cant line broadening is still present at temperatures far
below the critical temperature. Thus in a Heisenberg spin
system the introduction of nnn superexchange has a major
effect on the relaxation behaviour. However, the Heisenberg
simulations do not produce the central component on a broad
background as seen in the Ising simulations and the experi-
mental data. This lends further support to the suggestion that
an isotropic model is not entirely appropriate. There is some
direct evidence in that the local anisotropy at each site is known
to result in a signi®cant quadrupole splitting in the MoÈssbauer
spectrum at room temperature.

The 119Sn resonance in SrLaFeSnO6 shows large transferred
hyper®ne ®elds but with considerable line broadening7,8 even at
very low temperatures, and there is a relaxational collapse as
the temperature is raised. The existence of spin misalignment
for J2w0 is relevant to understanding the absence of resolved
®ne structure, and additional work is required on this aspect.

Fig. 9 A 3-D Ising simulation of MoÈssbauer relaxation using Model 1
for 1003 atoms and 1000z1000 MCS, showing the development with
decreasing temperature of broad magnetic wings beneath a collapsed
central feature, very similar to experimental observations for
SrLaFeSnO6. The vertical absorption scale is arbitrary for visual
effect. The reduced temperatures, kT/J, correspond to values of (a) 3.0,
(b) 2.0, (c) 1.9, (d) 1.8, (e) 1.7, (f) 1.6, (g) 1.5, (h) 1.0, and (i) 0.1.

Fig. 10 A 3-D Heisenberg simulation of MoÈssbauer relaxation using
Model 2 for 403 atoms and 10 000z10 000 MCS, with J2/J~0, showing
the development with decreasing temperature of a broadened magnetic
spectrum which persists over a considerable temperature range. The
reduced temperatures, kT/J, correspond to values of (a) 0.8, (b) 0.5, (c)
0.4, (d) 0.3, (e) 0.2, (f) 0.1, (g) 0.025.
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Discussion of the relevance of the model

The simulations described here still represent approximations
to the real situation. In particular only one more distant
superexchange is considered, and no account is taken of local
lattice distortions. However, even these simple models have led
to an improved understanding of the real systems. From an
examination of the experimental data and the Monte Carlo
simulations, it is suggested that the nnn spin interactions are
more important when the intermediate cation has a high
charge.

Useful evidence to support this belief is provided by
MoÈssbauer spectroscopy, which can give direct information
on induced spin densities at the intermediate cation, particu-
larly for Sn and Sb. The spinel system (NiyFe12y)[Ni12yz2x-
Fe1zy23xSbx]O4 has been studied by observing19 the super-
transferred hyper®ne interactions at diamagnetic 121Sb ions.
The metal oxidation states are Ni2z, Fe3z, and Sb5z. An Sb
atom on an octahedral B-site has 6 tetrahedral A-site
neighbours. The 121Sb MoÈssbauer spectrum for x~0.05 (and
with y close to zero) essentially shows a single magnetic ¯ux
density of 31.5¡1.0 T (despite the fact that the B-site
neighbours are Fe and Ni at random). This clearly demon-
strates that the B±B interactions are insigni®cant, and that the
y125³ Fe±O±Sb transferred hyper®ne interaction is about
5.3 T. Similar 119Sn MoÈssbauer data20,21 for (Fe)[Ni1.125-
Fe0.75Sn0.125]O4 show a maximum ¯ux density of 25.0¡0.5 T
(both values measured at around 80 K). In the former case the
development of multiple 121Sb ®elds with increasing x was
attributed to an increase in Ni concentration on the A sites. In
the latter, the multiple 119Sn ®elds were originally linked to nn
B-site populations, implying that B±B interactions are
important, but in retrospect an A-site occupancy of y18%
Ni would almost certainly give a better analysis of the data. The
similarity of the compositions of the two systems, coupled with

the analysis described above, would suggest that the reinter-
pretation is valid.

A detailed theoretical analysis22 of the possible spin transfer
mechanisms for Fe±O±Sb has been made. The dominant
interaction is a covalent overlap of 3d5 with the oxygen ligand
orbitals, giving a transferred spin density on the ligand, which
is similarly transferred through the Sb±O bond to the 5s orbital
of Sb5z. The mechanism for Fe±O±Sn transfer is the same (the
ions are isoelectronic). A crude estimate of electron con®gura-
tion gives 5s0.16 for Sb and 5s0.10 for Sn, and the transferred
hyper®ne ®elds are predicted to be in the ratio HSb/HSn~1.3,
which is broadly in agreement with observation23 which
suggests a ®gure of 1.25. The indications are that spin transfer
mechanisms via Sb5z are more effective than via Sn4z, and are
very much larger than Fe3z±O±Fe3z transfer. The argument
may differ in detail for Nb5z and Ta5z because of the
availability of empty d orbitals, but the importance of covalent
overlap for nominally highly-charged ions must still be
relevant. It seems reasonable to assume that a signi®cant nnn
antiferromagnetic coupling originates in this way, and that
Model 2 for Heisenberg spin interactions is plausible. A more
rigorous analysis is beyond the scope of this paper.

Finally, it is interesting to note that the super-transferred
hyper®ne ®elds at 119Sn from 6 Fe neighbours in LaFeO3,
EuFeO3, and LuFeO3 doped with CaSnO3 (with Fe±O±Sn
bond angles of 157, 148, and 144.5³ respectively) correspond to
¯ux densities of 25.2, 19.6 and 15.8 T. Clearly the ¯ux density
decreases substantially with a decrease in bond angle.24

However, the values for the spinels referred to above feature
a transfer from a more covalent tetrahedral site with short Fe±
O distances, while in the perovskites the transfer is from an
octahedral site and in consequence may be weaker. It is
therefore not a trivial matter to compare data from different
structural types.
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Fig. 11 A 3-D Heisenberg simulation of MoÈssbauer relaxation using
Model 2 for 403 atoms and 10 000z10 000 MCS, with J2/J~0.05,
showing the development of a broadened magnetic spectrum which
persists over a more prolonged temperature range than for similar
calculations in Fig. 10. The reduced temperatures, kT/J, correspond to
values of (a) 0.8, (b) 0.5, (c) 0.4, (d) 0.3, (e) 0.2, (f) 0.1, (g) 0.025.

J. Mater. Chem., 2001, 11, 456±463 463


