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The spin dynamics of two-dimensional magnetically diluted iron oxides with the K2NiF4 structure has

been studied by a Monte Carlo analysis using a simple Ising model. 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. The magnetic hysteresis observed in

®eld-cooled and zero-®eld-cooled magnetic measurements on SrLaFeO4 diluted with a non-magnetic cation can

be explained. Similarly, the observed MoÈssbauer relaxation can be simulated, and derives from differing

relaxation rates for spins with few near neighbour spins, particularly those close to a domain boundary. The

existence of `spin clusters' which has often been assumed is not a good model. It is suggested that Ising-like

behaviour in the critical region is an important aspect of these diluted Heisenberg layered systems.

Compounds with the stoichiometries ABX3 (cubic perovskite
structure) and AB2X4 (K2NiF4 structure) are of particular
interest because they approximate closely to ideal 3-D and 2-D
lattices for the study of magnetic superexchange interactions.
Both contain linear B±X±B nearest-neighbour (nn) super-
exchange pathways (usually antiferromagnetic), and it is
normally considered that the in¯uence of next-nearest neigh-
bours (nnn) is negligible. They therefore provide an excellent
basis for the study of magnetic dilution in antiferromagnets.
The majority of studies in depth have been carried out on
transition metal ¯uorides (B~Mn, Fe, Co or Ni; X~F),
largely because it has been possible to grow large single crystals
for neutron studies.

In comparison, comparatively little work has been done
using oxides because such crystals are not available. The high-
spin Fe3z cation has a spherical d5 con®guration, and should
therefore show an uncomplicated isotropic Heisenberg beha-
viour in such oxides. Magnetic dilution should not in¯uence the
tendency to order antiferromagnetically. However, in a series
of recent papers it has been shown that reality is much more
profound. Thus Sr2FeNbO6 and Sr2FeRuO6 have been
found1,2 to be spin-glasses at low temperature, despite evidence
to show that the Fe and Nb or Ru cations are disordered.2,3 On
the other hand, SrLaFeSnO6 shows entirely different beha-
viour.4 The random distribution of Fe and Sn on the B sites is
accompanied in this case by antiferromagnetic order; the
magnetic susceptibility shows hysteresis between ®eld-cooled
(FC) and zero-®eld-cooled (ZFC) data below 250 K, while the
57Fe and 119Sn MoÈssbauer spectra show marked magnetic
relaxation to well below 150 K such that measurement of
the precise ordering temperature using this technique is
dif®cult. The oxide SrLaFeO4 has the 2-D K2NiF4 lattice
and a NeÂel temperature of 330 K. Magnetic dilution as in
Sr1zxLa12xFe12xSnxO4 and SrLaFe12xGaxO4 has shown
similar marked hysteresis and relaxation effects.5

Such MoÈssbauer relaxation has been observed many times in
diluted ferrimagnetic spinels for example, and the popular
explanation, based on the work by Ishikawa,6 is in terms of the
existence of magnetic clusters. These are said to form below the
critical temperature and increase in size with decreasing
temperature until long-range order is achieved. However, a
theoretical explanation of the behaviour of the spin system and
its relationship to the observed spectra has been lacking, and

the meaning of a `cluster' has been obscure. An examination3 of
the percolation behaviour in a simple cubic 3-D perovskite
lattice with 50% disordered non-magnetic substitution showed
that few magnetically isolated `clusters' as proposed by
Ishikawa6 can exist at this composition. A subsequent
(unpublished) analysis developed using a combination of site
percolation and bond percolation to represent thermal effects
was useful but still gave no clear insight into the problem.

A more detailed interpretation of the effects of magnetic
dilution in simple lattices is required. In particular, the dynamic
nature of the spin system must be considered in order to give an
explanation of the observed MoÈssbauer spectra. Published
work has shown that Monte Carlo simulations can give useful
results. This paper reports the results of a detailed study of
relaxation in a 2-D Ising lattice. New ways of achieving a
visualisation of the spin system give a much deeper under-
standing of the phenomena observed in diluted SrLaFeO4.
The results obtained provide a useful basis for continuing work
on the 3-D perovskite lattice which will be reported at a later
date.

Antiferromagnetic domains

One feature of these magnetically diluted systems which must
be considered is the possible presence of antiferromagnetic
domains. Magnetic domains are well known in ferromagnets,
but the equivalent phenomena in antiferromagnets are less
frequently described and more dif®cult to observe. They are
equivalent to an anti-phase boundary. Specialised techniques
such as polarised neutron topography have to be used,7 as on
single crystal MnF2 for example. It is particularly signi®cant
that warming to just above the critical temperature, TN, and
then cooling again, restores the domain walls to almost their
original positions. It is believed that impurity `pinning' takes
place, as this `memory' is lost if the crystal is heated to a much
higher temperature. There is also experimental evidence to
suggest that non-magnetic impurity atoms can cause pinning of
domain walls, and hence prevent the onset of long-range
magnetic order in magnetically diluted rutile ¯uorides such as
Fe12xZnxF2. The relevance of antiferromagnetic domains in
the present study will become clear.
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The simulation method

In the K2NiF4 structure the separation between layers of
magnetic ions is large so that the magnetism is very close to 2-D
planar. The simplest conceptual model of the magnetism is the
2-D Ising magnet, in which each magnetic ion can adopt only
two states, which for computational purposes can be
designated as z1 and 21. This model obviously can not
describe the isotropic S~5/2 Fe3z ion accurately, but a
detailed discussion of the signi®cance of this approach will be
deferred until later in the paper. It is assumed that each linear
Fe±O±Fe superexchange can be represented by Jsi

z?sj
z where J

is the superexchange coupling constant for nn spins si and sj.
The thermal temperature is depicted in reduced units of kT/J
where k is Boltzmann's constant. Additional interactions,
which may be included as appropriate, are superexchange with
4 nnn atoms in terms of J2, and an applied magnetic ®eld B so
that the interaction energy for each spin in an Ising model can
be written as

E~{si J
X4
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The simulations were all carried out using computer code
written in the C language. An N6N square matrix of spins with
a concentration of spins of 0¡p¡100% is created at random.
The matrix can be created with either random values of s~¡1
to represent a high temperature fully disordered spin system, or
with alternate values of s to represent a perfect antiferromag-
netic alignment. The system is then allowed to evolve using
standard Monte Carlo methods.8 A site is selected at random,
and if it contains a magnetic spin the energy change for spin
reversal, DE, is calculated. The probability of spin reversal is
then calculated9 as P~x/(1zx) where x~exp(2DE/kT) so that
the number of attempts can be used to measure time. In order
to remove edge effects, periodic boundary conditions are
incorporated. Speci®cally, opposite edges of the square matrix
are considered to be geometrically linked. One Monte Carlo
cycle (MCS) corresponds to N2 attempts at spin reversal.

A standard cooling cycle was formulated as n Monte Carlo
cycles at kT/J~3.0, and then repeating at temperature
decrements of 0.1 until kT/J~0.1. A heating cycle started
similarly from kT/J~0.1 and incremented by 0.1 until 3.0. In
the present instance, data sets were of either 2502 or 5002 spins,
and n was at least 1000 MCS. Typically 500 MCS were to
establish approach to near equilibrium, before the next 500
MCS were used as a data collection period. In some cases
9000z1000 MCS were used. Many of the simulations resulted
in antiferromagnetic domain boundaries. Therefore, at the end
of each data collection period the largest in-phase and out-of-
phase percolation clusters10 were determined, together with
statistics regarding the numbers of spins in the bulk and in the
domain boundaries, the number of spins ¯ipped, the average
value of each spin during the period, and the numbers of s~z1
and s~21 spins. The ®nal energy of the system was also
calculated. A number of different graphical presentations were
devised to display useful aspects of the data. Large numbers of
simulations were carried out, but only representative examples
will be discussed in detail in the description which follows.

Quenched spin systems

The dynamic evolution of a 2-D matrix of spins quenched from
a high temperature random state has been studied pre-
viously,11,12 and is brie¯y considered here both to indicate
the differences from systems with controlled temperature
change, and to establish criteria for the approach to the
equilibrium state for the data sets used in the present work.

A matrix of 2502 spins (p~100%) was created in a random
state, instantaneously cooled to kT/J~0.5 (well below kTN/

J#2.35, but still with signi®cant thermal energy), and allowed
to relax towards equilibrium. The energy for a perfectly
ordered state (including periodic boundary conditions) in units
of J would be 21.256105. Clusters of spins (both in-phase and
out-of-phase) formed and grew rapidly. A two-domain state
was reached within 500 MCS, and one of the domains then
shrank steadily to only 15% of the total spins at 10000 MCS
with a corresponding decrease in the numbers of anti-phase
spins in the domain boundaries. The energy at 99.2% of ideal
was still decreasing steadily, such that one can con®dently
envisage the ultimate formation of a single-domain state.

A similar calculation for p~80% showed a similar rapid
development of large domains at kT/J~0.5, and the largest
reached more than 10000 spins within 50 MCS, the total energy
being 88% of the ideal. The energy continued to decrease, but
only very slowly, reaching 95.7% of the ideal at 10000 MCS. The
domain structure now comprised a number of large but
interpenetrating domains, the primary structure of which had
changed comparatively little since 1000 MCS. The largest
domain which spanned the matrix now contained 23218 spins,
of which 22077 were in the bulk of the domain (also containing
6803 non-magnetic atoms), with only 1141 spins in the domain
wall (1077 in contact with 1, and 64 with 2 out-of-phase atoms in
the neighbouring domains). A close examination of the matrix
at this point reveals large numbers of non-magnetic sites along
the domain boundaries, showing how they are pinning the
domains, which have comparatively few contacts, and prevent-
ing rapid evolution towards an ordered state.

One consequence of this domain pinning is that meaningful
`real' systems can only be studied by allowing the temperature to
change slowly so that the spin matrix can evolve over a larger
length scale without `freezing'. The rate of change of energy
after 10000 MCS is so slow as to prevent any realistic
determination of the ®nal state. From the many papers on
equilibrium studies using other Monte Carlo algorithms which
approach equilibrium much more rapidly (at the expense of
losing sight of the time variable) it is well known8 that domain
growth is strongly inhibited. It seems inevitable that the ideal
ordered state can never be obtained within the limitations of the
simple Ising model which allows only single spin ¯ips, because
domain growth is kinetically inhibited by the non-magnetic
sites. Fortunately this is not too serious a problem in the current
context in that the spin dynamics can be studied effectively
without having to reach the ultimate equilibrium state.

The development of domain structures during cooling

More interest attaches to the development of the antiferro-
magnetic domain structure during the slow cooling of an Ising
spin matrix. Various aspects of this problem have been
investigated in a series of papers by Nowak and Usadel13±18

using Monte Carlo simulations for both 2-D and 3-D systems.
Their work has proved to be very useful in the present
investigation, which concentrates on new aspects of the spin
dynamics. Many simulations have been performed for square
arrays of 2502 and 5002 atoms with periodic boundary
conditions applied. For the smaller matrix 9000 MCS were
used at each temperature step to create a near-equilibrium
state, followed by another 1000 MCS for data evaluation. With
the larger matrix, only 1000z1000 MCS were applied. The
®nal `frozen' domain structure achieved at kT/J~0.1 after
`slow cooling' was then examined graphically. The results from
the two series were comparable, so that the features of the data
which are to be considered do not appear to be unduly affected
by limitations in size or timescale.

For p~100% the spin matrix percolates below kT/J$2.35
and rapidly develops towards a single domain structure as
expected. At p~90% the magnetic dilution causes the NeÂel
temperature to fall, with percolation taking place below kT/
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J#2.05. However, the matrix becomes trapped into a two-
domain structure with considerable intergrowth. Close exam-
ination reveals a large number of non-magnetic sites along the
domain boundaries which are pinning the boundaries and
preventing growth. Thus the main outline of the ®nal domain
structure can clearly be seen at temperatures as high as
kT/J~1.8.

The domain behaviour observed with p~80% and 70% is
similar to the 90% results except that the intergrowth becomes
progressively greater, and percolation begins at kT/J#1.65 and
1.35 respectively. A typical domain structure for p~80% and
5002 atoms is shown in Fig. 1. This style of presentation
represents an instantaneous view of the dynamic spin system.
The domain structure is signi®cantly larger than in a
`quenched' simulation, but realisation of a fully ordered state
is still strongly inhibited. The outlines of the main domain
structure for p~70% are already apparent at kT/J~1.1, but
the development of full percolation is also inhibited. The
established percolation limit10 for a square matrix is
pc~59.27%. However, at p~65% some simulations result in
percolation, while others do not, and at 60% large domains
(w5000 spins) fail to develop and percolation is unlikely to be
achieved. This is a natural consequence of the antiferromag-
netic interactions and the domain pinning which occurs, and
has implications for the nature of the magnetic structure close
to pc in that long range order cannot be achieved in such an
Ising system. The kinetics of the approach to equilibrium as a
function of p has not been investigated.

Spin relaxation in zero ®eld

It is instructional to examine the ¯uctuation behaviour of all
the spins in the matrix over a suitable time interval as a
function of temperature. The number of ¯ips at each
temperature during a cooling sequence by every spin during
1000 MCS in a 2502 matrix with p~80% is plotted as a series of
histograms in Fig. 2. Spins which do not ¯ip at all are omitted
from the diagram for clarity. The values for n and nz1 ¯ips are
combined because the probability of an odd or even number of

¯ips are not the same. The interaction energy for a given spin is
proportional to the number of nearest neighbour (nn) spins.
The very small number of spins with no magnetic nearest
neighbours (and zero energy for spin reversal) ¯ip on average
500 times, but are barely visible in Fig. 2 as a result of the
choice of scale. As the temperature is raised the spins with only
one nn begin to ¯ip rapidly, and at around kT/J~1.4 it is
possible to discern distinct groups of spins with 0, 1, 2, 3, and 4
nearest neighbour spins, despite the broadening of the
distributions which will result from the ®nite time window.
Thus one may draw the logical conclusion that the relaxation
of any given spin is strongly linked to the number of nn spins,
and that those with few neighbours will be more prone to
showing relaxation.

For a series of values of p, a random matrix of 2502 spins was
cooled from kT/J~3.0 to 0.1 in steps of 0.1 with 1000 MCS per
step. In a parallel series of simulations the identical spin matrix
but in an initially ordered state was heated. The percolation
and domain characteristics of the spin system were examined in
detail. The ®rst 500 MCS at each temperature were used to
create a starting matrix, and the dynamic features were
calculated on the subsequent 500 MCS. At high temperature
when the spin ¯ips are essentially random, the probability that
a spin will be reversed after 500 MCS is 50%. As the spin
interactions become signi®cant compared to the thermal energy
then the probability of spin reversal will decrease. The numbers
of ¯ipped spins as a function of temperature are plotted in
Fig. 3 for six values of p ranging from 100% down to 60%. The
results for the same cooled (triangles) and heated (circles)
matrix show slight hysteresis because equilibrium is not
complete. At the same time the domain sizes are larger at the
lower temperatures.

The NeÂel temperature is judged to be the value of kT/J at
which the largest domain just spans the matrix. It is dif®cult to
determine this critical point to an accuracy of better than 0.1
from a small number of simulations on a matrix of ®nite size.
However, a number of features were observed. In particular,

Fig. 2 The number of spin ¯ips during 1000 MCS at each discrete
temperature interval by every spin in a 2502 matrix with p~80% shown
as a histogram. Spins which do not ¯ip at all are omitted for clarity, and
values for odd and even numbers of ¯ips are combined as the
probability of odd and even numbers of ¯ips are not the same. Below
the NeÂel temperature there are distinct groups of spins with 0±4 nearest
neighbour spins. Those spins with fewer neighbours are more prone to
undergo relaxation.

Fig. 1 The domain structure for a 2-D matrix of 5002 atoms (with
p~80%, simple Ising interactions, and slowly cooled to kT/J~0.1 with
2000 MCS per step, 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.
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the NeÂel temperature observed on cooling (a vertical dashed
line in Fig. 3) was clearly different in some cases from that
observed on heating (dotted line). For p~100% the number of
spins ¯ipped (Fig. 3) decreased very sharply at kT/J#2.35 with
the simultaneous adoption of a percolating domain structure.
There was no obvious distinction between cooling and heating.
The residual small domains which exist above TN are
essentially dynamic so that the probability of any spin
having ¯ipped in 500 MCS remains at 50%. Immediately
below TN the domains are still dynamic, but percolation is
achieved, and with decreasing temperature the system rapidly
develops towards a single domain structure.

For p~90% the behaviour is very similar, apart from the
domain intergrowth described above. At p~80% the cooling
and heating cycles show a small separation in the apparent TN

values, and this becomes large at p~70%. In the latter case the
¯ip probability begins to slow markedly long before percola-
tion of a single domain is achieved at kT/J#0.75 (compared to
1.35 on heating). Furthermore, for p~65 and 60% the matrix
never develops a percolating cluster on cooling. Rather the spin
matrix freezes as a consequence of the strong short range nn
superexchange interaction as thermal energy is removed. This
suggests the creation of a phase very similar to a spin glass.

Spin relaxation in an applied ®eld

One of the unusual features of a diluted antiferromagnet is
the observation of a magnetic memory or hysteresis in so
far as the magnetism actually observed depends on the thermal
history of the matrix. This has been observed5 in both
Sr1zxLa12xFe12xSnxO4 and SrLaFe12xGaxO4. The effects of

a magnetic ®eld can be simulated by including an additional
term in the energy of interaction, which can be written in
relative terms using the quantity B/J. If this ®eld is applied to a
random spin system (at high temperatures) then an imbalance
is created in the number of spins parallel and antiparallel to the
®eld. For present purposes the fractional imbalance can be
crudely related to the effective magnetisation, M.

There should be no difference between the magnetisation
observed when the spins are (a) slowly cooled through the NeÂel
temperature before the ®eld is applied and the magnetisation
measured during heating (a ZFC experiment), and (b) slowly
cooled through the NeÂel temperature in the presence of the ®eld
(a FC experiment). These experiments have been simulated for
different values of p using a matrix of 2502 sites. For case (a)
the spins were created as a single-domain ground state (the
ideal lowest energy state in zero ®eld) and then heated stepwise
in the presence of the ®eld to kT/J~3.0 in steps of 0.1 with 1000
MCS for each step. In case (b) the identical spin matrix with a
random alignment was cooled similarly with the ®eld applied.

The results are summarised in Fig. 4, which shows the ZFC
(circles) and FC (triangles) simulations for six different
compositions. The ®eld was B/J~1.0 in all cases, the large
value being chosen to compensate for the rather small size of
the spin matrix. For the speci®c case of p~100% the ZFC and
FC curves are almost identical, and any hysteresis caused by
failure to reach equilibrium at each step is negligible. In the
other ®ve cases there is a marked divergence between the ZFC
and FC curves below a critical temperature which is indicated
approximately by the dashed vertical line. It is evident that
cooling in a large ®eld results in the formation of signi®cantly
smaller domains. Furthermore, the FC curve is always higher

Fig. 3 The number of spins in a 2502 matrix which have been ¯ipped at
the end of 500 MCS during cooling from a random state (triangles) and
heating from an ordered state (circles) for p values of (a) 100, (b) 90, (c)
80, (d) 70, (e) 65 and (f) 60%. The NeÂel temperature (at which the
largest domain just spans the lattice) is shown as a vertical dashed
(cooling) or dotted line (heating).

Fig. 4 The magnetisation, M, (de®ned in the text) induced in a matrix
of 2502 atoms in an applied ®eld of B/J~1.0 for ZFC (circles) and FC
(triangles) simulations with p values of (a) 100, (b) 90, (c) 80, (d) 70, (e)
65 and (f) 60%. Note the hysteresis which develops for pv100% below a
critical temperature indicated approximately by the dashed vertical
line.
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than the equivalent ZFC curve. It is apparent that cooling in a
®eld causes growth of ®eld-aligned spin domains, yet inhibits
the movement of domain boundaries because of pinning at
non-magnetic sites, and as a result decreases the apparent value
of TN. It is believed17,18 that the domain structure is in fact the
equilibrium state for a diluted Ising antiferromagnet for any
value of Bw0.

The divergence between the FC and ZFC curves initially
increases rapidly as p decreases. The domain structure which
develops during FC will depend on the random nature of the
spin ¯ips, and therefore there are many apparent ground states
to the system. Essentially the same result is achieved if the ZFC
simulation is made using a matrix which has been cooled into a
domain state, rather than the perfectly ordered matrix. The
main difference is that the ZFC curve moves slightly closer to
the FC curve.

For p~65% and 60% the FC simulations do not produce a
domain structure in which one domain spans the matrix. The
domains interpenetrate each other to a greater degree as
p decreases, and long-range order is effectively lost before
the percolation limit is reached. The ZFC and FC curves
in Fig. 4 now resemble those found experimentally5 for
Sr1zxLa12xFe12xSnxO4 and SrLaFe12xGaxO4 and correspond
closely to similar curves observed2 for spin-glass materials.

The energy of the simulated FC state for p~70% and 65% at
kT/J~0.1 after 1000 MCS is actually lower than that of the
ordered ZFC state after 1000 MCS in the ®eld B at the same
temperature. This is consistent with the belief17,18 that the true
ground state in an applied ®eld is the domain state, and
suggests for example that there may be no long-range magnetic
order within the correlation length necessary for detection by a
neutron diffraction experiment.

More distant interactions

Although the body of opinion is that next-nearest neighbour
(nnn) interactions in ¯uorides are very small,17 it is not entirely
clear that the same will be true in oxides where the higher ionic
charges and the lower electronegativity of oxygen lead to more
covalency. In the K2NiF4 structure there are 4 nn and 4 nnn
sites, while in the perovskite structure there are 6 nn and 12 nnn
sites. It is believed that nnn interactions become especially
relevant in the latter case. In iron oxides both interactions will
be antiferromagnetic, which must result in a degree of con¯ict
and the potential for frustration in the system as a whole.

Many of the calculations described above have been repeated
allowing for an nnn interaction with J2/J~0.1. The main
features observed are an increased tendency to domain
intergrowth and a depression of the apparent ordering
temperature. However, for the 2-D oxide systems studied
there is as yet no direct evidence that such effects are large in
practice. Therefore a more detailed discussion will be reserved
for a future paper on the 3-D lattice, where nnn interactions are
especially relevant to the creation of spin glasses.

Correlation lengths

Once a spin matrix has been cooled to a very low temperature
the absence of thermal energy will freeze the domain structure.
Although the domains may be very large in a percolating
lattice, the correlation length, l, may become small if the
domains show a signi®cant interpenetration. Indeed the latter
have been shown15,16 to have the properties of a fractal. The 2-
D staggered correlation function can be represented by

c�r�~
�

1

2n

Xn

i~1

�{1�r�Si;n=2Si;n=2zrzSi;n=2Si;n=2{r�
�

�2�

by observing the correlation of pairs of spins at ¡r cell
spacings on either side of a line of n spins. To a good

approximation c(r)3exp(2r/l) so that a plot of ln[c(r)] against
r has a slope of 21/l. Values of l were computed for data sets
with 5002 sites cooled from kT/J~3.0 to 0.1 in steps of 0.1 with
10000 MCS per step. A typical plot for p~70% is shown in
Fig. 5. The increasing interpenetration of the domain structure
is seen as a steady decrease in l with decreasing p, becoming
very rapid below p~70%. The values calculated for p~90, 80,
70, 65 and 60% were 54, 31, 26, 10 and 3 cell spacings, which
represents a decrease in real terms from about 20000 to only
1200 pm. This would suggest that the observation of spin order
by neutron measurements will be affected adversely as p
decreases.

Dynamics of the domain boundaries

An alternative way of representing the dynamics of the spin
system is to compute the average value nSm of every spin during
a given time interval and to represent the results graphically.
This can be done ef®ciently by storing the time at which each
spin was last ¯ipped and then updating the time average when
the next ¯ip takes place. The results presented here were
obtained for p~80% and 2502 sites after cooling a random
array from kT/J~3.0 to 1.5 in steps of 0.1 with 1000 MCS per
step, followed by 12000 MCS at kT/J~1.5 to allow equilibra-
tion, and then 10000 MCS to obtain values of nSm. The
ordering temperature of this matrix corresponds to kT/J#1.75,
so that the calculations correspond to a reduced temperature of
T/TN#0.85.

In Fig. 6 are plotted histograms of the values of nSm for spins
with from 0 to 4 nearest neighbour spins. Spins with no
neighbours can ¯ip randomly, so that nSm is close to zero.
Increasing the number of neighbours reduces the probability of
a spin ¯ipping, but even with 4 nearest neighbour spins the
distribution in the values of nSm is still very broad at this value
of kT/J, even allowing for a degree of broadening caused by the
®nite size of the data set.

In Fig. 7 the domain structure for a 1006100 region of the
matrix is shown by plotting the values of nSm as a vertical bar
(anti-phase spins are plotted in the negative sense and shaded
for emphasis). The uneven height within a domain re¯ects the
local in¯uence of non-magnetic neighbours on the relaxation
rate of a given spin, but at the same time there is no evidence for
identi®able clusters of spins in the Ishikawa description. In
Fig. 8 the same plot is repeated, but the vertical bar is only

Fig. 5 A plot of ln[c(r)] against r, where c(r) is the 2-D staggered
correlation function, has a slope of 21/l where l is the correlation
length. The data shown are for p~70% after a slow-cooling simulation,
and give a correlation length of about 26 cell spacings.
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drawn if |nSm|v0.25. This dramatically shows how rapid spin
relaxation is associated with spins which lie close to a domain
boundary, and also indicates regions of boundary migration
during the 10000 MCS of the simulation. At this fairly high
reduced temperature the domain walls are still comparatively
mobile, but after more than 900 actual ¯ips per spin on average
the size of the largest percolation cluster has not increased, and
the decrease in energy is very small with only a slight reduction
in the number of spins in the domain walls. Very similar results
were obtained for p~70% and kT/J~1.0, corresponding to a
reduced temperature of T/TN#0.70.

Relaxation in MoÈssbauer spectra

The ®nal demonstration of spin dynamics concerns an attempt
to simulate the observed MoÈssbauer spectra. The calculation of
histograms of nSm has been described above. Using the
hyper®ne parameters observed for 57Fe in SrLaFeO4, and
scaling the ¯ux density of the hyper®ne ®eld B in proportion to
nSm, a series of 100 spectra were calculated. These were then
summed with weightings from the histograms of nSm. Typical
calculated spectra for p~80% after cooling a matrix of 2502

sites to different values of kT/J in steps of 0.1 and 1000 MCS
per step, with the summations being over the last 500 MCS, are
shown in Fig. 9. Some broadening appears above kTN/J#1.65
due to the ®nite size of the data sets, but these results suggest
that a degree of magnetic broadening could exist before long-
range percolation is achieved. It is clear that the spectra
develop as very broad magnetic wings emerging from the
narrow central component, before sharpening into the familiar
6-line hyper®ne spectrum. Similar behaviour is seen at other
values of p. Despite the crudity of the simulation, this is
basically the behaviour which has been observed5 by experi-
ment. From the previous section, it can be concluded that the
appearance of a central component can be largely attributed to
a combination of spins with few nearest neighbours and spins
in the vicinity of a domain boundary.

Fig. 6 Histogram of nSm for spins with from 0 to 4 nn spins at a
reduced temperature of T/TN~0.85 with p~80%.

Fig. 7 A 1002 region of the matrix used in Fig. 6 with each value of
nSm plotted as a vertical bar of proportionate length. Anti-phase spins
are plotted in the negative sense and shaded.

Fig. 8 The same data as in Fig. 7, but only including spins with
|nSm|v0.25 Rapid relaxation is clearly associated with spins close to a
domain boundary, and there is also evidence of regions of boundary
migration during the 10000 MCS of the simulation.

Fig. 9 Simulated MoÈssbauer spectra for p~80% and values of kT/J of
(a) 2.5, (b) 2.0, (c) 1.8, (d) 1.7, (e) 1.6, (f) 1.5 and (g) 1.0. Percolation is
achieved at kTN/J#1.65.
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Discussion of the relevance of the model

Any Monte Carlo simulation of a large spin system8 suffers
from the inherently slow approach to the equilibrium state.
While this is a serious limitation if it is the macroscopic
properties of the equilibrium state which are sought, in the
present instance it has less bearing on the dynamic microscopic
behaviour of individual spins. Hence meaningful results can
be obtained as regards the relaxation of such spins once
the system has been able to relax for a reasonable period of
time.

The Ising model adopted was chosen for two main reasons.
First, it is the simplest model to compute as each spin can have
only two states. Secondly, the 2-D array of spins can only show
long-range magnetic order in the unique case of the Ising
model. While one might expect that the spins interacting in the
Fe3z (high-spin d5) oxides would approximate closely to a
Heisenberg model, the 2-D array of spins is then unable to
achieve long-range order unless there is an additional (perhaps
weak) exchange interaction in the third dimension.20 The
A2BX4 structure is unusual in that, for antiferromagnetic
ordering, adjacent BX2 layers show a net cancellation in the
spin interaction. Thus long-range order in 3-D is only achieved
by interaction between next-nearest layers which must of
necessity be extremely weak. In the present instance, SrLaFeO4

already has random occupation of the A sites. The local
distortions created will exert a random in¯uence on the c-axis
exchange, but are dif®cult to represent in a theoretical model.
In Heisenberg systems the spin-wave energy is so small that the
long-range order can be expected to occur along the c-axis
in an ordered A2BX4 compound, but it is to be expected
that this may no longer be true in a disordered and diluted
system.

The compound SrLaFeO4 is known5,21 to be an antiferro-
magnet below 330 K. Neutron diffraction studies21 show that
the spins are aligned in the 2D-plane (ab) with a moment of
4.23(5) mB at 4.2 K, although the precise spin arrangement
remains obscure (probably because of disordered stacking
along c). This observation is compatible5 with the MoÈssbauer
spectrum, although the randomisation of the A-site cations
appears to result in some spin relaxation close to the critical
temperature. The magnetic susceptibility also shows evidence21

for 2-D interactions above TN. The related compounds
SrPrFeO4 and SrNdFeO4 (but not SrLaFeO4) show22 a
discontinuous reorientation of the spins from the ab plane to
the c axis in the vicinity of 80 K, which would suggest that the
spin interactions are reasonably isotropic.

Magnetic dilution will have an effect on the in-plane spin
interactions, but the additional consequences for the weaker
c-axis exchange may be even more signi®cant. The ¯uoride
K2Mn1-xZnxF4 (TN~42 K) makes an interesting comparison
as it contains the isotropic high-spin d5 Mn2z ion. Neutron
diffraction data show23 evidence for a break-up (with dilution)
of long-range order along the c direction (in the absence of an
external magnetic ®eld), even though the order within the layers
is comparatively unaffected. Non-magnetic doping reduces
correlation between layers at a greater rate than simply the
percentage of dopant, since the molecular ®eld acting on an ion
from adjacent layers will be effectively randomised in sign. The
observed rapid decrease in order along c with increase in
dopant is likely to be related to such effects. However, this may
not be so signi®cant with respect to spin relaxation within a
given 2-D layer for low levels of dilution, but for non-Ising
interactions could lead to collapse of the spin system well
before the percolation level is reached.

In Rb2Mn12xMgxF4 which is also a near-Heisenberg 2-D
system there is a small Ising anisotropy so that the critical
behaviour observed24,25 is that of the 2-D Ising model. Similar
behaviour has been found26 in KFeF4. These observations
would suggest that the phase transition in diluted Heisenberg

layered systems can be essentially two-dimensional in nature.
Therefore cooling through TN may establish a spin ordering
based on the Ising model, and the spin-wave excitations of the
Heisenberg model may be less important near to the NeÂel
temperature. In consequence the relaxation behaviour seen in
the MoÈssbauer spectrum might also be expected to show some
of the features predicted from the 2-D Ising model. It is hoped
that work in progress on Ising and Heisenberg 3-D simulations
will throw additional light on this aspect.

The compound K2FeF4 is substantially more anisotropic
because of the d6 Fe2z ion, and the spins which lie in the ab
plane show clearly 2-D XY-like critical behaviour. However,
magnetic dilution with Zn causes the Bragg intensities in the
neutron scattering to rise only gradually below TN, and there is
very signi®cant relaxation in the MoÈssbauer spectrum
(although described in the original paper27 as a co-existence
of magnetic and paramagnetic components). An explanation is
given27 in terms of 2-D correlated regions of the order of 10
lattice spacings which ¯uctuate on timescales of the order of
10211 (neutron) to 1028 s (MoÈssbauer). The occurrence of
similar relaxation in the MoÈssbauer spectra of diluted 2-D
compounds with very different exchange interactions is
consistent in principal with the suggested importance of a 2-
D Ising-like behaviour in the critical region.

In conclusion, the present work has thrown new light on the
dynamic behaviour of diluted 2-D spin systems with anti-
ferromagnetic spin coupling. In particular, the observed
magnetic hysteresis in FC and ZFC experiments and the
MoÈssbauer relaxation in 2-D oxide systems containing Fe3z

can be explained by a simple Ising model for the spin system. It
is suggested that Ising-like behaviour in the critical region of
these crystallographically anisotropic systems is responsible for
the formation of an antiferromagnetic domain structure, even
though a more Heisenberg-like behaviour may prevail at lower
temperatures.
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