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Calculations of the susceptibility of interacting superparamagnetic particles
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A model of the magnetic properties of a dispersion of interacting superparamagnetic particles in a solid
matrix is presented. The model uses Monte Carlo techniques and is capable of predicting the time and
temperature dependence of the magnetic properties. The model is applied to the study of the magnetic behavior
of a cobalt granular system, particularly the low-field susceptibility. It is shown that strongly interacting
systems at high density exhibit non-Langevin behavior and give a strongly nonlinear variation of susceptibility
with packing density. The temperature dependence of the initial susceptibility shows the characteristic peak
observed experimentally, with the peak temperature increasing with packing density. The field(E@)ladd
zero field cooledZFC) magnetization are also studied. The field dependence of the FC magnetization is shown
to depend on the interparticle interactions and also on the orientational easy axis distribution. The FC magne-
tization is found to exhibit a peak resulting from the interactions. This behavior is finally related to the energy
barrier distribution of the systertand its dependence on the interactionsing the temperature decay of
remanence. It is also shown that the remanence calculated from the complete hysteresis loop at each tempera-
ture differs from the values obtained by increasing the temperature of a system initially at saturation rema-
nence. The evolution of magnetic properties as a function of the magnetic state and history points to the
importance of collective phenomena. Calculations of a spin-spin correlation function show the existence of a
state with short-ranged order at low temperatures.
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I. INTRODUCTION static interactions between particles. Anderssoal® have
used a similar Monte Carlo model to investigate theoretically
The magnetic properties of a fine particle system ardghe behavior of a collection of interacting particles. The sys-
strongly dependent on the interactions between the particleeem was assumed to be monodispersed, but some disorder
Clearly the magnetostatic interaction between particles mighivas introduced via a random orientation of easy axes and via
be expected to be significant, especially at high densities. Ia random placement of particles in the computational cell.
addition, in materials consisting of magnetic particles in aCalculations of the dynamic susceptibility were made, lead-
conducting(nonmagneticmedium, the possibility exists of a ing to the prediction of a collective magnetic state, which is
reduced exchange coupling between the grains. The effectgflected in the appearance of magnetic aging, manifested by
of interactions are, in general, complex. A number of previ-a dependence of the slow dynamic behavior on the “waiting
ous analytical treatments have been carried'olitn par-  time” after quenching to a low temperature before the probe
ticular, the effects of interactions on the dynantielax- field is applied. This effect has also been observed
ationa) behavior have been studied, and the results appliedxperimentally:® MC calculations were also carried out by
for example, to the understanding of the variation of theKechrakos and Trohiddl of the hysteresis behavior of in-
initial susceptibility with temperature. However, it is clear teracting fine particle systems. This work shows a complex
that these approaches involve significant approximationdyehavior, dependent on the detailed balance between the an-
whose actual effects are not easy to determine. There exisigotropy and interaction energies, for example a purely dipo-
considerable discussion in the literature as to the correct agar system(zero anisotropy was shown to exhibit an in-
proach. Within this context there would appear to be a neegrease in coercivity at low packing density, leading to a peak
for computational studies to provide results on “model” sys-at the percolation threshold.
tems for comparison with analytical theory, and with experi- The effects of interactions on the magnetic behavior of
mental data. Chantrelet al® developed a Monte Carlo fine particle systems were reviewed by Chanteglal*? Es-
model and studied the hysteresis properties of systems preentially, the behavior of such a system is dominated by a
duced by the solidification of ferrofluids. In this case a stan<ritical diameter which determines the transition from revers-
dard Metropolis type MC model was used to predict theible superparamagnetitSPM) to irreversible or thermally
microstructure of the ferrofluid which was assumed to bestable(TS) behavior. For a system of particles with uniaxial
frozen in when the ferrofluid was solidified. These calcula-anisotropy and easy axes aligned with the field there exists
tions showed that in strongly interacting systems some phas® energy barrier to magnetization reversal given By
separation is possible which leads to the presence of aggre=KV(1—H/H,)?, whereH is the applied fieldK is the
gates even in systems of low packing density. The remanemtnisotropy energy density, andis the particle volumeH,
state was shown to be strongly dependent on the magnete=2K/lg, (with I, the saturation magnetization of the bulk
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material of which the particles are composésithe anisot-  Arrhenius-Neel relaxation time, with an energy barrier de-
ropy field. H, is essentially the intrinsic coercivity of the pendent on the local field, by means of which interaction
particles, i.e., the coercivity in the absence of thermal actieffects are introduced. Given that interactions are introduced
vation. At a nonzero temperature, there exists the probabilithy means of a local field, the model cannot correctly take
of a thermally activated transition over the energy barrierinto account strong collective modes of magnetization rever-
This process gives rise to a characteristic relaxation timeal which may occur in highly ordered systems, and is thus

given by the Arrhenius-Neel La® most applicable to materials with some local disorder, into
. which category many fine particle systems fall. In this study
7 =foexp(—Ep/KT), (1 we consider systems with disordered microstructures. The

wheref, is a frequency factor, of the order of the precessionmodel consists of a cubic cell in which the positions of the

frequency of the magnetic moment, often taken a&s18 particles are generated randomly with the constraint that par-
In zero field, setting the relaxation time equal to some char:[ICIe overlapd|§ ntot aIIO};ved.IThlst\r/]vas ach|eveg Ey :_atsh&gmng
acteristic measurement timeleads to the expressioN. (x.y.2) coordinates uniformly In the rang with o

— Ln(tfo)kT/K with V, a critical volume for SPM behavior the coordinate ant the size of the cubic computational cell.

- 0 . .

The rapid variation ofr with Ej, is responsible for a separa- ASS|gnments leading 1o ove_rlap with an existing par'qclg
tion of the magnetic behavior into two distinct “phases;” the were rejected and a further trial made. A particle size distri-

SPM phase fok/<V, which, havingts 7 is able to achieve bution was introduced, with the particle sizes being selected

thermal equilibrium, and conversely the thermally Stableaccordlng to a lognormal distribution function. In order to

(TS) phase which exhibits irreversible magnetic behavior achieve high packing densities the particles were assigned to

. . the cell in decreasing order of particle diameter, allowing
The measurement most clearly illustrating the change from . . o
sémaller particles to occupy the interstitial sites between the

TS to SPM behavior is the temperature dependence of thIar er particles. The anisotrony easv axes were generated
low-field susceptibility. Here, the gradual change from TS to ger par " . Py easy 9
randomly in 3D, i.e., with a probability for the polar angle

SPM behavior with increasing temperature results in a Char'(aa)=sin(aa) and a uniformly random distribution of the

acteristic susceptibility peak occurring at a temperaturé) ) . I "
which increases with the packing density of the particles. equatorial axis¢,. Periodic boundary conditions were ap-

Clearly the relative balance of the two phases is respon_ﬁ)_lridt(')?a?[e)r:grg;dg; ;Opraerz?;\éecgﬁug]gE:J%tfef;egtss'

sible for determining the magnetic behavior of the system
and t.he propertigs of each phage must be simulated within a E=KV(em)2— uX Hr, )
physically meaningful model. It is also important to note that

the two phases cannot be considered in isolation, since iwhere the unit vectors andm represent the orientation of
general their behavior is linked by the interparticle interac-the local anisotropy easy axis and the magnetization respec-
tions. The theoretical description of both SPM and TS phaseively, and the calculations are done in polar coordinates,
requires very different approaches. Here, we develop &pecifically u=nu(6,4). The total local fieldH; acting on
Monte Carlo model, based upon the calculation of transitiorfach particle is the sum of the applied field and the dipolar
probabilities, which is able to predict the behavior of a gen-field arising from the neighboring particles, given by

eral fine particle system consisting of any arbitrary value of

the SPM and TS fractions. As a consequence the temperature Hr=H,2+ > 3(# 'gij)rii _ %J &)
and time dependence of the magnetic properties are naturally T di; di; |’
included.

¥vhere the applied field is chosen to be along ztaxis. The

a (lt)lri tgfafil (l)rgacl)fstgz cubr;esr;tdpglﬁe; t%gézfeor;t g;ei;fsru;?ﬂgsecond term of Eq(3) represents the vector sum of the total
: - y o . %ipolar fields arising from neighboring particles;=d;;7;;
fine particle system using Monte Carlo techniques. The Pl

model is applied first to a study of the initial susceptibility :S ;hﬁn?f\?gggr\?ﬁ?hoé gifrgéfifr?gﬁﬁgel::'t\iljetzjewgffrH
and its dependence on packing density. Further calculatio he dipolar field is calculated within aps hericalpvolt:[r?]e de-
of the variation of susceptibility with temperature are also P P

carried out, in order to provide a more detailed picture of theEned by a cutoff radius chosen fo be at a distance six times

interaction effects. This aspect of the investigation is also o he mean radius of the particles. In the systems considered

importance since there exists a substantial body of expen—ere’ extens_lon of the cutoff range had no S'.gn'f'ca”F effect
n the predictions of the calculations, consistent with the

mental evidence to suggest that interactions have a Strorﬁ%sults of Anderssort al® Lona-ranae maanetostatic inter-
bearing on this property. Finally, we relate these results t ' g-rang 9

the underlying energy barrier distribution of the system, ancf’lCt_'l_ohneS t\;\(le iraev'igtrr%?uscr:]ag”uggg,w anaft]ic(f:elg};;/revfllﬁilc(:jht(tal’r]g].en-
especially its dependence on interparticle interactions. P

ergy barrier wass3kT) was simulated using a standard Me-
tropolis algorithm* The total energy of a particle within the
cell (anisotropy and Zeemais given from Eq.(2) by

Fund_am_entally, magnetization reversal proc_eeds via ther- E=KV sir? a— uHy cosB, 4)
mal activation over the anisotropy energy barrier. However,
the energy barrier is dependent upon the interparticle interwhere the first term represents the anisotropy enéugy
actions. In this model thermal effects are introduced via theaxial) and the second term the total Zeeman enémyslud-

Il. THE MONTE CARLO MODEL
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ing the applied and interaction fieldsvith w the magnetic  be noted that the master equation approach works well down

moment. The anglea and B represent the angles between to energy barriers<3kT. For energy barriers approaching

the moment and the easy axis and the total field acting on thihis value, the distribution of magnetic moments around the

particle, respectively. energy minimum becomes significant. Essentially, the inclu-
The Metropolis algorithm proceeds by changing the mo-sion of MC moves around the equilibrium position ensures a

ment orientation of each particle by a random amount anégmooth transition into the separate computational approach

allowing the change with a probability niithexpAE/  used forE,<3kT.

kT)]. For each particle® and ¢ are incremented randomly The magnetization reversal for a blocked particle takes

and the total field is calculated using Ed), allowing the place by a transition over the energy barrier. This is modeled

energy chang@E to be calculated. After a number of such by calculating the transition probability given by

moves the system evolves into a thermal equilibrium con-

figuration characteristic of the behavior of SPM particles, but P=1-e /", 8

in this case taking into account interactions via the IocaIWheret is the measuring time andis the relaxation time
field, which of course introduces a coupling between th m 9 '

71 . . .
SPM and thermally stable components of the magnetizatio n generalr IS given by the Arrhenius-Neel lapEq. (1)],

It is important to note that the SPM behavior persists upVhereEp(Hr,¢), the height of the total energy barrier for
to large energy barriergypically, for a measurement time of reversal is a function of the particle orientation. Hereep-
100 s up to a value of 29). Essentially this creates diffi- resents the orientation of the easy axis with respect to the
culties for the standard MC approach, since a moment i¢otal field. The angular dependence is specifically included
likely in practice to become localized in one or other of thebecause the model allows any arbitrary orientational distri-

energy minima resulting in apparent nonequilibrium behavhution of easy axes and consequerilyalso depends OE-

ior as an artifact of the unreasonably large number of Monterhe frequency factof,~10° s is taken as a constant since
Carlo moves necessary to achieve equilibrium. Although inhis factor is slowly varying with field and the behavior of
principle the SPM system would achieve thermal equilib-the relaxation time is dominated by the exponential function.
rium, the computational time required is prohibitively long, A simple analytical expression for the energy barrier
due to the small transition probabilities involved. Essentially,when the easy axis is oriented at an angle with respect to the
for large energy barriers we can consider the particle as field is not obtainable. However in this case an approximate
two-state system, since the orientational distribution o_f ,theexpression foE(H1,4) has been givefi as

magnetic moments is clustered around the energy minima.
SPM behavior is a result of the rapid transitions between the - _ k()

minima, which allow thermal equilibrium to be achieved. Ep(Hr. ) =KVI1=he/g()]"7, ©)

Consequently an improved approach to the computation%here g(@)=[co§’3ﬁ+ sinz’gﬁ]*’z and K(%=0.86

treatment of SPM particles with relatively large energy bar- = . .
riers can be derived by consideration of the relaxation of the" 1.149(y). Equation(9) was used to calculate transition

magnetic moment described in general terms by the mast&robab?l?ties via Eq.(8). A transition was allowed with a
equation for a two-state systé probability P, by generating a random numbefO<<x<1)
and allowing reversal iP,>x.

dny/dt=n,/7p— Ny /75, (5) For particles which make the transition it is necessary to
] ) determine the new direction of the energy minimum. This

wheren, andn, are the numbers of particles in states 1 andyas achieved by rotating our coordinate system so that the
2, and Ty, and 7,; are the relaxation times between the two |gca] field was along the axis, thereby simplifying the lo-
states. It is straightforward to show that the solution of Eq.cation of energy minima.
(5) leads to a time dependent probability of the form In small fields such that the moment lies close to the easy

1, - 1, - axis the S-W equation has an approximate analytical solution

PO =7 Y [P (O Ve exp(—ti7),  (6) T PP Y

where p; is the probability of occupation of state and

7 l=7.,+ 1, is the total relaxation time for the system. . [ hysing
The condition for thermal equilibriuniSPM) behavior in Amin=sin | ——|, (10
this case ig/7=1, leading to the expression 1+hycosy

_ e _ _ where a,, is the angle between the applied field and mag-
pi=exp(~ Ei/kT)/[exp—E k) +exp ~E)], (1) netic moment in the rotated co-ordinates. Previous
whereE; is the energy of staté Using the standard MC calculation$® have shown that Eq(10) is approximately
technique of importance sampling it is easily possible to genvalid over a large field range. Where necessary the solution
erate the correct populations in each state. However, thfor a,, was refined numerically using the Newton-Raphson
master equation approach does not include the inevitable disechnique, requiring generally at most two iterations to
tribution of the magnetic moment about the local energyachieve sufficient accuracy. After the determination of the
minimum. In our simulations, we carry out standard MC energy minimum the direction was transformed back to the
moves about the minimum in order to achieve a correct thereriginal coordinate system. As mentioned previously thermal
modynamic description of the magnetic microstate. It shouldactivation leads to a Boltzmann energy distribution within
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the energy minimum. Consequently, following the transfor- 09—
mation back to the original coordinate system, standard Me- 035 A
tropolis MC moves around the equilibrium position were 08 1 oo2 4
carried out. 071 A noninteracting A A

Thus, based on consideration of the relaxational behaviol ) A
of individual particles a formalism is possible which encom- 0.6 + A o
passes both the reversible and irreversible phases of a finé R o
particle system. In the following we apply the model to the £ 0.5 ¢ g o
study of reversible and irreversible behavior in strongly in- A o
teracting fine particle systems. In order to achieve a detailec 0.4 T « !
understanding of the behavior of the system, we also con- g4 1 A‘ a . . ¢
sider the temperature dependence of the initial susceptibility “ *
This is finally interpreted in terms of the energy barrier dis- 0.2 14 0 R d
tribution (and its dependence on the interactijonsing the 4 0.
representation of the energy barrier distribution as the differ- ~ 0-1 7 .
ential of the temperature decay of remanence curve. 0 , , . , ,

0 200 400 600 800 1000
Ill. RESULTS AND DISCUSSION
H(Oe)

We have carried out an extensive study of the magnetic
behavior of a system of interacting Co particles in order to FIG. 1. Magnetization curves for a system of SPM Co particles
gain a fundamental understanding of the effects of interacwith a median diameter of 7 nm and standard deviation of 0.15, at
tions on the reversible and irreversible magnetic behaviordifferent packing densities
The bulk of the investigation is dedicated to the temperature

dependence of the magnetic properties, which have been the, 4 oriented along the axis. Equation(11) was evaluated

subject of considerable experimental study. The aim is 1 merically for comparison with MC calculations using the
provide model calculations as a framework for understandin ybrid approach for a noninteracting system of particles

the experimental studies and also to elucidate the very subt hich was found to give good agreement. This procedure is
effects of interactions in granular magnetic solids. We stary o4y vital in validating and testing the numerical imple-
with a description of the room temperature properties. The,antation of the hybrid approach.

system consisted of 1000 particles placed into a cubic com- 5|0 jations of the variation of magnetization with field

putational cell as described earlier. The convergence of thg, 5 ystem of fine cobalt particles are shown in Fig. 1. The
calculations depends on a number of factors. Principally w arameters used correspond to bulk cobalM,

are concerned with achieving the correct thermal equilibriun_ 4 460 emu/ce and =4 x 166 erg/co with a median diam-

pr_operties of the SPM' fraction. As mentioned previously,eter of 7 nm and standard deviation of tiegnorma) dis-
this is somewhat complicated by the presence of large energyy, o of 0.15. This relatively large size corresponds to

balrr|9r of u%to Zﬁb-:_ forf the SP'YI parltlﬁlsfl.(TOur hybrid those observed in solidified ferrofluids and is chosen to illus-
SO utlofn to this pro en|1_ or particles wit ok >h3 con- oslrate @ number of features, which are clear in Fig. 1. First i
Sists of carrying out preliminary moves in which the particles.,, he geen that there is a strong variation of magnetization

gre treateg as a two-state system, with moves aIIO\]:vehd ?nl\)(/ith packing density. For the noninteracting case, the form
etween the energy minimum positions. Because of the 10Vt ihe yariation of magnetization with field deviates signifi-

number of degrees of freedom involved this was found 10,54y from the Langevin function normally expected for su-
achieve equilibrium rapidly in a maximum of around 10-20

. ) erparamagnetic materials. The reason for this is the effect of
moves per particle. The system was then subjected to stallo " material anisotropy on the magnetization cUR/al-

dard MC moves in order to allow thermal equilibrium 10 be 01 the initial susceptibility is independent of the material
achieved within the. minima, which required t_yplcally 200~ anisotropy, at larger fields the anisotropy tends to restrict the
250 moves per particle. The correctness of this approach WaSagnetic moments to the easy direction and to lower the

_establis_hed by carryi_ng out calcu_lations for a system of n_onfnagnetization in a given field. This gives rise to a change of
|_nteract|ng SPM partlcl_es,_ for_whlch the reduced magnetlza-sbloe in the magnetization curve at around a reduced mag-
tion (relative to saturationis given by netization of 0.35 as is evident in Fig. 1. The reduction in
susceptibility at higher packing density is due to the effect of
f f sindexp —E/kT)d6 de the interparticle mag_netostatic interactions._ The _reductio_n is
_ (11) a _re_su_lt of the formation of _flux closure conflgqratlons W_hlch
' minimize the magnetostatic energy and which are highly
JJGXF(_E/kT)dgd‘f’ stable against the action of the external applied field. It is
also interesting to note that the interacting systems do not
where we note that the magnetization is a function of theexhibit the change in gradient associated with the effects of
orientation(e) of the easy axe< is given by Eq.(2), noting  anisotropy in the noninteracting case. This shows that the
that, in the absence of interactiodls=H, with the applied interactions dominate the magnetic state at the higher pack-

M(e)
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FIG. 2. The variation of susceptibility with packing density for 7 ?A
nm diameter Co particles. e
ing densities; an observation which is important for the in-  ° : 2’0 4’0 e:o 8’0 1r:>o 1;o 1“10 "’50
terpretation of the temperature dependence of the suscept T(K
bility. (K)

_We have also calculated the variation of initial suscepti- £ 3. susceptibility vs temperature for various packing densi-
bility with packing density for the cobalt particle system andyjes for Co particles with median diameter 3 nm and standard de-
the results are shown in Fig. 2. It can be seen that there is gation 0.1. Values of packing density are indicated in the legend.
dramatic reduction in susceptibility as the packing density
changes from the noninteracting case to a packing density dfeing ferromagnetically stable or “blocked” at lower tem-
0.35. It can be seen that the variation is highly nonlinear. Ageratures. This has been observed in a number of
mentioned previously the reduction in susceptibility arisesmaterials’®?! Although the analogy between spin-glass be-
from the production of flux closure configurations in the de-havior and that of a fine particle system has often been made,
magnetized state, due to the magnetostatic interactions. It hitshas also been pointed S@tthat there are a number of
been found important to correctly simulate the demagnetizedifferences between the properties of a fine particle system
state. Simply assigning directions at random to the magnetiand that of a canonical spin glass. The following investiga-
zation leads to a high energy state which is relatively easilyions have been carried out to assess the effect of short and
magnetized. This is a nonphysical situation, which we havdong range interactions on the magnetic properties. The long
avoided by carrying out an annealing of the configuration inrange interactions are exemplified by studying the difference
order to produce a realistic demagnetized state. between thin-film samples and bulk samples in the form of a

In all numerical calculations system size can have an imsphere for which a demagnetizing factor o#/8 must be
portant effect. It is interesting to note here that the first mani-applied. The particles are assumed to have the bulk satura-
festation of system size effects appeared, in this study, in théon magnetization and anisotropy constant of cobalt.
production of the demagnetized state. The iniffabm tem- Figure 3 shows the susceptibility versus temperature for
peraturg calculations were possible for packing fractions asvarious packing densities up to 0.2. The calculated curves
high as 0.35. However, at low temperatures, as will be disshow the expected peak in the susceptibility at a temperature
cussed later it was found impossible to produce realistic deef around 23 K for the noninteracting system. The polydis-
magnetized starting states for the ZFC magnetization calcipersity of the samples is evident in the relatively broad peak.
lations for the system size used here, presumably because The effect of interactions is to give rise to a dramatic reduc-
the increasing correlation lengths. For a system size of 100flon in the susceptibility as the packing density increases.
particles ZFC calculations were limited to packing densitiesThere is also a significant broadening of the curve with in-
€<0.2. In order to extend the calculations significantly creasinge. This is consistent with an increase in the width of
larger system sizes will be required. the effective energy barrier distribution due to interaction

We now proceed with a detailed investigation of the sus-effects, itself a result of a dispersion in the magnitude and
ceptibility of an interacting fine particle system, first by cal- direction of the local interaction field. This dispersion is
culations of the variation of initial susceptibility with tem-  clearly important in determining the magnetic properties of
perature. It is known that the initial susceptibility exhibits athe system. There is evidence that the susceptibility at low
characteristic peak as the particles change in terms of thetemperatures increases with packing density, which can be
magnetic behavior from being SPM at high temperatures tdroadly interpreted in terms of the wider energy barrier dis-
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tribution. It also implies that a fraction of the particles in the 32 +
low temperature microstructure have a relatively high sus- T,
ceptibility. This is consistent with the frustration arising from
competing positive and negative interactions as will be dis-
cussed more fully later in relation to calculations of the 30 1
spin—spin correlation function. The prediction of a broaden-
ing and flattening of the susceptibility/temperature curve is
consistent with the results of Taketdrhon frozen ferroflu- 28 4
ids, who found that systems with a tendency to cluster for-
mation in fact exhibited no susceptibility peak. The tendency
of our simulations is certainly toward this case, although at
the packing densities achieved here we would not expect the2g -
interaction effects to be as strong as in a fully aggregated
ferrofluid, and therefore we would not expect the simulations
to exhibit such extreme behavior.

It should be noted at this point that the variationyofith 24
T depends very strongly on the low temperature initial state.
Simply assigning initial moment directions at random at the
lowest temperature gives, we believe, nonphysical results
arising from the far from equilibrium initial state. Within the 22 F
model calculations it was necessary to carry out a controlled
cooling of the sample from temperatures in excess of 200 K €
down to the starting temperature of 1 K. For the strongly \ \ , ,
interacting systems the rate of reduction of the temperature20 ) ' ' '
and also the temperature step used was found to be crucia.. 9 0.05 0.1 0.15 0.2

All initial states were produced by very slow cooling. FOr 15 4 The dependence B, on the packing density. There is

£<0.2 it was possible to produce demagnetized configuraa; most a weak dependence Bf on the long range interactions.
tions with reduced magnetization smaller than around 0.03the solid line is a fit toT 4o 62

This was considered to be satisfactory from the point of view
of calculating initial susceptibility vs temperature curves.increase in thd ; with packing density. In the case of Ref. 6
Above this packing density it was found increasingly diffi- the power law experimentally had an exponent closer to
cult to produce correctly demagnetized samples, due to in8.17. However, these experiments were for well dispersed
creasing correlation lengths in the system. Thus, our currerfte;O, particles, which might be expected to be less strongly
investigation is limited ta&<0.2. Extending the range of the interacting than Co because of their lower saturation magne-
model to higher packing densities is in principle possible, butization.
would require excessive computational times. The data pre- The effects of magnetostatic interactions are also investi-
sented in Fig. 3 is predominantly for a thin-film sample, with gated by means of an ordering temperatiige calculated
a demagnetizing factor of zero. The effect of long-range infrom the high temperature SPM regime. In the absence of
teractions is demonstrated by including the curve calculatethteractions it is expected that in this region the SPM system
for a spherical sample at a packing density0.2. The re- would obey the Curie-like lavyy=C/T. Figure 5 shows plots
duction in the susceptibility due to the demagnetizing field isof y~! vs T for a spherical sample with various packing
clear. densities. The plots are reasonably linear Tor50K. It is
There are two characteristic temperatures associated wittlear from Fig. 5 that magnetostatic interactions give rise to
the variation ofy with T which are often studied experimen- an apparent ordering temperatufg which is negative and
tally. The first of these is the temperatufg at which the ~ whose magnitude increases with packing density. The varia-
susceptibility peak occurs. This we find to be dependent omion of T, with packing density is shown in Fig. 6, which
the packing density as shown in Fig. 4. The variation isdemonstrates for this particular characteristic temperature a
rather nonlinear with a functional dependeﬁ'(b@ce”z. The much stronger dependence on the long-range interactions.
solid line in Fig. 4 is the corresponding fit. The solid symbolsThe large negative values of ordering temperature might be
in Fig. 4 correspond to simulations carried out with a spheriinterpreted as indicating some “antiferromagnetic” order.
cal sample, and the open circles are calculations for a filmwhile we believe this is a possibility in systems with a rela-
Within the statistical errors of the calculation there is notively well ordered lattice which could exhibit the required
significant difference between the sphere and the film indiorder in the form of interpenetrating sublattices we believe
cating that in this case the long range interaction effects arthat this is not the case in our disordered system. Correlation
having a relatively small effect ofiy: the most significant functions indicate a relatively short-ranged order consisting
effect of the demagnetizing interactions is an overall depresef flux closure configurations with low magnetostatic energy.
sion of the susceptibility. Clearly for cobalt systems the susin strongly interacting systems the magnetostatic energy is
ceptibility is strongly affected by nearest-neighbor interac-sufficient to dominate over the anisotropy energy, as indi-
tions. Previous work?® has demonstrated experimentally an cated by the room temperature calculations given in Fig. 1,

_[e]

m sphere

o Fim
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FIG. 7. Calculations offy as a function oH for a noninteract-
ing system of Co particles with 3 nm median diameter, both mono-
\ , , dispersed and witlr= 0.1, for randomly oriented and aligned sys-
0 ' d ' tems. T, is strongly dependent on the orientational texture of the

0 50 100 150 material and also on the presence of a dispersion of particle size.

T(K)

_ ) . i lowering the anisotropy energy barrier, which leads to a
FIG. 5. PI.OtS. ofx l. as a function off for dlffergnt pac_klng lower tgmperature at vr\)/)rllich thgypeak in the dc susceptibility
densities as indicated in the legend. All plots are in the linear re- L .
A e occurs. This is a well known result, which has been exten-
gion, i.e., from forT>50 K which is~2T,. . . . . .
sively studied experimentally. Generally speaking, theoreti-
leading to a relatively broagl vs T curve. Direct evidence of cal studies have been based on a system of aligned particles
short-ranged order using a spin—spin correlation functiorfor which semianalytical approaches are possible. For ex-
will be given later. ample, Wenger and Mydo&hhave used the relaxation time
We now consider the effect of an applied magnetic fieldexpression given by Brownto carry out numerical calcula-
on the dc susceptibility. The applied dc field has the effect ofions which show a power law dependence of the blocking
temperature of the system on the field, of the foFgwxH’
300 1 -To(K) whered=2 for low fields andy= 2/3 for high fields. For the
o frozen state of a spin-glass similar expressions have been
250 4 predicted by Toulouse and Gals8yand Almeida and
o Thouless’ Previous experimental work given in Ref. 7 has
m film given reasonably good agreement with these expressions but
o sphere also indicates that interactions have a strong bearing on the
experimental results. Here, we first consider the case of a
150 + noninteracting system since our numerical results allow an
exploration of the effects of particle orientation on the field
dependence of the dc susceptibility. The results are summa-
rized in Fig. 7 which gives calculated results for aligned and
"l random systems, both monodispersed and with a lognormal
s04 particle size distribution having a standard deviation of 0.1.
£ The peak temperatures for the system with a particle size
distribution are generally higher as has been noted
previously’ The solid line in Fig. 7 has been calculated us-
ing the following expression for the field dependence of the

FIG. 6. The variation of the negative ordering temperafiye  1OCKINg temperature:
with e. The solid symbols are for the thin film calculatiorg, is
strongly dependent on the long range interactions. Te(H)=Tg(0)(1—H/H)?. (12

200 +

100 +

0¥ T - : |

0 0.05 0.1 0.15 0.2
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"r ° vpH) 1 .
I, - Fandom morerdsperce fo yef(y)dy=3[yo(H*fly(H)]. (19

12 4+ o Random
Numerical solution of Eqg. 14 gives no peak as a function of

10 + the applied field. This suggests that the peak is a result of the
nonlinear terms in the magnetization, as also shown by Han-

ol son et al?® The polydispersed system with randomly ori-
ented easy axes shows no strong evidence of a peak in the
field variation of Ty. This is presumably a result of the

6+ spread of energy barriers introduced by the random orienta-
tion of the easy axes. We note that the work of letal??

ot does show evidence of a peak in agreement with this predic-
tion. This may indicate some preferential alignment of the
easy axes in their experimental systems, since the peak is not

2t present in a randomly oriented system.

Figure 8 gives plots of ; vs H¥? for the monodispersed
0 . and polydispersed systems with randomly oriented easy

75 125 175 205 275 axes. Interestingly these systems obeyHf? law, which
H2%(0e??) indicates that the experimentally obser\}_e313 Ia_w is attrib-
utable at least in part to the random orientation of the easy
FIG. 8. The variation ofT, with H?3 in large fields for the ~2axes. Both the polydispersed and monodispersed systems ex-
noninteraacting system of Fig. 7, the solid lines being a leastrapolate to the same effective valuetdf of 3.5 kOe, which
squares fit to the calculated results. is slightly higher than half the calculated valuetbf for the
system.
Essentially, the field variation ol is dependent pre-
minantly on the field dependence of the average energy
rrier of the system. This is the premise behind all previous

As expected, Eq(12) gives good agreement with the nu-

merically calculated data for the aligned and monodispersegg

system. For the monodispersed system we expect that t

blocking temperatur@ gz should be equal to the peak tem-

. ; ; 30

peratureT,. It is interesting to note that in the case of an T4(K) ..

aligned polydispersed system there is an initial increadg in =~ * o * ¢02

leading to a maximum value at around 750 Oe. In order to =k °g"f (sphere)

explain the origin of this peak consider the following expres- BT xy E o, * 20'05

sion for the low field magnetization of the system T x o 4
x Noninteracting

0o
<

4 o * o
20 % o

oxX

M= fy"(H)F(bmy)dy, (13
0

oX

which represents an integration over the superparamagneti o
part of the system with a distribution function writtenfdy) Q
wherey=D/D,, andV,, is the corresponding medium vol- 104
ume. f(y) is a volume fraction distribution, witif(y)dy

giving the fraction of the total magnetic volume having di-

ameters betweepandy+dy. M is the reduced magnetiza- 51
tion relative to the saturation magnetization of the sample.

The functionF of argumentb=1,,VH/KT is the Langevin

function for a randomly oriented system Br=tanhb for a 0 t t t t t |
system with aligned easy axes. Determination of the peak 0 500 1000 1500 2000 2500 3000
temperature as a function ¢f numerically from Eq.(13) H (Oe)

demonstrates the existence of a maximum. The maximum is

evident for the aligned system with a weaker peak for the ri5 9. The variation ofTy with H for systems of different

randomly oriented case. The existence of the peak is sengacking densities as indicated in the legend. The effect of interac-
tive to the width of the particle size distribution, disappear-ions is to increase the curvature of these plots which is indicative
ing rapidly aso increases. Further insight into the predicted of the effect of interactions on the variation of energy barrier with
peak can be obtained from the linearised form of Ek®)  H. The long-range interactions as represented by the calculations
appropriate for small fields. The condition for the tempera-for a sphere at=0.2 show a large deviation from the calculations
ture maximum at a given value of field follows as from a thin film at large values df.

X0 0O o
O XeO
oxa
(=]
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attempts to calculate analytically the variatidg(H). The
results of our calculations are summarized in Fig. 9, which
gives the variation off;(H) for various packing densities. M/M,
Overall, the results are consistent with the experimental date
of Luo et al?? Specifically, interactions dominate the prop-
erties for small applied fields, with the curves merging at
large H. This is not unreasonable as one would expect the
applied field to dominate over the nearest neighbor interac-
tions as the system approaches saturation. For comparisol
we include calculations for a spherical samf@ely the high
field data are shown for clarity—in small fields the two sets
of results merge as expecjedror the spherical sample the
demagnetizing field has a large effect on the behavior of the u ® °°°°° o
system at large fields. This effect of course can be includec u Se00
by a mean-field approach. Of more importance is the depen 024 I, o
dence on packing density at low fields. This implies that ol
interactions are having a strong bearing on the effective en- u 1410e
ergy barrier dispersion of the material especially at small U s
fields. There is some evidence in the noninteracting case of 0.1+
small peak in low fields, as was observed and noted by Luc a
et al. The effect of interactions is to remove this peak at the
higher packing densities. There is some evidence for a reduc
tion of the peak in the data of Luet al. although we note
that their experimental data were for relatively weakly inter-
acting magnetite particles at low density. T(K)
calcuiatons described so far i invariabiy 1 nerease the ef, FIS: 10 A comparion of the FC and ZFC magnetzaton or a
fective energy barrier of the system. Specifically, an increas noninteracting system at fields of 141 and 400 Oe. Open symbols
. . Lo f present FC, and closed symbols ZFC magnetization, respectively.

of the peak temperature with packing density is observed ang
there is an increase in curvature of thg vs H plot as the  of interactions in such a system is very poorly understood.
packing density increases, indicating a strong effect of th&kecently, Dormanet al* have reviewed some experimental
interactions on the form of the variation of energy barrierdata relating toy-Fe,O; particles in a polymer. Their con-
with field. It is interesting to note that in the case of theclusion is that for weakly interacting systems there is a rela-
strongly interacting systems the variation in small fields istively strong increase in the FC magnetization at low tem-
rather slow. This compares markedly with the noninteractingperatures which tends to be reduced by the effects of
case and is in fact more similar to the weak dependence dhteractions. Interestingly a weak maximum in the FC mag-
Ty 0onH for smaII fields in the canonical spin-glasses AgMn netization in some samples was also noted by these authors.
and CuMn?® Dormannet al. also note that no model of the FC magneti-

We also find strong effects of interactions in a comparisoreation has been produced taking into account specifically the
between the field cooled magnetizatidfiC) and the zero interparticle interactions, which makes the interpretation of
field (ZFC) magnetization. The ZFC magnetization essen-experimental data extremely difficult.
tially represents the dc susceptibility and is obtained by the Our model allows the calculation of the ZFC and FC mag-
application of a static magnetic field at a low temperaturenetization. Figure 10 shows calculations for two applied
after which the sample is progressively warmed beyond théelds of the ZFC magnetization and FC magnetization for a
maximum in the susceptibilityry. The FC magnetization noninteracting system. As expected, abdyehe two curves
was obtained by applying a field and cooling the samplemerge. The divergence occurs at a temperature slightly
from a temperature well abovk, (in this case 150 Kdown  greater thariTy, which is a reflection of the volume distri-
to a temperatureT=1K. Thus the FC magnetization is bution of the system. The size distribution assumed in our
achieved by a dynamic process, in which the relaxation bemodel is relatively narrow. We would expect that as the size
havior of the particles might be expected to play a significantistribution increases in width the two curves would diverge
role. Consequently, the FC magnetization should dependt temperatures significantly larger th@p. The FC magne-
upon the rate at which the temperature is reduced. Expertization decreases to a plateau at a temperature somewhat
mentally such behavior has been observed by Wenger andss thanl,. These observations are consistent with the the-
Mydosh* in an insulating spin glass system. A theory giving oretical approach given itk It is interesting to note that the
an expression for the FC magnetization of a fine particledata represented in Refs. 4 and 22 show a continuous in-
system was given by Chantrell and WohlfaitfThe resultis  crease of the FC magnetization with decreasing temperature.
a rate dependent critical temperature at which the systerihis may reflect relatively large particle size distributions in
makes a transition from being superparamagnetic to beinthese systems. The effect of interparticle magnetic interac-
ferromagnetically stable. The situation regarding the effectsions is quite dramatic as shown in Fig. 11. Here we show

0.0 1
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FIG. 12. ZFC magnetizatiotsolid symbol$ and FC magnetiza-
FIG. 11. A comparison of the ZF@solid symbol and FC  tion (open symbolsfor different fields at a packing density ef

(open symbols magnetization for an interacting system with ~ =0.2. At small fields the interactions completely dominate the sys-
=0.1 and two applied fields. The presence of a peak in the FGem. At larger fields the peak in the FC magnetization becomes
magnetization is clear. rather less pronounced.

calculated results for the interacting system of cobalt paresis loop to the remanent state at very low temperature, fol-
ticles in fields of 50 and 259 Oe, both ZFC and FC magnefowed by a gradual increase of the temperature and a mea-
tization. Data in Fig. 11 are for a packing density of 0.1. It surement of the magnetization. This is the commonly used
can be seen that the interactions give rise to a peak in the F@mperature decay of remanence curves, which can be re-
magnetization. This is consistent with the observation of Reflated to the energy barrier distribution. The second is referred
4 and also with data presented by Greasteal 3 on AgNiFe  to by Blytheet al> as hysteresis loop remanen¢e R). In
alloy films. We assume that these are relatively strongly inthis case the sample is cycled through the hysteresis loop to
teracting systems because of the Fe content, which woultemanence at each temperature concerned. Blgthal.
explain the relatively strong peaks observed in the systemsioted a difference between the two types of remanent mag-
It can be seen from Fig. 11 that the ZFC and FC magnetizanetization. Our results are shown in Fig. 13. The magneto-
tions diverge at a relatively low temperature for the 50 Oestatic interactions introduce a dramatic reduction of the rem-
field. At the larger field the two curves become more sepaanent magnetization. The remanence in this case is reduced
rated. The results for a packing density of 0.2 are given irby a factor of 2 for a system with a packing density of 0.01.
Fig. 12, which demonstrate a similar effect. In addition, asTwo further factors are interesting to note. The noninteract-
the field increases the peak in the FC magnetization becomasg case exhibits a large plateau at low temperatures. This is
less pronounced. This is consistent with interactions having a result of the narrow particle size distribution in our system.
smaller effect on the functional form of the energy barrier atHowever, as the packing density increases this plateau essen-
larger fields analogous to the previous observations of théally disappears and the system simply exhibits a rapid de-
variation of Ty with H. crease of the remanent magnetization with increasing tem-
We note that so far all the results obtained can be interperature. This is consistent with most experimental data,
preted in terms of an increase in the width of the energywhere a plateau is in general not observed. It is clear from
barrier distribution due to interactions and a shift of the av-our computational results that the slope of Mevs T curve
erage energy barrier to higher energies. However, we coris strongly dependent on magnetostatic interactions even at
clude this investigation by studying the energy barrier distri-very low densities. Consequently, energy barrier distribu-
bution by the use of the remanent magnetization. Here, wéons determined by differentiation of such curves must be
look at two types of remanent magnetization. The first is theconsidered to be strongly influenced by the interparticle
remanence obtained by cycling the sample through a hystemagnetostatic interactions. The effect of interactions can be
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FIG. 13. Temperature decay of remanence curves for the Co finét al. is necessary in order to study the origin of this discrep-
particle system with various values of packing densitgs indi-  ancy. However, it is significant that both theory and experi-
cated in the legend. ment predict a difference between the temperature decay of

remanence and the HLR, which is worthy of further study.
characterized by the differential of the remanence curve with The Computationa| results presented in this paper cannot
respect to temperature, which is a measure of the energye interpreted by a simple effective change in the energy
barrier distribution. In this case the distribution is found to parrier resulting from interactions. They can, however, be
shift to lower energy barriers. This is inconsistent with theexp|ained in terms of effective energy Changes Coup|ed with
inference of energy barriers increasing with interactionsg slow transition to an ordered state at low temperatures. In
which is the simple interpretation of the effect of interactionsour model System we can of course in\/estigate this by means

on the susceptibility/temperature curves of Fig. 2. This apof correlation functions. Here we choose a correlation func-
parent inconsistency is in fact easily reconciled by the existion defined as

tence of shorted-ranged order, as will be discussed shortly.

A final, very subtle effect of the interactions is demonstrated

in Fig. 14 which compares the difference between the stan- &, 0)=(mi-py),

dard temperature decay of remanence and the HLR measure-

ments carried out by Blythet al. It can be seen that there is With () representing an ensemble average. The polar coordi-
a significant difference between the two types of measurenates (, ) represent the position of partiglén a coordinate
ment which indicate strongly that the magnetic behavior isSystem based on the orientation of the moment of particle
dependent on the state of the system. This is not a long rangehis definition makeg sensitive to local anisotropies in the
interaction effect since these calculations were made for gagnetic microstructure such as small clusters, which would
film geometry. Clearly, the remanent state at a given temotherwise be lost.

perature produced by cycling the field into the remanent state Investigations show a gradual transition to a state with
is rather more stable than that obtained by the temperatughort-rangedglassy order at low temperature, with no evi-
decay of remanence. A difference between the two types adence of a divergence in the correlation length. For clarity in
measurements was noted by Blyteéal. However, their Fig. 15a) we show results for temperaturds=300K and
data showed that in temperature decay of remanence mea=1K (the starting point for the ZFC magnetization calcu-
surementdvl, extends to a very high temperature tail, which lations, in zero applied field. The technique of batch means
has not been observed in our simulations. Instead, we otwas used to calculate the mean value of and standard error in
serve a small difference in the low temperature remaneng(r,6). Figure 1%a) showsé(r) for 6=0 andw/2, i.e., par-
magnetization values. A more detailed calculation workingallel and perpendicular to the local magnetization direction.
with the specific materials parameters of the work of Blytheé(r) shows short-ranged order having positive values char-
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(a) acteristic of “ferromagnetlike” order fo®=0 and negative

E(r) values indicating antiferromagnetlike order fé+ /2. We

stress that this order is rather loc@lemonstrated by the
small correlation lengthand also macroscopically isotropic.
The anisotropy apparent in Fig. #pis a local phenomenon,
highlighted by our use of a “local” correlation function.
Figure 1%a) is characteristic of short chains oriented locally
antiparallel (but with randomly oriented chain axesr of
small flux closure loops. Either configuration is consistent
with the low energy demagnetized state inferred from the
susceptibility and remanence calculations. We note also that
the correlation function demonstrates the presence of com-
peting positive and negative correlations, leading to the pres-
ence of frustration, consistent with the increased susceptibil-
ity at low temperatures noted earlier.

Figure 15b) gives results for a system with=0.2 cooled
in a field of 921 Oe, corresponding to one of the FC magne-
tization curves in Fig. 12. It can be seen that the field cooled
state has a rather different form of correlation function. For
0=0 &(r) is always positive, tending asymptotically to a
finite value for larger. The same asymptotgelated to the
system magnetizationis reached ford=#/2. Clearly the
applied field has reduced the negative correlationsd at
= /2 by mitigating against the formation of local configu-
rations of low magnetostatic energy. This is perfectly consis-
tent with the reduction in the peak in the FC magnetization
with increasing field. Clearly it cannot be expected that ana-
lytical treatment, neglecting the presence of correlations, will
be successful in describing the properties of strongly inter-
acting systems. Our results also demonstrate that the form of
the correlations themselves vary in a complex manner with
the external field and indeed the temperature history of the
sample, which must be considered in the interpretation of
experimental data.

—e— 1K

IV. CONCLUSIONS

We have carried out an extensive investigation of the qua-
sistatic magnetic properties of an interacting fine particle
system, using a Monte Carlo model taking account of the
complex combination of reversible and irreversible magnetic
properties, which characterize its behavior. The model cor-
rectly predicts the form of the susceptibility/temperature
curve and an increase of peak temperafligewith &, in
agreement with experiment. A second characteristic ordering
temperaturél, is found to be negative, increasing in magni-
tude with increasing:. T, is also found to be strongly de-
pendent on the long-range interaction via the demagnetizing
field term, in agreement with Ref. 4. We also find the pres-

i ence of a peak in the FC magnetization. This arises from the

0.5 E 1.5 5 25 tendency toward an ordered state at low temperatures having
) ) “r short ranged order characteristic of a spin-glass as described

in Refs. 22 and 34. The broadening of thET relationship

and the shift ofT to higher temperatures with increasiag

FIG. 15. Correlation functions parallel and perpendicular to theC@n be interpreted in terms of a modification of the effective

local magnetizatiofia) in zero field forT=300 and 1 K, andb) for ~ €nergy barrier of the particle by the dipolar interaction. To
H=9210e atT=1K. Closed symbols#=0, open symbolsy  SOme extent this is in agreement with analytical models pro-

=17/2.

posed by Dormann and co-worke(seviewed in Ref. 4
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which essentially predicts increased energy barriers due tthe correct simulation of the ground state is vital. We have
interaction. However, the behavior is extremely complex andound a strong dependence of the ZFC magnetization on the
subtle. For example, there is a significant increase in susceground state. All calculations presented here were carried out
tibility with increasing & at temperatures well below. using low temperature states produced by a slow cooling
This could be associated with a form of frustration of thethrough the transition. The size of correlated regions essen-
ordered magnetic configuration. Complete 3D flux closuretially determines the upper limit of the packing density given
especially in a disordered system such as is studied here ike limitations of our system size. Essentially with 1000 par-
extremely unlikely. It seems likely that the minimum energy ticles a reasonable demagnetized state could not be produced
state will involve positions of relatively high energy. A 2D for £>0.2. At low temperatures there is a slow temporal
analog of this is the central particle of a vortex structureevolution of the magnetic state, characterized by slow energy
produced by dipolar interactions, which is often observed tachanges. This is presumably related to the aging effect ob-
be weakly coupled to the vortex structure. Particles in highserved in spin glasses and in fine particle syst#ns.

energy positions would be expected to exhibit an enhanced The dipolar interaction also has a strong bearing on the
susceptibility consistent with our numerical results. A simplefield dependence of the magnetic properties. As mentioned
interpretation in terms of effective energy barriers is alsopreviously, the most dramatic effects of the transition to an
excluded by the observation of a dramatically reduced remerdered state are the existence of a peak in the FC magneti-
anent magnetization. This is more consistent with the transization and the rapid decrease of the remanence of the system.
tion to a magnetically ordered state involving a high degreeHowever, in addition, the nature of the ordered state gives
of flux closure. The importance of a transition to an orderedise to a large spread in the effective energy barrier distribu-
state has been proposed by Hansen and Mdrapd the tion as reflected in a change in curvature of hgvs H
numerical results presented here certainly underline this comrelationship as the packing density increases.

jecture. It is clear that an understanding of the underlying

magnetic state of the system is an important component of ACKNOWLEDGMENTS

models of strongly interacting systems. Consequently the
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