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PREISACH-NEEL TYPE MODEL
FOR NANOSTRUCTURED MAGNETIC MATERIALS
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In this paper we present a new Preisach-Néd type mode that can be successfully applied to
simulate magneti sation processes of nanostructured magnetic materials. Taking into account
the results of micromagnetic simulétions, this model uses a Preisach distribution of
interaction fields obtained by superposition of two Gaussian distributions. The amplitudes of
the two distributions are dependent on the total magnetic moment of the sample. Therefore,
we can take into account, in a very simple manner, state dependent interaction field
distributions. The model was used to simulate temperature dependent magnetisation
processes like the Zero Field Cooled (ZFC). The results show the ZFC dependence on the
statistical and mean field interactions.
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1. Introduction

The effect of magnetic interactions between partid es on the properties of the nanostructured
magnetic materids is a very disputed problem. In order to analyse the presence of interparticle
interacti ons effects in such systems, many magnetisation processes were proposed. | n systems where
the remanent magnetic moment is usualy considered time independent (relaxation effects are
negligible), the magnetisation processes that are frequently used are the remanent curves: IRM
(isothermal remanent magnetisation) and DCD (DC demagnetisation) processes [1,2]. With this data
one calculates the well-known Henkd plot [3] and deltaM plot [4] to eva uate the interaction fied
distribution. When the size of particles becomes smaller, relaxation effects become important and
other magnetisation processes, temperature and time dependent, reflect essentially the magnetic
properties. the Zero Fidd Cooled (ZFC) magnetisation [5] and the Fidd Cool ed (FC) magneti sation.

Various types of models were designed in order to explain complex magneti sation processes
in systems of magnetic particles where the interactions between particles cannot be neglected [6,7].
Recent micromagnetic results have shown that the inter-particle interactions are statisticaly
distributed and that both the average val ue and standard deviation of the interaction fied distribution
are sate dependent [8]. We have shown that a two-peaks interaction fidds distribution with the
amplitude dependent on the magnetic moment of the sample can be used efficiently to account for
this complex behaviour of the interactions. Using a Preisach-Nédl model proposed by Raoshko et al.
[9,10], we consider this two-peaks interaction fidd distribution [11]. The new modd is tested on
ZFC processes in particulate ferromagnetic systems with different packing ratio.

2. Preisach-Néel type model

The scalar Preisach model [12] decomposes al magnetic systems into a collection of
bistable subsystems. Each subsystem is characterized by a rectangular response function like that
shown in Fig. 1(a), with two states ® =+1, corresponding to the two discrete orientation of the
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subsystem moment, and two critica instability fields (H,,Hg). The coercive fied is
he =(Hg —H ) /<2 and the characteristic interaction field: hy =—(H, +H g)/+/2. The shift fidd
hs measures the asymmetry caused by the interaction fields: h =-hg. The equivalent zero fied
energy levd diagram shown in Fig.1(b) is an asymmetric double well, with two energy barriers
W, =-Hpz =h. +h and W_ =H, =h; —h;, which inhibit transitions between the two local minima
and block moment reorientation. The magnetic moment was normalized at the saturation magnetic
moment of the sample.

In order to excite transitions between the two configurations, one must supply energy to the
subsystem. In particular, the application of a positive external fidd h, will modify the energy
barriers and will stabilize the ® =+1 state and destabilize the ® =-1 state, as shown in Fig.1(c).
Therefore, dl the subsystems for which 0< h. —h; < h,(0<H, <h,), will jump discontinuously
from the state ® =-1 to the state ® =+1. Transitions may aso be induced thermally if the
subsystem is in contact with a heat bath a temperature T. For an experiment with a characteristic
time constant te, al energy barriers W sWP=kgT In (texp / 7o) Will bethermally activated [13].
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Fig. 1. (a) An eementary Preisach hysteresis loop. (b) The energy leve diagramin zero
applied field. (c) The energy level diagram in a positive applied field h,>0.

Thermal transitions can be described by an equivalent thermal field h? =w&. The presence
of thermal fluctuations means that transitions can occur in subsystems for which h, is subcritica, so

that all subsystems with hy< H, <h, +h" will be thermally activated into the state ® =+1 and dl
those with h, —hF< Hp < hywill be thermally activated into the state ® =-1. In this context, it is

important to underline that only those subsystems for which both criteria are satisfied
simultaneously will actually reach thermal equilibrium. Outside this region, thermd transitions are
unidirectional and aways drive the subsystem into the lowest energy state.

The subsystems are graphically represented in the Preisach plane, which uses the
characteristic fidds (H,,Hp)and (h,hy) to define rectangular coordinate axes. Each subsystem

represents a point in this plane, and the distribution of subsystems is described by Preisach
distribution p (h.,h). Theinstability conditions for the subsystems are lines in the Preisach plane,

which separate the plane into thermally blocked (in @ =+1or & =-1 states) and thermaly activated
regions (Fig. 2).
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Fig. 2. The ZFC process in the Preisach plane. (8) The plus and minus signs indicate the
blocked subsystems into one of the states ® =+1. The shading region indicates the SP
subsystems. (b) Warming in a positive field.



Preisach-Néel type modd for nanostructured magnetic materials 1003

We have simulated with this modd the ZFC process for a system of interacting
ferromagnetic particles. The system is first heated in zero applied fidd to a temperature, which is
high enough to ensure that all particles arein thermal equmbrl um (superparamagnetic state, denoted
SP). Interms of the modd, this requires athermal field h¥, which exceeds all the subsystem energy
barriers. The system is then cooled in zero gpplied field and each subsystem will pass through a
characteristic temperature Tg at which h¥ is equal to the larger of its energy barriers. At this
temperature, the larger energy barrier will become thermally inactive. However, the smaller barrier
will continue to be thermally active and thermd fluctuations will empty the higher, metastabile
energy level. For subsystems with h < 0, the blocking condition is H, =hY. Fig. 2(a) shows a
graphica representation of the ZFC process in the Preisach plane and Flg 2(b) the warming in a
positive fidd. The blocking boundaries are straight lines which sepaatethose subsystems which are
frozen into the ® =+1 or ® =-1 states, from those in the shaded region which are |n thermal
equilibrium and continue to exhibit the SP response @, -tanh(h /kgT) = tanh(ha/hY) , where

a =In(te /7o) isthetime dependent factor of thethermal field he.

Fthesystem is cooled in zero fiddto T =0, Whereapostlveﬁeld hy> 0 is applied, and
then warmed to atemperatureT dl subsystems W|th 0<H, <h, +h" will be activated to ® =+1
and those with h, —h¥ <Hp < hy will beactivatedto ¢ =-1 state

The Pretsach dlstrlbutlon is described by the product of two statistically independent
distributions:

p(he,hy) = pe(he,heo) Oo; (hy,hio) 1)

where p.(h.,h,)is the distribution of coercive fidds and p;(h;,h,) is the distribution of

interaction fidds. The distributions are normalized at the saturation magnetic moment of the sample.
The coercive fidd distribution is given by:

— 1 (hc_hco)2
pe = exp| - 2
¢ Venhg, l 2, }
and the double Gaussian interaction field distribution is given by [10]:
1 |14m (h -ho)? |, 1-m (h +h)?
(h,hig) = exp| - + exp| = 3
pi (i, o) J%ia{ > pl 2, } > pl 2, ©)

where mis the normalized magnetic moment and he; , hj, arethe distributions dispersions.
The magnetic moment was caculated by superposing the responses ®(h,hy) of all
subsystems, using the Preisach diagram from Fig.2:

m= [ [p(hc, h)P(he.hy)dhedh 4)
—00 0

3. Numerical simulations

Fig. 3(a and b) shows the temperature dependence of ZFC moment in an applied fied
hy =0.02. The experimenta time E)arameter a =In(tep /7o) = 25 was chosen to correspond to
typlcd dc measuring times texp =10 -10%s, supposing 7, =10~%s. First, Fig.3(a), was studied the
influence of statistica interactions ( hjp =const.) and then, Fig.3(b), the influence of mean interaction
fidd (h, =const.) on ZFC curves. All field parameters were normalized to the mean coercive fidd
heo -

The principa structura features of these curves are essentially identica to those observed
experimentaly [14]. In each case, mzc (T), exhibits a peak at a temperature Ty, - This peak isthe
result of competition between two opposing tendencies: as the temperature increases the thermal
instability boundaryH, =h, +h¥ moves and favours thermal transitions from ®=-1 to ® =+1
state and the moment will increase, but in the same time the SP response will increase and will
induce a decrease of the moment. The first mechanism dominates at low temperatures but it is
exceeded at high temperatures by the increase of SP region and a peak ( Tax » Mmax ) IS Obtained.
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Fig. 3. The temperature dependence of ZFC moment in an applied fidd h, =0.02.
(a) different dispersions of interaction fields: hy, =0.004,0.01, 0.02, 0.04, (b) different
mean interaction fields: hjg =0.004, 0.008, 0.01, 0.02.

The increase of T, iS caused by the increase of energetic barriers with temperature. The
behaviour of my, : decreases with h;, and increases with h;g, is the consequence of the sweeping
through the Preisach distribution of the thermd instability boundary: high values of h;y and small
vaues of h;, will favour ® =+1 state and will increase the magnetic moment.

4. Conclusions

In this paper we have developed a temperature dependent Preisach-Néd type model for
nanostructured magnetic materials, using a double Gaussian interaction field distribution. The results
show a strong dependence on the interaction intensity. It is important to observe that the position of the
ZFC maximum, Tmax, depends not only on the interaction dispersion but also on the mean field
interactions if we take into account the correlation between the increase of the magnetic moment of the
sample when the average value of the interaction field distribution is increesing and the standard
deviation is decreasing. This effect has not been observed when the variation of the standard deviation
was neglected. In a further paper we shall include in the model the nonlinear character of the energy

barrier and the effect of the reversible magnetisati on processes.
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