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                                                    ABSTRACT 

     As storage media density continues to increase, research and development in 

the area of ultrathin films and multilayer media has increased. Correspondingly, 

the thermal magnetic aftereffect, which is caused by reversing the magnetic 

domain over time and is an important factor in placing limits on the achievable 

recordable density in recording media, has become a significant topic of research 

[BER01] [HOL00] [GRA93][SBI00].   

My research seeks to simulate the aftereffect in experimental bimodal CoPt 

media and calculate its magnetic properties. The Preisach-Arrhenius Model is 

modified in the following way: adding multilayer parameters, the Moving model 

and Variable-Variance model and calculating the Preisach plane using a Cobweb 

grid.  The Co/Pt multilayer media is simulated and compared with experimental 

hysteresis and aftereffect curves. Good agreement between the experimental 

results with the simulation program was obtained. We further proved there are 

two kinds of magnetic phases in the Co/Pt multilayer, and that each phase is 

characterized by its own magnetic properties. After simulation and calculation 

most magnetic properties of the material were obtained. 

     In this research, we develop an efficient and realistic computer model to 

calculate the magnetic fluctuation field. To test this, we generated artificial data 

files, with and without noise to simulate the experimental hysteresis loop and the 

thermal magnetic aftereffect. These data files are then used by the program to 
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calculate the influence of different parameters on the accuracy of aftereffect 

measurement and fluctuation field calculation. 
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                                          Chapter 1  

                                                     INTRODUCTION  

 

     As storage density increase reversible magnetic recording media, the sizes of 

many types of magnetic devices continue to decrease. By increasing the 

sensitivity of the reading sensor, the sizes of magnetic storage cells can be made 

very small.  However, because memory cell sizes are decreased, magnetic 

domains are able to reverse more easily. It has become a critical limiting factor in 

the increase of recording density. To keep stored information safely, we must 

know how long it takes the magnetic memory domain to reverse in any situation. 

This reversal over time is known as magnetic aftereffect, thermal relaxing effect 

or magnetic viscosity effect and is particularly important in situations where 

magnetization states must be permanently conserved. We need to predict the 

decay speed by measuring the media decay in laboratory and to find a good way 

to compare and simulate decay speed in natural situations.  

Neèl (1946) developed a general theory of coercivity by considering the 

constraints imposed on domain wall motion by lattice defects caused by internal 

stress and inclusions. Stoner and Wohlfarth (1948) found that high coercivities are 

exhibited by assemblies of non-interacting single-domain particles and that it is 
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due to the inhibiting effect of shape or magneto crystalline anisotropies on the 

rotation of domain magnetization vectors.  

 

Thermal magnetic aftereffect is the time dependence of intensity of 

magnetization under constant applied field conditions. All magnetic materials 

exhibit magnetic thermal aftereffect. Street and Woolley[STR49] point out there 

is a energy barrier in magnetic materials which must be overcome if the 

magnetization is to reverse, and that it can be overcome from thermal fluctuation. 

Stoner and Wohlfarth mentioned the barrier energy could be a quadratic variation 

as a function of holding field. 

 

     Ferenc Preisach developed a model to explain hysteresis in magnetic materials. 

It is a phenomenal model. This model outperforms other models in terms of fitting 

experimental measurement, and is capable of describing major hysteresis loops.  

Based on the classical Preisach model, different types of the thermal magnetic 

aftereffect models were developed, such as the Jiles and Atherton model, the 

Korman-Mayergoyz model [KOR96] and Preisach-Arrhenius by Della Torre and 

Bennett.  

 

     Oscar Alejos and Edward Della Torre [ALE00] developed a method to 

calculate magnetization hysteresis loops and aftereffect in a cobweb grid in a 

Preisach plane, which can achieve higher speed and accuracy of numerical 

computation for irreversible magnetization. In this method, each grid is designed 



 3

to have same magnetization, so it provides a simple way to perform numerical 

integration commonly using a uniform grid defined in the Preisach Plane. 

        

Scope of research 

 

     In this research work, we ran experiments to measure the hysteresis and 

aftereffect curves in bimodal CoPt, and developed a computer algorithm to 

simulate this. Our algorithm sought to identify the two independent phases in 

these curves and calculate their magnetic properties.  To simulate the 

measurement of aftereffect and calculation of fluctuation field, artificial data files 

and an efficient computer program have been made. This can be done 

automatically, and efficiently merges the aftereffect and major hysteresis curves, 

and calculate the fluctuation field. 

  

     Chapter 2 briefly introduces the magnetic materials and their magnetic 

properties, reviews the classic Preisach model, and the modified Preisach models; 

such as the Preisach model for multilayer media, moving model and variable-

variance model, Preisach model with cobweb method, thermal magnetic after 

effect. All these are the foundation of this research.  

 

     Chapter 3 discusses the aftereffect simulation method and the parameters that 

will influence the shape of aftereffect curve. It also discusses and simulates the 

bimodal aftereffect. 
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     Chapter 4 discusses the fluctuation field and a few popular methods used to 

calculate the fluctuation field. We create both artificial noise-free and noisy 

hysteresis and aftereffect data file, which with a computer algorithm, we can 

automatically merge the aftereffect and major hysteresis curves and efficiently 

optimize the merging process to calculate the fluctuation field.  

 

     Chapter 5, Discuss a few parameters which will influence the accuracy of the 

calculation of fluctuation field, including materials’ magnetic properties, 

measurement data density and data noise level. 

      

     Chapter 6, Conclusion and future work 
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                                                     Chapter 2  

                      BACKGROUND AND LITERATURE REVIEW 

 

2.1 Definition of Magnetic Property  

2.1.1 Magnetization 

       The magnetization of a material is defined as the magnetic moment per unit 

volume, and unless otherwise specified, is understood to be the value measured at 

the thermal equilibrium at temperature T. If domains are present, the 

magnetization refers to the average magnetization value within a domain.  

2.1.2 Magnetic Mass Susceptibility χ 

       Indicates how a material responds to an applied magnetic field, can also be 

called volume susceptibility.  

                                                   χ = M/H                            (2.1) 

where M  is the magnetization and H is the applied field 

2.1.3 Coercivity 

       The Coercivity, HC, of a ferromagnetic material is the magnetic field intensity 

required to reduce the magnetization of that material to zero after the 

magnetization of the samples has been driven to saturation.  

      The energy needed to reverse the domain is (BSHC), where BS is the saturated 

magnetization. When the coercive field of a ferromagnet is large and the 

magnetization is larger, the material is said to be a permanent magnet. Permanent 
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magnets find application in magnetic recording media for storage (e.g. hard 

drivers, floppy disk, or magnetic tape). A ferromagnet with a low coercive field is 

said to be soft and may be used in microwave devices, magnetic shielding or 

recording heads.   

 

2.2 Diamagnetic and Paramagnetic Materials 

        In nature, all materials fall under three categories of magnetism: 

diamagnetism, paramagnetism and a collective category that includes ferro- ferri- 

and antiferro- magnetic. From Fig 2.1, we can see the typical magnetization 

curves of (a) a diamagnetic, (b) a paramagnetic, and Fig2.2 ferro- or ferrimagnetic 

material. 

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0 25000

H (Oe)

M
 (e

m
u/
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Figure 2.1.  Typical magnetization curves (a) diamagnetic (b) paramagnetic  

 

 

(b) 

(a) 
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                   Figure 2.2.  Ferro- or ferrimagnetic curves    

                                                                  

       Dia- and Paramagnetic materials both display weak magnetic properties at 

room temperature, and have no hysteresis behavior. As a result, such materials 

cannot be used in storage magnetic media. 

 

      Generally paramagnetic materials have relative permeability slightly greater 

than one, and consist of molecules with magnetic moments of constant 

magnitude. Diamagnetism, however, occurs in materials consisting of atoms with 

no net magnetic moment. A perfect diamagnetic is a “magnetic insulator” in the 

sense that it bars the passage of magnetic flux, just as an electrical insulator bars 

the passage of electric charge.  

      Paramagnets consist of atoms or molecules, each of which has a net magnetic 

moment µ. In the absence of an applied field, these atomic moments point in 
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random directions such that the net magnetization of the specimen is zero. When 

an external field is applied, however, there is a tendency for each atomic moment 

to turn toward the direction of the field.  As a result, the atomic moments then 

become aligned with the external field, and the specimen as a whole acquires a 

large moment. 

 

2.3  AntiFerro-, Ferro- or Ferrimagnetisms 

 

         In contrast to the weaker forms of magnetism, ferromagnetism and 

ferrimagnetism   have spontaneous magnetic moments: that is, they can have 

magnetic moments in the absence of an applied magnetic field.  However, above 

the Curie temperature, all ferromagnetic substances behave as paramagnets. 

 

        The existence of a spontaneous moment suggests that electron spins and 

magnetic moments are arranged in a regular manner. The order need not be 

simple: all of the spin arrangements sketched in Fig. 2.3 [KIT86] both ferro and 

ferri-magnet have a spontaneous magnetic moment. This is called the saturation 

moment. 

 

 

     ferromagnet                          antiferromanget                                   ferrimagnet 

 

Figure 2.3. Ordered arrangements of electron spins 
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       1.0 

       

 

 

 

                                                                                                  

 

Figure 2.4. Magnetization and susceptibility curves above and below the Curie 
temperature. The small sketches at the top indicate the distribution of spin direction 
understood in a classical sense, in zero applied field within a single domain (below Tc), 
and in a group of atoms (above Tc).  
 

1. The curve of 1/χ versus T is a straight line at high temperatures but 

becomes concave up near the Curie point. The extrapolation of the straight-line 

portion cuts the temperature axis at θp, which is called the paramagnetic Curie 

point. It is equal to the θ of the Curie-Weiss law. 

                  χ = C / T( T - θ ) 

2. The curve of the spontaneous magnetization σs/σo versus T does not cut 

the temperature axis at a large angle but bends over to form a small “tail”. σs and 

Paramagmetic Ferromagnettic 

χ 
and 
1/χ 
 χ

1/χ 

σs/σ0 

  0 
Tc 

0

T (0 K)
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σ0  are the saturation magnetizations at T o  K and 0 o K respectively,  The 

temperature θ f   defined by the extrapolation of the main part of the curve is called 

the ferromagnetic Curie point 

          

       Since the electron wave functions are very localized, the overlap of wave 

functions between adjacent atoms decreases quickly with the distance between 

them. Thus, the exchange energy is usually limited to the nearest neighbors. 

Sometimes the intervening atoms in a compound can act as a medium so that 

more distant atoms can be exchange coupled. Here the resulting exchange is 

called superexchange. These materials can be either ferromagnetic (+) or 

antiferromagnetic (-). 

 

        A ferrimagnetic material is one in which the magnetic moments on different 

sublattices oppose each other, as in antiferromagnetism; however, in 

ferrimagnetic materials, the opposing moments are unequal, and a spontaneous 

magnetization remains. Like ferromagnetic, they consist of self-saturated 

domains, and exhibit the phenomena of magnetic saturation and hysteresis. 

        

       Ferrimagnetic materials are like ferromagnets in that they hold a spontaneous 

magnetization below the Curie temperature, and show no magnetic order (are 

paramagnetic) above this temperature. However, there is sometimes a temperature 

below the Curie temperature at which the two sublattices have equal moments, 

resulting in a net magnetic moment of zero; 
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2.4 The Preisach Model  

        

       Ferenc Preisach [PRE38] developed a model to explain magnetic aftereffect 

in magnetic materials. The Preisach model is capable of describing minor loops, 

as well as the major hysteresis loop. The classic Preisach model considers the 

material to be a collection of square-loop hysterons. 

 

 

 

 

 

 

                                     Figure 2.5. A typical hysteron in a Preisach model                                    

        The hysteron has a unique normalized magnetization, m, equal to +1 

whenever the applied field H is greater than U, and m equal to -1 whenever the 

applied H is less than V.  If the applied field lies between V and U the 

magnetization may have either value depending on its history.  If the materials are 

positive, and since the energy loss is the area enclosed by the loop going in a 

counterclockwise direction, U≥V for all materials. 

V U 

H 

M 
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                            ( , ) ( , )
s u v

Mm P U V Q U V dUdV
M >

= = ∫∫                        (2.1) 

where the Q(U,V) is the Preisach state function and the P(U,V) is the Preisach 

distribution function and MS  is the total magnetization saturation.  

        A useful approximation for hard magnetic materials is to assume that the 

Preisach function is Gaussian, in both the interaction-free critical field kh of the 

hysteron and the interaction field ih . Then this integral can be evaluated in closed 

form. 

                  
( ) 2

2

2 2

1( , ) exp
2 2 2

k ki
i k

i k i k

h hhp h h
πσ σ σ σ

 −
 = − −
 
 

                   (2.2) 

                            
2k

U Vh −
=                            

2i
U Vh +

=                    (2.3) 

where iσ  is the standard deviation of interaction field, kσ  is the standard 

deviation of critical field, h is applied field, kh  is the average critical field.  U is 

the up applied witching field of a hysteron and V is the down applied switching 

field.  

2.5 Preisach Plane 

        The presence of a metastable state in the free-energy state of the system is 

the key concept to understanding hysteresis and thermal relaxation effects. In this 

respect, the study of a system composed of elementary bistable units yields 
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substantial simplification without losing the basic physical aspects of the problem. 

Each unit carries a magnetic moment which can attain either +∆m (“up” or “+” 

state) or -∆m (“down” or “-“ state). The unit is described by the barrier height EB 

= µ0hc∆m, and the energy difference ED= 2µ0hu∆m between the two states where 

hc>0 (local coercivity) and hu are field parameters.  

        Let us consider a system consisting of a collection of many such units. The 

state of the collection is defined by specifying the two subsets of units, S+ and S_, 

that is in the up and down state at a certain time [MAY91]. If we present each of 

the elementary unit as a point of the plane (h c, h u), known as the Preisach plane, a 

certain field history will produce a line b(h c ) in the Preisach plane separating the 

S+ and S_ subsets , as Fig. 2.6  [BAS00]. 

 

The b(hc) line is the set of internal state variables that are needed to 

characterize the metastability of the system. In this sense, the approach can be 

interpreted as a thermodynamic formulation applicable to system with hysteresis 

for which the hypothesis of local equilibrium is not valid. All thermodynamic 

functions can be expressed as functional of b(h c). In particular, the magnetization 

M is given by the integral. [MAY91] 
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Figure 2.6.  Preisach plane with example of state line b(h c) generated by the following 
field history: - ∞, H1 , H2 , H.  
 

2.6 Calculating Preisach Model with Cobweb Method 

       The cobweb grid in the Preisach plane was developed to achieve high speed 

and high accuracy in numerical computations for irreversible magnetization 

[ALE00]. This method provides a simple way to perform numerical integration 

using a uniform grid defined in the Preisach Plane. The key features of the 

cobweb technique are: 

a) an uniform change of magnetization when the operative field reaches each cell  

b) the central symmetry of the cobweb grid  

Both improve the accuracy and the speed of the required integration. 
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        The numerical calculation of the integral in (2.2) [ALE00] is commonly 

carried out using a regular grid defined in the plane (hi,,hk). In function (2.2), 

P(hi,,hk) is the function of   hi and hk , each cell has different magnetization, as 

show in Fig. 2.7. However, this kind of numerical integration involves some 

restrictions on the accuracy of the resultant magnetization and its calculation is 

usually highly time consuming. This is because for changing the magnetization 

when the operative field reaches one of the central cells is much more important 

than when the operative field is just close to the external of this cell. In this way, 

it is rather difficult to define quantitatively the error in the estimation of the 

magnetization for a given applied field.  

         The Gaussian function has a central symmetry around the point (0, kh ).  

Oscar Alejos and Edward Della Torre [ALE00] developed the cobweb grid for 

which the change of magnetization when the operative field reaches a cell is more 

uniform and looks more convenient than a uniform grid in the Preisach plane. The 

new grid was central symmetry, the variables [0, 2 ]θ π∈  and [0,1]ρ ∈ . The 

variables ih  and kh  have been defined for Gaussian function: 

                   2 log(1 ) sink k kh h σ ρ θ= + − −                                         (2.4) 

                  2 log(1 ) cosi ih σ ρ θ= − −                                                  (2.5)      

if ih  and kh  are been put inside the function  (2.2). It becomes 1( , ) (2 )p ρ θ π −= , 

and  
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                1( , ) (2 )i k i kp h h dh dh d dπ ρ θ−=                                            (2.6) 

if an uniform n n×  grid in plane ( , )ρ θ is defined, the change in the state of the 

hysteron placed in each cell gives rise to a change in magnetization m∆ which 

takes exactly the value 22 /m n∆ = . The magnetization of the system varies a 

constant quantity of m±∆  when the operative field reaches one of these cells, 

independently of the value of the operative field.  The magnetization of this model 

will be only the sum of m∆  in the uniform cell instead of the numerical 

calculation of the integral.  

 

Figure 2.7. Square grid corresponding to the Preisach function consisting of a product of 
a Gaussian distribution of interaction fields and a Lorentzian distribution of critical field 

    

     These magnitudes can be easily redefined for a different uniform grid in the 

plane ( , )ρ θ . Actually, better results can be achieved for the same number of cells 

by increasing the number of sectors and hence, decreasing the number of tracks. 
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Figure 2.8. Modified CobWeb grid corresponding to a Gaussian Preisach distribution 

        After the grid in the Preisach plane is defined, two sorted lists containing the 

values of the switching fields for each cell, one for the switching-up fields, and 

the other one for switching-down fields, are made. The neighbor values to a given 

value in each list represent the values that the operative field has to achieve in 

order to give rise to a change in the magnetization of 0, +_∆m, +_ 2 ∆m, etc. The 

initial operative field h has to be calculated at the same time, considering the 

initial magnetization value m0 and the applied magnetic field for such an initial 

state. Every cell of the grid is represented by a certain point, which can be thought 

as its centroid. Every centroid is characterized by a pair of switching fields that 

must be included into two independent sorted lists.  At a specific applied field 

there is a specific magnetization of mt.  Thus, only the number of times n, that the 

difference between mt and the actual value m0 contains the value ∆m as n = 

int[(mt  -  m0)/ ∆m], need to be counted. During the magnetization procedure, two 
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pointers are used to refer respectively to the latest cell whose switching up was 

overreached by an increasing operative field, and the latest cell whose switching 

down was over a certain decreasing operative field. Thus, if the operative field 

varies, the pointers are moved independently, according to whether the field 

increases or decreases. In this way, the number of cells whose state changes form 

–1 to +1 or vice versa, i.e., the number of cells that leave or join the area, can be 

easily accounted for and the magnetization of the system rapidly calculated. 

 

2.7 The Parameter in Multilayer Media 

         The identification of parameters in a composite model for multilayer media 

is complicated by the gradual loss of epitaxy as the number of layers is increased. 

Thus, the medium is not uniform. Modeling this medium by assigning a Preisach 

model to each layer in the medium with a gradual change in the parameter as a 

function of layer number gives excellent agreement with experimental result. This 

composite model is the sum of the models for each layer.  It is expected that the 

parameters of the n different Gaussian function would vary in a systematic and 

physically reasonable manner. Thus it is only necessary to identify the parameters 

of one Gaussian function, and to use simple functional relationships to get the 

rest. The systematic variation of the magnetic responses of each layer arises from 

the reduction in epitaxy as the ensuing layers are deposited. The first layer will 

display the most perfection, with the smallest coercivity and variance. Coercivity 

will increase with film layer. To more accurately simulate the measured major 
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loop, which is asymmetric about the coercivity, it was assumed that the loss of 

epitaxy in subsequent layers affected only kh  and kσ  in the following manner 

                      0 0
1
1

a

k k k
nh h h
N
− = + ∆  − 

                                         (2.7) 

where n is the layer number, N is the total number of layers, and 0kh∆   the 

average critical field and  a is the power of increase by layer number. 

 

2.8 Moving Model  

       Della Torre [DEL66] proposed a function for the modification of Preisach 

model. He demonstrated that the standard deviation of the distribution of 

interaction field represented by a Gaussian distribution function is constant, but 

the average value is directly proportional to the magnetization. Therefore, the 

Preisach function could move without altering its shape. This replaces the applied 

field by an “operative field”, which is equal to the sum of the applied field and the 

magnetization times a constant of proportionality. This model is referred as the 

“moving model”. 

       The local field that each particle experiences is the sum of the external 

applied field, the demagnetizing field, and the interaction field. The interaction 

field at a particle will vary as the medium's magnetization changes. The 

interaction field, which is the local field in the absence of an applied field, 

fluctuates between particles. A positive interaction field increases both the 
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positive and negative values of the critical field, kH . The interaction field at a 

particle may be decomposed into a component along the applied field, which adds 

to it directly, and a component perpendicular to the applied field, which changes 

the critical field. The Gaussian distribution whose peaks move with the 

magnetization of the medium is called the moving model. When a field is applied 

to the medium, the term Mα  must be added to the effect of the field. 

                                h H Mα= +                                               (2.8) 

where the h is the operative field, the H is the applied field, and the α  is the 

moving parameter. 

       The moving parameter acts as an extra magnetic field that moves the 

distribution over the Preisach plane. The moving term is positive, it tends to keep 

the material more magnetized. The sides of the hysteresis loops of media with 

large moving parameters are much steeper and may even be reentrant. If the slope 

of the anhysteretic magnetization curve decreases monotonically as the field is 

increased in the operative plane, then, when the applied field is zero for a 

sufficiently large α, it will cross the vertical axis in three places. Two of these 

intersections correspond to stable equilibrium, while the intersection at the origin 

is an unstable equilibrium. For these materials the aftereffect will not lose the 

stored information.    

        For the multilayer media the α  may vary with the layer number according to  
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                       0 0
1
1

b

n
n
N

α α α − = − ∆  − 
                                    (2.9) 

where b is the power of increasing  by layers  

 

2.9 Variable-Variance Model 

       In perpendicular or thin film media, the domain size is almost identical. 

When the material is saturated, all domains see virtually the same field; therefore, 

the variance of the interaction at saturation is small. On the other hand, in the 

demagnetized state, the neighborhood of a domain can have a great variety of 

magnetization patterns, and the variance of the interaction field is comparatively 

large [PAR93]. 

       In some thin-film perpendicular media, the material is uniformly one grain 

thick, with all grains well aligned and similarly situated. When the material is 

saturated, it is expected that the variation in the interaction field will be small; 

however, in the demagnetized state, half the gains are magnetized in one direction 

and half in the other direction. Thus, each grain may be surrounded by a 

substantially different field, which leads to a much higher standard deviation in 

the interaction field. The Preisach function is described in the operative plane, 

since it is statistically stable there. In the variable-variance model, the operative 

interaction field ih  is obtained by dividing ,H Mα+  the operative interaction 

field, by the standard deviation in the interaction field, iσ . If iσ  is constant, it 
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simply acts as a change of scale. In the variable-variance model, iσ is not 

constant, but a function of the magnetization. 

                          2
0 (1 (1 ))i mσ σ γ= × − −                             (2.10) 

       It is noted that the magnetization dependence in the variable variance model 

is completely different from that in the moving model. In the variable variance 

model, iσ is magnetization-dependent but Hi is independent of the magnetization. 

In the moving model, iσ  is independent of the magnetization but Hi is 

magnetization-dependent through the material-dependent feedback parameter, α. 

2.10 Thermal Magnetic Aftereffect 

        Magnetic materials may have small drift of magnetization with time. This 

drift is called thermal aftereffect.   Aftereffect changes the magnetization as a 

function of time and is mainly due to thermal effects. A magnetization state is 

relatively stable if it is surrounded by an energy barrier that is sufficiently high; 

however, no matter how high that barrier is, the magnetization will eventually 

revert to the ground state. The higher the barrier, the longer time is needed before 

the reversion to the ground state is completed. 

        When a field is applied, all hysterons that have critical field less than the 

applied field will switch very quickly; however, the remaining hysterons that have 

critical fields larger than the applied field would not switch at all if the 

temperature were absolute zero. At finite temperatures, this energy barrier can be 
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overcome thermally. Since different hysterons have different barrier energies, 

they switch at different rates. Thus, the aftereffect does not decay exponentially. 

       The time decay behavior of magnetization is assumed to have the following 

relationship. When a step change in the applied field occurs, the aftereffect 

magnetization is given by 

         

                                  ( ) (0) ( )m t m f t= +                                    (2.11) 

where                  /

0

( ) 1 ( )tf t m e p dτ
τ τ τ

∞
− 

= ∆ − 
 
∫                        (2.12) 

m(0) is the magnetization just after the step change, m∆  is the total change in 

magnetization due to aftereffect, and pτ(τ) is the normalized probability that a 

hysteron will switch with time constant τ.   

                                 /
0

W kTeτ τ=                                                (2.13)                    

Let us assume that the rate of switching is given by τ , where W is the energy 

barrier that must be overcome to reverse the magnetization of a hysteron. τ0 is an 

appropriate time constant. Then, we have 

                            0 ( )W MV u hµ= −                                         (2.14) 

Where h is the operative field, and u-h is the additional field required to switch 

the hysteron. V is the minimum volume that has to be switched to nucleate a 
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reversal, and MV is the minimum magnetizations that must be switched to reverse 

the entire hysteron. Then using this, hysterons would have a time constant given 

by 

                                   0 exp
f

u h
h

τ τ
 −

=  
  

                                        (2.15) 

                                       
0

f
kTh
MVµ

=                                              (2.16) 

The parameter fh is referred to as the fluctuation field, and has the units of 

magnetic field. It is the field required to make the thermal energy equal to the 

hysteron's energy barrier. 

       Since aftereffect can be explained in terms of the Preisach model, we will use 

it to calculate aftereffect. The aftereffect is time dependent. The Preisach state 

function Q(u,v) will be transferred to time function Q(t). Q at any point on the 

Preisach plane is consisting of a fraction of q+ hysterons in the positive state and a 

fraction of 1- q+ hysterons in the negative state. Then 

                        ( ) 2 ( ) 1Q t q t+= −                                                      (2.17) 

                       0 exp
f

u h
h

τ τ+

 −
=   

 
                                                   (2.18) 

                       0 exp
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h v
h

τ τ−

 −
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 
                                                   (2.19) 
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The state variable then must obey the following differential equation: 

                          
1 qdq q

dt τ τ
++ +

− +

−
= −                                                (2.20) 

                          dQ Q
dt

τ τ τ τ
τ τ τ τ
+ − + −

+ − + −

 + −
+ = 

 
                               (2.21) 

When a constant field is applied to a material after a complex magnetizing 

process, the state of each point in the Preisach plane obeys which then may be 

rewritten as 

                            dQ Q Q
dt

τ ∞+ =                                                  (2.22)     

where 

                   
/

2cosh ( ) /

k fh h
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e
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                            (2.23) 

and 

                           tanh i

f

h hQ
h∞

 −
=   

 
                                            (2.24) 

It is noted that Q,Q∞  and τ are all functions of u and v. The solution to this 

differential equation is given by 

                          /
0( ) ( ) tQ t Q Q e Qτ−

∞ ∞= − +                                   (2.25) 

       Thus, each point in the Preisach plane will approach a different equilibrium, 

and each point approaches that equilibrium at a different rate. 
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           In the Preisach model, there are two types of interactions: static 

interactions that increase the width of the Preisach function in the Preisach plane, 

as characterized by the classical Preisach model, and the dynamic interaction that 

moves the distribution over the Preisach plane, as characterized in the moving 

model and the accommodation model [AHA98]. All these interactions affect the 

shape of the aftereffect curve. The moving model modifies the aftereffect by 

slowing it down when the medium is magnetized to saturation, and by 

accelerating it as the medium demagnetizes [ALE01]    
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                                                 Chapter 3 

                                 

                       BIMODAL AFTEREFFECT SIMULATION 

3.1 Introduction 
 
     Co/Pt multiplayer media have been investigated as a possible future generation 

magneto-optical (MO) recording media for blue lasers. These films exhibit large 

perpendicular anisotropy, which depends on the film composition, deposition 

conditions, quality of the substrate surface, and the underlayer. To know and 

predict the aftereffect of the magnetic media is very important for the information 

storage industry to determine the longevity of recordings.  

 

 Sample preparation 
      
       The (111)-oriented multiplayer was epitaxially grown by molecular beam 

epitaxy in an ultrahigh vacuum system using electron beam evaporation. The 

background pressure prior to film growth was around 2X 10 –11 mbar. Typical 

growth rate was 0.2 nm/s. The substrate was GaAs (111), upon which a buffer 

layer of 20 nm Ag(111) was deposited. The 15 Co/Pt bilayers were next, followed 

by a 1.6 nm capping layer of Pt to stabilize the surface against atmospheric 

oxidation [LEE91]. A multiplayer film with nominal composition (0.3 nm Co/1.2 

nm Pt)15 was prepared and was found to exhibit large perpendicular  anisotropy.  
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3.2 The Characteristic of the Bimodal 

 

         Magneto-Optical (MO) hysteresis loops of polar MO Kerro-effect (MOKE) 

rotation θk and Kerr ellipticity εk were examined by 15 mW HeNe laser with 

wavelength 632.8 nm, with an automated photoelastic, modulator-base system. 

Interesting magnetic behavior was encountered in this measurement. At the center 

of the disk, the loop exhibited bimodal features. At the outer edge, the reversal 

behavior was significantly altered, and the loop was unimodal. The bimodal loops 

are characterized by columns of CoPt3 and Pt threading the multilayers, strongly 

coupling them, and fully polarizing the Pt layers [BEN01]. 

 

 Polar MO Kerr aftereffect measurements have shown that Kerr rotation, 

kθ , and Kerr ellipticity, kε , each exhibit bimodal, or two-step, hysteresis loop, 

shown in Fig. 3.1. Extensive magnetic aftereffect, Shown in Fig. 3.2 and Kerr 

imaging investigations led to the conclusion that two separate magnetic phases are 

contribution to the magnetization processes in this multilayer. This phases are 

present in a layered configuration, rather than as a precipitate/matrix structure, 

and although they interact, they are able to reverse quasi-independently from one 

another [FRY99]. 
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Figure. 3.1. Experiment room temperature polar MOKE kθ  major hysteresis loops 

showing bimodal behavior for (0.3 nm Co/1.2 nm Pt) 15 [FRY99] 

 

 
Figure 3.2. Experiment polar MOKE kθ  aftereffect measurements illustrating 

investigations of both magnetic transitions of bimodal Co/Pt medium [FRY99] 
 

       Fig. 3.2 shows the aftereffect measurement results of Co/Pt medium at room 

temperature. At holding field of 160 mT, after a long time delaying, the material’s 
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magnetization began to decrease. At 165 mT, it needs less time to make the 

magnetization begin to decrease. At 170 mT, the magnetization will decrease 

immediately, but after the magnetization reduce to a special value, it will keep the 

magnetization constant for a while, then decays again until no more decrease. It 

forms a step of magnetization change over time. But if we use larger holding field 

such as 190 mT and 200 mT, the magnetization will decrease with less time delay 

than the holding field of 170 mT. Since the holding field is quite large, the first 

phase will rotate its magnetization direction quickly, and only the second phase 

timing decay shows up. 

 

We assume there are two phases in this part of CoPt multiplayer medium, 

and that these two magnetic phases act independently under the applied magnetic 

field.  It means if the sample is saturated in the negative field direction and then 

the applied field is increased incrementally, when the applied field is larger than 

the coercivity of   phase I,  its domain will rotate to the same direction of the 

magnetic field. When the applied field is larger than the coercivity of phase II, its 

domain will rotate.  

 

3.3 Bimodal Major Hysteresis Loop and Two Phases Ratio 

       

       To simulate the major loop, a moving model was used, and reversible 

magnetization was neglected. This proved inadequate so we introduced both the 
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variable variance model and permitted the moving parameter to become so large 

that the hysteresis loop became reentrant. 

 

       The bimodality of the loops near the center is due to the presence of two 

separate magnetic phases within the film structure, each contributing sharp 

reversals to the overall magnetization process, with the ability to reverse nearly 

independently from one another. The bimodal loop is similar to the unimodal one, 

and it shows perpendicular magnetization. It is also very square, but it differs 

from the unimodal loops in several important regards. The Kerr ellipticity has the 

same shape as the Kerr rotation in the unimodal, but is strikingly different in the 

bimodal. 

 

      Using above idea, the classic Preisach-Gaussian function is used to simulate 

the ascent major loop. For each phase it follows the function: kh hm erf
σ

 −
=  

 
, 

where h is operative field, kh  is the average critical field and σ is the standard 

deviation.  The total magnetization of these two phases will be 
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Figure 3.3. The comparison of calculated bimodal major loop (dash line) with experiment 
polar MOKE major bimodal loop (solid line) 
 

        1 2

1 2
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kh hm h
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                                                 (3.2) 

 
 
phase I: 1 171kh = , 1 3.3σ =  
 
phase II: 2 213hh = , 2 7σ =  
 

Figure 3.3 shows the calculated result of bimodal major loop, the 

experiment data (solid line) and the assuming data (dash line) are plotted in 

Fig.3.3.  From the calculation we obtained 1kh =171 mT, 1σ =3.3 and 
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2kh =213mT, 2σ  = 6.8 and fr = 0.34, fr is the fraction of the phase I in the total 

material.  

 
 
3.4 Gaussian Distribution of Bimodal 

          

 Using the parameters from major loops simulation, we draw a Gaussion 

distribution figure of these two phases’ hk, average critical field. This figure 

shows these two curves totally do not overlap each other. It means in these two 

phases their barrier energy region is totally do not overlap. These two phases do 

not interact on each other, and will reverse independently under the magnetic 

field. 

                 Figure 3.4. Gaussion Distribution of two CoPt phases 
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3.5 Bimodal Thermal Aftereffect 

 

       Using the parameters from the above calculation, we begin to study the 

bimodal aftereffect. While simulating the aftereffect, we still assume that the two 

phases are active independently under the applied magnetic field.  First, the 

sample is saturated in the positive magnetic field direction. Then, the magnetic 

field is decreased to a certain field, such as 160 mT, which is smaller than the 

mean critical field of the phase I. This field will hold for a while and the sample 

magnetization will change during that time. This change is called the magnetic 

aftereffect. Since the moving model and variable-variance model of the Preisach-

Arrhenius function are used to simulate the aftereffect, there are a few more 

parameters,α  (the moving parameter), γ (the Variable-variance parameter), fh  

(fluctuation field) and k (the ratio of the /i kσ σ , σi standard deviation of 

interaction field, σk standard deviation of critical field), than the classic Preisach 

function, which can be used to regulate the shape of the aftereffect  curve.   

 

      In moving model, h H Mα= + , when the magnetization is positive α  will 

increase the operative magnetic field, and when the magnetization is negative, it 

will decrease the operative magnetic field.  

       From Fig. 3.5 we can know that the α  change will influence the slope of the 

aftereffect decay curve and that it changes the tail shape of the decay curve. 
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           Figure 3.5. Effect of α  upon the shape of aftereffect curve  

 

In the variable-variance modal, iσ is no longer a constant, and will be 

changed by the sample magnetization.  In Fig. 3.6, 2
0 (1 (1 ))i mσ σ γ= × − − , which 

shows the influence of γ’s change on the shape of the aftereffect decay curve. 

From Fig 3.6 see that when the magnetization m is negative, the decay speed is 

decreased, and when the magnetization is positive, the decay speed increases. 

 

Since we use the classic Preisach-Gaussian function to simulate the 

bimodal major loop, we can only findσ in the major loop, where 2 2
i kσ σ σ= + . 

We can modify the shape of the aftereffect decay curve by changing the ratio of 

0    ____ 
5    .-.-.- 
10   ****
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i

k

k σ
σ

= . The calculated result is shown in Fig 3.7 

 

Figure 3.6. Effect of γ upon the shape of aftereffect curve  

 

      After recognizing the influence of all parameters on the aftereffect decay 

curve, we can begin to work on simulating the bimodal aftereffect decay curve. 

Two unimodal aftereffect decay curves are calculated separately, with parameters 

1 1 1 1 1, , , ,k fh hσ α γ  for phase I and a different set 2 2 2 2 2, , , ,k fh hσ α γ  for phase II. The 

aftereffect decay curves of phase I and II are calculated separately first.  For phase 

I, we start with the parameters as: 1 171,kh =  1 3.3,σ =  1 0,α =  1 0,γ =  1 0,fh =  

k=1. This is the form of the classic  

-5    -.-.-.- 
0     _____ 
+5   ***** 
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                    Figure 3.7. Effect of i

k

σ
σ

 on the shape of aftereffect curve  

Preisach-Arrhenius function. The calculated simulation data will be compared 

with the experiment data to decide which parameter will be changed on the next 

step. Next, we will change the parameters α，γ, h,f  and k one at  a time to 

calculate the aftereffect with the moving model and variable-variance model. The 

calculated aftereffect curve is still compared with experiment data of aftereffect 

curve until they better fit each other for this parameter. After getting the best fit 

on the first parameter, this parameter will be fixed temporarily. Then, another 

parameter will be changed by the method mentioned previously. One thing 

needed to notice is the interaction of these parameters. They are a nonlinear 

system. We have to repeatedly change all these parameters to reach the best fit 

between the calculated data and experimental data. 

0 ______ 
1 -.-.-.-.-. 

      10  ****** 
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Figure 3.8. Classic model, σ same as in bimodal major loop  

1 0α = , 1 171kh = , 1 10k =  , 1 3.48fh = , 1 0γ = , 1 3σ = , 2 0α = , 2 213kh = , 

2 5.5fh = , 2 10k =  , 2 0γ = , 2 7σ =  

 
 

Fig 3.8 shows the simulation results of classic Preisach-Arrhenius model 

compare with the measurement result. It shows that the classic model simulates 

the experimental data with limited success. 
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Figure 3.9. Using the classic modal, σ changes, but has little effect on slope of the curve, 

1 0α = , 1 171kh = , 1 10k =  , 1 3.48fh = , 1 0γ = , 1 0.02σ = , 2 0α = , 2 213kh = , 

2 5.5fh = , 2 10k =  , 2 0γ = , 2 0.08σ =  

 
In Fig. 3.9 we change only one parameter, σ, in both phases, but the 

simulated curves already fit the experiment curves quite well at beginning time.  

 

Fig. 3.10 shows the final simulated results compared to the experiment 

curves. Comparing with the Fig 3.9, a few more parameters,α, k, γ, have changed.  
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Figure 3.10. Comparison of calculated bimodal aftereffect curve (solid line) with 
experiment polar MOKE kθ  bimodal aftereffect curve (dashed line) 

 

     After finishing the above procedure, the suitable parameters of phase I and 

phase II should be obtained. The next step is to combine the two unimodal 

aftereffect decay curves into one bimodal aftereffect curve. The procedure is 

given below. 

       

      For the phase I aftereffect curve, the normalized magnetization 1m  will be 

multiplied by fr , which obtained from the above calculation. This will decrease 

its magnetization to the ratio in the materials. Since this phase has low coercivity, 

and is the easy decay phase it will rotate first under the holding field, after which 

we move this phase’s aftereffect curves up. 
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                               1 1 (1 )r rm m f f= × + −                                      (3.3) 

  For the phase II aftereffect curve, the normalize magnetization 2m will be 

decreased by a factor of (1-f r), after which the phase II curves will be moved 

down. 

                              2 2 (1 )r rm m f f= × − −                                      (3.4) 

 where 1m  and  2m  decay curves will be plotted  separately in one normalized 

magnetization decay figure and form the bimodal decay curve. 

 

The final calculated bimodal aftereffect decay curve is shown in Figure 

3.10. The experiment data is the dashed line and the calculated data is the solid 

line.  The parameters of the bimodal aftereffect are 1 17α = , 1 171kh = , 1 1.5kk = , 

1 3.48fh = , 1 5γ = , 1 3σ = , 2 18α = , 2 213kh = , 2 5.5fh = , 2 1.5kk = , 2 2γ = , 

2 7σ =  

      

        After simulating, we got most magnetic properties of these phases and the 

ratio of each phase in this medium. 
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                                            Chapter 4  
 
 
                  THE COMPUTER ALGORITHM OF FLUCTUATION                                                
                                   FIELD CALCULATION 
 
4.1 Introduction 
 
 

     In magnetic materials, thermal relaxation effect or magnetic aftereffect is 

particularly important in situations where magnetization states must be 

permanently conserved (such as data storage). Magnetic aftereffect experiments 

often show a connection between hysteresis and system’s field history. Because of 

this we can use major hysteresis loop and aftereffect decay curves to calculate 

fluctuation field. 

 

     To reverse a magnetic domain, the energy barrier needs to be overcome. This 

barrier can be represented by a magnetic field, which is called the fluctuation 

field. It is important to be able to predict and calculate the fluctuation field in 

order to understand a magnetic storage media. In the fluctuation field calculation, 

it is necessary to move and tilt the hysteresis loop and aftereffect curves to merge 

with each other. It is almost impossible to accurately calculate the fluctuation 

field by manually shifting and merging. Because of this, it is important to find an 

efficient way to calculate the fluctuation field. This is flexible enough to be 

accurate when presented with different noise levels, material magnetic properties 
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and measurement data density. In this thesis we find a computer algorithm and 

create an efficient code, which can automatically solve all above problems and get 

the best calculation result. 

 

4.2. Thermal Magnetic Aftereffect 

 

      Hysteresis is a consequence of the fact that, when a system is not able to reach 

thermodynamic equilibrium, the system will remain in a temporary local 

minimum of free energy and respond to external influences in a history-dependent 

manner. On the other hand, the fact that the system is not in equilibrium makes it 

spontaneously approach equilibrium, which gives rise to relaxation effects even if 

no external action is applied to the system [BAS00]. 

      

      Magnetic aftereffect in magnetic materials is caused by the thermal activation 

of metastable states over energy barriers. Because thermal activation is a time-

dependent process, this leads to time dependence in the magnetization reversal of 

the material. 

 

 

4.3 The Fluctuation Field 

 

      Street and Woolley [STR49] pointed out that the energy barrier must be 

overcome if the magnetization is to reverse. These energy barriers can be 
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overcome by energy from thermal fluctuation, and Neèl [Neèl50][Neèl 51] 

suggested that the effect of that thermal fluctuation could be represented by a 

fictitious field, which he called the fluctuation field.  

For a flat distribution of energy barriers at a fixed field, the magnetization M 

decays with time, t as follows:  

                           M(t) = A + S ln(t)                                              (4.1) 

                            S = hf χirr                                                              (4.2) 

S ~ the coefficient of magnetic viscosity 

hf  ~ fluctuation field 

A~ constant   

Where both S and χirr have been corrected for demagnetization effects. χirr is the 

part of the magnetic susceptibility which reflects irreversible processes and is 

associated with a state activating over an energy barrier.  

 

The general form of the fluctuation field is transferred from (4.2) 

                                                                         (4.3) 

As can be seen, hf  is  solely time dependent if the H field is constant. The time 

dependence may arise from the gradual variation in the magnetic properties of the 

moments during the decay. 

 

 

( , )( , )
( , )f

irr

S H th H t
H tχ

=
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4.4 Fluctuation Field Calculation           

                                                                                                  

       There are a few methods for measuring and calculating the fluctuation field. 

The most useful methods are: 

 

a) Bayreuther [BAY89] and Brown [BRO96] had derived an equation (4.4) which 

works well for a system in which all the metastable states have the same 

activation energy and also for magneto-optic thin films in which magnetic 

reversal is dominated by the expansion of the periphery of a region of reversed 

magnetization.  In this treatment, however, there are no assumptions, so the 

fluctuation field can rigorously be determined experimentally by simply 

measuring the time required for the magnetization to reach a certain value. For 

instance, it is related to the time dependence of the coercivity  

                ( 0)
ln( )

h
f irr

Hh M
t

∂
= = −

∂
                                      (4.4) 

This method has an advantage in that it involves simply the measurement of the 

time required for magnetization to reach a certain value.  

 

b) Estrin [EST89] and Folks [FOL94] derived another equation by postulating the 

existence of a magnetic constitutive relation, on the assumption that there is a 

unique relationship between , ,irrH M and /irrdM dt  [EST89].  
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                       / ln( ) |
irrf i irr Mh H M= −∂ ∂                               (4.5) 

where /irr irrM dM dt=  and iH  is the internal field 

 It is required to measure with constant Mirr, so that the magnetic structure of the 

system is kept constant. In practice, the range of the field in the region over which 

the structure can be kept constant is small. 

                  

The assumption was justified by considering an Arrhenius rate relation 

/ exp( ( ) / )irr B idM dt E H kT∝ −                                         (4.6) 

that involves in effect energy barriers that are all equal in size [LYB97].  

                 ln( )irr irrdM Sd t dHχ= +                             (4.7) 

 where 

                          ( , ) |
ln( )

irr
H

MS H t
t

∂
=
∂

                                (4.8) 

   is the observed coefficient of magnetic after effect and  

                            ( , ) |irr
irr t

MH t
H

χ ∂
=

∂
                                (4.9) 

there are a few research groups working on calculating and  discussing the 

fluctuation field. Karanasos, et. got the experiment and simulate conclusion on 

(CoPt/B)  hf  decreases linearly with the field apart from a field region above hc  

where a small curvature is observed. [KAR02] 

 

       El-Hilo, et.al. [ELH02] had examined the behavior of the fluctuation field (h f 

) and its relationship with the activation energy for reversal in magnetic system 
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.The height of an energy barrier is determined by intrinsic parameters such as 

volume, anisotropy and easy axis orientation with respect to the applied field. 

 

      El-Hilo also found [ELH02] that at a constant level of magnetization, the 

linkage between thermal changes and field changes and their effect on the 

magnetization of the system using different equations, (4.4) and (4.5.), of state 

were found to give the same value of hf. 

 

4.5 The Aftereffect Decay Curve Measurement Method 

 

       In the presence of large energy barriers, the magnetization decays very slowly 

towards its ground state. In most permanent magnetic materials this decay is not 

usually measurable in zero field. In order to estimate the useful lifetime of a 

magnetic material, this decay is accelerated by the application of a reverse field, 

called the holding field hh. At a holding field that maximizes the irreversible 

susceptibility, the decay rate is maximized. This field is approximately equal to 

the remnant coercivity of this material. Unfortunately, unless we know how much 

we have accelerated the decay rate, this measurement does not reveal anything 

about how long the materials will be useful at other fields.   

  

      In a conventional magnetic aftereffect measurement, the magnetic material is 

initially saturated by a large positive field, which is then quickly changed to a 
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negative field. The field is then held constant for some period of time while the 

magnetization decay is measured.  

4.6 Artificial Hysteresis Loop and Aftereffect Curves 

 
       To conveniently test our algorithm, a group of noise free artificial major 

hysteresis loop and decay data file were created. Most magnetic storage medium 

are either thin film or perpendicular. This kind of magnetic materials has a 

Gaussian distribution of hysterons.  

                  M down = erf (h+1/σ)                                                   (4.10) 

                 M anhysteresis  = erf ( h/A*σ)                                            (4.11) 

Using equations (4.12) and (4.13), we created the major hysteresis loop and 

anhysteretic curve, and, using the major descent curve and anhysteretic curve we 

created aftereffect curves. Aftereffect curves are created by different holding 

field. Fig 4.1 shows the reversed major hysteresis loop that has the same slope 

direction as the aftereffect decay curves and can be conveniently merged. Fig 4.2 

shows the aftereffect decay curves with different holding field. 

 

4.7 The Artificial Noise Data 

 
       To simulate experiment situations, artificial random noise is added to the 

major loop and aftereffect by the following equation: 

 Mi noise = Minon-noise*(R*(b –a) + a)                                             (4.12) 

 R ~ random generator, it will produce an evenly distributed random number   

greater than or equal to 0 and less than 1.                                                                                        
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 b ~  lower noise bond 

 a ~ upper noise bond  

4.8 Algorithm of the Fluctuation Field Calculation 

 

      Since our most measurements are with Co/Pt perpendicular magneto-optic 

thin film, we use function (4.4) model to calculate the fluctuation field. In the 

experimental aftereffect measurement we record the magnetization m(t) as a 

function of time.  Thus, the aftereffect data ranges is from m(0) to m(∞). The 

latter value is equal to the anhysteretic magnetization in that holding field and is 

usually not directly measurable due to the very slow decay.   

  

 For calculating the fluctuation field, hf , by equation (4.4),  we need to know 

the difference of  ln(t=0) needed by different holding field, hh after overlapping 

them with each other.  For this reason, We need to make different aftereffect 

curves to overlap each other and get the difference of ln(t) needed to move it in 

horizontal direction. One thing we need to clear is in an aftereffect data 

measurement, the decay is supposed to occur until the magnetization reaches the 

anhysteretic value at that particular holding field. However, because it takes an 

extensive amount of time to occur, we do not always get such data. Hence, using 

the data obtained from the aftereffect and the major loop, we need to make 

necessary scaling adjustments before proceeding to overlap these curves. We can 

use function (4.14) to adjust the magnetization 
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Figure 4.1.   The reversed major hysteresis loop and anhyteresis curve (dash line) 

 

 

Figure 4.2.   The decay curves obtained from different holding fields 
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a) Superimposing the Aftereffect Curve With the Major Loop 

 

       In order to overlap the major loop with the aftereffect curve at each holding 

field, the magnetization value from the hysteresis loop at the particular holding 

field and the initial value of magnetization of the aftereffect curve have to be 

equal (i.e mloop
 (Hh)= mex(0) where ‘0’ is the  starting time). 

 

      The magnetization of hysteresis loop is the function of magnetization vs. 

applied field and the magnetization of aftereffect curve is the function of. 

magnetization vs. time. While comparing these two curves, we have to transfer 

the descent part of major loop’s applied field to ln(t) time .We select one holding 

field decay curve as a reference to merge with the major loop m(hh).  We move 

this decay curve’s m(0) point  to the same magnetization point of the major loop 

and then overlap these two curves. For the purposes of identification, we first 

scale the magnetization according (4.14) where mrs(t) is the scaled magnetization.  

We note that if m(∞) = -1, then mrs(t) = m(t). The difference of these two curves 

are compared and minimized by rotating the major loop and dragging the tail of 

the decay curve. The m(0) of  the decay curve is not changed and all other points 

of the decay curve will be changed by changing the anhysteresis magnetization  of  

equation (4.14). This will drag the tail of the decay curve up or down to minimize 

the difference between the decay curve and converted major loop. Equation (4.13) 

is used to calculate the difference between the major loop and aftereffect curves.  

Matlab’s  fminsearch function is used to get the optimization of anhysteresis 



 52

magnetization to find the minimizing ∆M. After minimizing the difference, the 

major loop’s slope is fixed.    

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 the schematic of square error function (4.13) 

                                                                                              (4.13) 

mdi ~  decay curve 

mmi ~  transferred major loop 

∆ln(t) ~ the interpreted ln(t) 

 

 

 

ln(ti) ln(ti+1) 

M 
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mmi 

0 

2

1

( )

ln( )

n
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i
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−

∆

∑
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                                                                                        (4.14) 

where        

mex(t=0)~ the initial decay curve 

mex(t=∞)~ the magnetization of decay at infinite time, equal to the anhysteretic                                    

magnetization in that holding field  

 

   The major loop’s x-axis, field (Oe), will be converted into ln time (ln(t)), 

which is done by linearly changing major loop’s field (Oe) to ln(t) to match the 

same magnetization region as the reference decay curve . The major loop is then 

changed to the special decay curve, which covers the magnetization from +1 to 

–1. 

 

b) Superposition of the Aftereffect Curve 

 

        The next step is to overlap the new set of aftereffect curves. In order to do 

this, the curve has to be horizontally shifted and the curve tail has to be dragged to 

minimize ∆M. If the converted hysteresis curve obtained in the previous section is 

precise, the aftereffect curves should overlap smoothly.  Fig 4.4 to Fig 4.10 show 

the whole procedure of decay curve hh = -0.7 merging to the converted hysteresis 

loop.   The Fig 4.11 shows the result, after all decay curves merge to the 

converted hysteresis loop and all decay curves are very well merged to each other. 

 

( ) ( )( ) [ (0) 1]{ } 1
(0) ( )

ex ex
ex

ex ex

m t mm t m
m m

− ∞
= + −

− ∞



 54

c) Calculation of the Fluctuation Field: 

 

       After the above processing, the material’s fluctuation field can be obtained by 

dividing the difference of two holding field of these two decay curves by the 

difference of ∆ln(t) of these two decay curves. 

                   exp( / )h ft h h∆ = ∆                        
ln( )

h
f

hh
t

∆
=
∆

         (4.15) 

 

hh∆ ~ the difference of two decay curve’s holding field 

           ∆ln(t)  ~ the difference of two decay curve’s moving in horizontal direction 

 

If the major loop and just one holding field decay curve merge perfectly, we can 

use these two curves to get the fluctuation field from the converted major loop 

(the field is converted to ln(t) ). The method is to find any two points on the decay 

part of the major loop to get the holding field. 1( )hh m  and 2( )hh m , then in the 

converted major loop finding the ln(t1)and ln(t2). Then by using above equation 

ln( )
h

f
hh

t
∆

=
∆

 this material’s fluctuation field can be found. 
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Figure 4.4   decay curve with hh = -0.7 merges to the converted major curve, at time= t(1) 

Fig 4.4 shows at time = t(1),  it is the initial position of the decay curve (solid line) 

and  the hysteresis curve (dash line). 

 

 
 
Figure 4.5 decay curve with hh = -0.7 merges to converted major curve, at time= t(2) 
 
 
 
Fig 4.5 shows at time = t(2),  the decay curve move left and the tail of decay curve 

drags down to decrease ∆M according to function (4-15). 
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Figure 4.6    decay curve with hh = -0.7  merges to converted major curve, at time= t(3) 
 
Fig 4.6 shows at time = t(3),  the decay curve move further left and further 

decrease ∆M . 

 
 

 
Figure 4.7 decay curve with hh = -0.7 merges to converted major curve, at time= t(4) 
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Fig 4.7 shows at time = t(4),  the decay curve move further left and pass over the 

hysteresis curve and the tail of the decay curve move up , ∆M decreases again 

according to function (4-15). 

 
 
 
 

 
 
Figure 4.8   decay curve with hh = -0.7 merges to converted major curve, at time= t(5) 
 
 

Fig 4.8 shows at time = t(5),  the decay curve move right, the top of the decay 

curve  is merged to the hysteresis curve , the  ∆M decreases again . 
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Figure 4.9   decay curve with hh = -0.7 merged to converted major curve, at time= t(6) 
 
Fig 4.9 shows at time = t(6),  the decay curve twisted a little and the tail of decay 

curve is merged to the major hysteresis curve, the ∆M decrease again according to 

function (4-15). 

 
 

 
 
 
Figure 4.10   decay curve with hh = -0.7 merges to converted major curve, at time= t(7) 
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Fig 4.10 shows at time = t(7),  finally the decay curve is perfectly merged to the 

major hysteresis curve, the ∆M is optimally minimized according to function (4-

15). 
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Figure 4.11. After all decay curves merge to the major loop, all decay curves are very 
well merged to each other.  

                                                   

4.9 Software Structure 

 

The goal of the optimization procedure is to calculate least squares error with 

Function (4.15) (for a good overall curve fit) to search for the Dln(t) and 

anhysteresis M(t). The flowchart of the generic algorithm procedure used is 

shown in next page. The algorithm is based broadly on the concept of minimum 

least squares error searching 
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     The fminsearch is a useful function to find a minimum scale function of 

several variables. It will start at an initial estimate then it will go to another step of 

search by moving one length of xi, a new point in or near the current simplex in 

generated. The function value at the new points is compared with the function’s 

values at the vertices of the simplex and, usually, one of the vertices is replaced 

by the new point, giving a new simplex. This step is repeated until the diameter of 

the simplex is less than the specified tolerance.  
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                           Figure 4.12 Flowchart of algorithm of the thermal fluctuation field calculation   
                               

Read Excel data File 

Set the step, Interpret the Major Loop and 
Decay Curves into same scale of data file 

Find magnetization M(t=0) of the reference decay 
curve and same magnetization of the major loop   

Move the major loop to overlap 
the decay curve, at the M(t=0)  

Tilt the major loop at M(t=0) as the center  
to merge the major loop to the decay curve 
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                                                   Chapter 5 
 
                  

              PARAMETERS THAT EFFECT CALCULATION OF THE                                           

                                               FLUCTUATION FIELD                                                                        

        

     To measure magnetic aftereffect, we often make use of the following 

instruments: Magneto-Optical Kerr Magnetometer (MOKE), Super-Conducting 

Quantum Interfere Device (SQUID), Vibrating Sample Magnetometer (VSM), 

and Alternating Gradient Force Magnetometer (AGFM). When we make 

experiment we have to consider a few factors which will influence the hysteresis 

loop and aftereffect curves measurement accuracy and fluctuation field 

calculation accuracy.  Those include noise (ie. the environment noise, instrument 

noise, and thermal drifting during measurement), data density of measured 

hysteresis loop and aftereffect curves and material magnetic properties.  In this 

chapter we will discuss those and predict the accuracy of our aftereffect 

measurement and fluctuation field calculation. 

 

    To discuss the parameter influence on the fluctuation field calculation, we use 

the equations in chapter 4 to generate the artificial data file. The parameters which 

generate the original artificial major loop and decay curves are hf = 0.05 and σ = 
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0.3, the holding field, hh, are – 0.7, - 0.85, - 1.0, - 1.15 and  – 1.3 separately as Fig. 

4.1 and Fig. 4.2.  

 

5.1  The Effect of The Data Density  

 

      In measuring the hysteresis loop and aftereffect, we must consider what 

density we should collect data at, as it will influence the instrument efficiency and 

result measurement accuracy. It is necessary to estimate what is the most efficient 

way to use the instrument and get accurate measurements at the same time.  

 

      To evaluate the effect of data density on the calculation of fluctuation field 

and anhysteresis magnetization, 100,200,400,800 and 1600 points of artificial 

data file (meaning major loop uphill, down hill curve and all of the different 

holding field decay curve each has 100, 200 points and so on) are used in 

calculation.    

       The parameters used in generating the data file of major hysteresis loop and 

decay curves are hf = 0.05 and σ = 0.3. Aftereffect holding fields are  –0.7, -0.85,  

-1.15 and -1.3, separately.  

   Table 5.1 Effect of date density on the accuracy of fluctuation field calculation 

     Points 
  hh = -0.7 

   

 hh = -0.85   hh = -1.15      hh = -1.3    Average hf 

   Standard    
    Deviation 
      X1000 

   Error 
      % 

        100         0.0471        0.0473       0.0462       0.0454       0.0465       0.875595       7 

        200         0.0489        0.0494       0.0489       0.0483       0.0489       0.45      2.25 

        400         0.0506        0.0511       0.051       0.0507       0.0509       0.238048      1.7 

        800         0.0504        0.0507       0.051       0.0509       0.0508       0.264575       1.5 

       1600         0.0502        0.0504       0.0507       0.0507       0.0505       0.244949        1 

* the standard deviation here presents the convergence of the calculated result. 
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     From Table 5.1 and the figures below, Fig. 5.2 and Fig. 5.3, it is easy to see 

that the higher the data density, the more accurate results we get. Data points vs. 

error and data points vs. standard deviation still show that the higher the data 

density, the more accurate our calculated results. 
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Figure 5.1 Effect of data density vs. error % on the calculation of the fluctuation field. 
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Figure 5.2. Effect of data density vs. standard deviation ( which reflect the convergence 
of calculated result) on the calculation of the fluctuation field 

 



 65

     When we merge the aftereffect curve to the major hysteresis loop, we have to 

change the anhysteresis data at that holding field to drag the tail of the aftereffect 

curve, we can then merge to the major hysteresis curve while minimizing the 

difference between them. The Fig. 5.4 below shows that the anhysteresis derived 

from 1600 points calculation is almost equal to the real anhysteresis, and the 

calculations with 800 points and 400 points data file are close to real anhysteresis. 

The 200 points and 100 points ones are quite far away from the real anhysteresis. 
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Figure 5.3. Effect of data density in major loop and decay curves measurement on the 
accuracy of the anhysteretic magnetization measurement. 

 
 
 

a) 100 points calculation result. 

 (the dashed line is the major loop and  other color solid lines present different 

decay curves in different holding field)                     
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Figure 5.4. All decay curves are merged to the major loop with 100 points of data  

 

c) 400 points calculation results 

 

Figure 5.5. All decay curves are merged to the major loop with 400 points of data 
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e) 1600 points calculation result  

 

Figure 5.6. All decay curves are merged to the major loop with 1600 points of data 

 

5.2 The Effect of Measurement Noise  

 

     In order to understand the influence of instruments and environment noise on 

the accuracy of the fluctuation field calculation and simulate the noise effect on 

measurement and calculation, data files are created with the fluctuation field hf 

equal to 0.05 and standard deviation σ equal to 0.3, and each major curve (up or 

down) and decay curve having 1600 points. The random noise is added to the 

major loop and decay curves by equation (4-12). The noise region is from 0, 1, 2 

until 10% 
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The calculation procedure as mentioned in chapter 4, the result is shown in the 

below table 5.2 and figures Fig. 5.8 and Fig. 5.9.   

Table 5.2 Effect of artificial noise on the accuracy of fluctuation field calculation 

       Noise    
         %        hh = -0.7        h h = -0.85       hh = -1.15         hh = -1.3

 
       Average  
              hf 

      Standard 
      Deviation 
       X1000     Error % 

         0        0.0499        0.0504        0.0505         0.0503       0.050275         0.263      0.55 

         1       0.05108        0.05131        0.05166         0.05173       0.051445         0.305      2.89 

         2       0.05601        0.05758        0.06217         0.06338       0.059785         3.546      19.57 

         3       0.05992        0.06118        0.06581         0.06627       0.063295        3.217       26.59 

         5       0.0749        0.0759        0.0788         0.0796       0.0773         3.217       54.6 

        7.5       0.0764        0.0751        0.0857         0.0801       0.079325          2.255       58.65 

       10      0.0832       0.0951        0.1157         0.0964       0.0976         4.749      95.2 
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Figure 5.7. The effect of noise levels vs. error % on the accuracy of the fluctuation field 
calculation 
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 Standard Deviation  vs. noise%
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Figure 5.8. The effect noise level vs. standard deviation (which reflects the 
convergence of calculated result) on the accuracy of the fluctuation field calculation 

 

From the table 5.2 and Fig. 5.8 we conclude that the lower the noise, the 

better the result. The noise and error % are almost linear. If the noise level of 

major hysteresis loop and aftereffect curve is below 2% we can get the fluctuation 

field calculation error less than 20 %. And if noise level of major loop and 

aftereffect curves is above 2%, the calculation result may be unacceptable.  
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b) aftereffect curves and hysteresis loop with 1% artificial noise 
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Figure 5.9.  After 1% noise is added to reversed major loop and anhysteretic curve 
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Figure 5.10.  After 1% noise is added to aftereffect curves 
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Figure 5.11.  After all 1% noise decay curves are merged to the major loop 

c) aftereffect curves and hysteresis loop with 3% artificial noise 
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Figure 5.12.  After 3% noise is added to aftereffect curves 
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Figure 5.13.  After all 3% noise decay curves are merged to the major loop 

 

5.3 The effect of Material’s Real Fluctuation Field  

 

     When we measure the magnetic fluctuation field, it is better to know what are 

the material properties that are easy to measure accurately and calculate 

accurately.  Because of this, we use different fluctuation fields to create the major 

loop and aftereffect data files. The major loop and each aftereffect curve has 800 

points and standard deviation, σ, is 0.3. Since the material fluctuation field 

influences the aftereffect decay rate, different decay time ln(t) will be needed for 

different materials to get same magnetization decay. If the material fluctuation 

field decreases, the decay curve’s slop is small and longer time will be needed to 

lower the magnetization. 
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        Table 5.3 and Fig 5.5 show the calculated fluctuation field’s error and 

percent (%) error comparing with the real material fluctuation field. If the 

sample’s fluctuation field is higher, the calculated fluctuation field will be more 

accurate and error % will be decreased.  One reason that a material with higher 

fluctuation field has lower calculation error is its decaying very fast at beginning 

time. The large slope at the initial time makes it easy to merge the decay curve 

with the major loop. 

 

         Table 5.3 Effect of a material’s real fluctuation field on the accuracy  

                                          of the fluctuation field  calculation 

          hf    hh = -0.7   hh = -0.85     hh = -1.15   Average 
        hf 

   error       error % 

       0.005     0.0049     0.0048     0.0047     0.0048     0.0002          4 

       0.01      0.0098      0.0098      0.0097  0.009767   0.000233      2.333333 

       0.02     0.0186     0.0186      0.0182   0.018467    0.001533      7.666667 

       0.04      0.0397     0.0401      0.0397   0.039833   0.000167     0.416667 

       0.05      0.0504    0.0507      0.051     0.0507    0.0007      1.4 

      0.08     0.0806     0.0807     0.0809   0.080733   0.000733    0.916667 

      0.16     0.1601     0.1601     0.1602   0.160133   0.000133     0.083333 
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Figure 5.14. The effect of a material’s real fluctuation field of on the calculation error 

 
 
 

a) hf = 0.005 
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Figure 5.15.  The aftereffect curves with hf  = 0.005 
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Figure 5.16 After all decay curves with hf  = 0.005 are merged to the major loop 

 
 

b) hf = 0.16 
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Figure 5.17 The aftereffect curves with hf  = 0.16 
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Figure 5.18.  After all decay curves with hf  = 0.16 are merged to the major loop 

 
 
 
 
 

5.4 The Real Material Fluctuation Field Effect With Measurement Noise 

 

   In order to find the influence of measurement noise on the accuracy of 

fluctuation field calculation of the material with different fluctuation field, 1% 

and 2% of noise are added on the previous section’s major and decay curves data 

file 

   

A) aftereffect curves and hysteresis loop with 1% artificial noise  
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    Table 5.4 the effect of the material’s real fluctuation field with 1% 

artificial   on the accuracy of fluctuation field calculation 

        hf         hh = -0.7     hh = -0.85   hh = -1.15    hh = -1.3 
      Average  
           hf      error    error % 

     0.005      0.0038       0.0039     0.0038     0.0038       0.003833     0.001167   23.33333 

     0.01     0.0086       0.0087     0.0086     0.0086       0.008633     0.001367   13.66667 

     0.02     0.0192       0.0191     0.0185     0.0186       0.018933     0.001067   5.333333 

     0.04     0.0391       0.0395     0.0389     0.0385       0.039167     0.000833   2.083333 

     0.08     0.0789       0.0789     0.0784     0.0784       0.078733     0.001267   1.583333 

     0.16     0.157       0.1571     0.1556     0.154       0.156633    0.003367   2.104167 
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Figure 5.19. Effect of sample fluctuation field and 1% noise in the fluctuation field 
calculation error  

 
From the table 5.4 and Fig. 5.20, we can know it the real material’s fluctuation 

field are larger than 0.02 and with 1% noise we can get calculated result less than 

5% error.  

a) hf = 0.005 
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Figure 5.20.  The aftereffect curves with 1% noise and hf = 0.005  

 

Figure 5.21.  After all decay curves with 1% noise and hf = 0.005 are merged to the major 
loop 
 

b) hf = 0.16 
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Figure 5.22.  The aftereffect curves with 1% noise and hf = 0.16 

 

 

Figure 5.23.  After all decay curves with 1% noise and hf = 0.16 are merged to the major 

loop 
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B) aftereffect curves and hysteresis loop with 2% artificial noise 

 

Table 5.5 the effect of the material’s real fluctuation field with 2% artificial               

noise on the accuracy of fluctuation field calculation                             

     real  
       hf    hh = -0.7    hh = -0.85   hh = -0.15    hh = -1.3 

   Average 
         hf     error      error % 

    0.005    0.0056     0.0054    0.0053    0.0052    0.005433    0.000433    8.666667 

    0.01    0.0088     0.0084    0.0087    0.0088    0.008633    0.001367   13.66667 

    0.02    0.022     0.0218    0.0207    0.0205    0.0215    0.0015    7.5 

    0.04    0.0375     0.0381    0.0381    0.0368    0.0379    0.0021    5.25 

    0.08    0.0692     0.0695    0.0701    0.0698    0.0696    0.0104   13 

    0.16    0.1497     0.1489    0.1475    0.1492    0.1487    0.0113   7.0625 
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Figure 5.24. Effect of sample fluctuation field and 2% noise in the fluctuation field 
calculation error 
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a) hf  = 0.01 

 

Figure 5.25.  After all decay curves with 2% noise and hf = 0.01 are merged to the major 

loop 

 

Figure 5.26.  After all decay curves with 2% noise and hf  = 0.02 are merged to the major 

loop 
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Figure 5.27 After all decay curves with 2% noise and hf = 0.08 are merged to the major 

loop 

 

For noise level at 2%, the error of all these material’s calculated results will be 

very large. 

  

5.5 the Effect of Standard Deviation of Critical and Interaction Field  

    

      Standard deviation, σ, of critical and interaction field is another magnetic 

property. σ is defined as the square root of sum of  standard deviation of critical 

field and interaction field. That deals with critical field, which determines the 

slope of the hysteresis loop at the coercivity. Fig. 3.7 already shows the effect of 

standard deviation on the shape of aftereffect curve. Now we would like to 
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discuss the influence of the material’s standard deviation on the accuracy of the 

fluctuation field calculation. The major loop and after effect curves are generated 

by different standard deviation σ. The fluctuation field is 0.05 and the major loop 

and each decay curve are 800 points. 

     Table 5.6 and Fig 5.30 show the error of fluctuation field calculation compared 

with the real fluctuation field. The table and the figure show that when the 

sample’s standard deviation, σ, decreases, the calculated result will be more 

accurate.   The lower the σ, the larger the decay slope, which makes the decay 

curve match the major loop more accurately.  

             Table 5.6 the effect of the magnetic property, σ on the accuracy  

                                           of fluctuation field calculation                

        σ     hh = -0.7     hh = -0.85      hh = -1.15     hh = -1.3 
     Average 
           hf        error    error % 

        0.2     0.0496    0.0511    0.051      0.050567    0.000567    1.133333 

        0.3    0.0504    0.0507    0.051    0.0509    0.05075    0.00075    1.5 

       0.4    0.0472    0.0473    0.0475    0.0475    0.047375    0.002625    5.25 

       0.5    0.0419    0.042    0.0422    0.0423    0.0421    0.0079    15.8 
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Figure 5.28 Effect of  σ on the calculation error % 

 

a} σ = 0.2 

 

-3 -2 -1 0 1 2 3

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Major Loop and Hysteris Curve 

field

N
or

m
al

iz
ed

 m
ag

ne
tiz

at
io

n

 

Figure 5.29 The reversed major hysteresis and anhysteresis loop with σ =  0.2 
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   Figure 5.30.  The aftereffect curves with σ  =  0.2 

 

Figure 5.31.  After all decay curves with σ = 0.2 are merged to the major loop 
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b} σ = 0.5 
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Figure 5.32.  The reversed major hysteresis and anhysteresis loop with σ = 0.5 
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Figure 5.33.  The aftereffect curves with σ  = 0.5 
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Figure 5.34.  After all decay curves with σ = 0.5 are merged to the major loop 

 

 

5.6  Two Special Cases 

  

     After discussing the influence of these parameters on fluctuation field 

calculation, we select two group parameters, one with higher fluctuation field and 

lower standard deviation, which give the lowest error. The other one has the lower 

fluctuation field and higher standard deviation. The parameters and results are 

showed in table 5.7 

 

 

 

 



 88

Table 5.7 two special cases on the accuracy of fluctuation field calculation 

         σ           hf       hh = -0.7   hh = -0.85   hh = -1.15   hh = -1.3 
   Average 
         hf      error    error % 

        0.2       0.16       0.1601    0.1601    0.1601      0.1601    1E-04    0.000625 

        0.5       0.005       0.0052    0.0052    0.0052    0.0051     0.005175    0.044825    8.661836 

   

a) hf  = 0.16,  σ = 0.2 
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Figure 5.35.  The reversed major hysteresis and anhysteresis loop with σ = 0.2 and   

hf = 0.16 
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Figure 5.36.  The aftereffect curves with σ  = 0.2 and hf  = 0.16 

 

 

Figure 5.37.  After all decay curves   with σ = 0.2 and hf  = 0.16 
are merged to the major loop 
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b) hf  = 0.005, σ = 0.5 
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Figure 5.38.  The major hysteresis and anhysteresis loop with σ = 0.5 and hf = 0.005 
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Figure 5.39.  The aftereffect curves with σ  = 0.5 and hf = 0.005 

 



 91

 

Figure 5.40.  After all decay curves with σ = 0.5 and hf  = 0.005 
are merged to the major loop 
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                                  Chapter 6 

                        

                     CONCLUSION AND FURTURE WORK 

 
Conclusion 
 
 

      The main goal of this research is to use the Preisach model and its 

modified functions to understand and simulate magnetic hysteresis loops and 

thermal magnetic aftereffects. In order to calculate the magnetic properties of thin 

films and perpendicular media, we have created an efficient and realistic 

algorithm to calculate the fluctuation field as well as artificial data files with and 

without noise. Since all parameters in the artificial data files are known, we can 

use these data files in our program to show that the program is efficient and 

realistic. Thus, it is easy for us to discuss the influence of environment and 

material property on the calculation of the fluctuation field. 

 

We took the following steps 

 

1. First, we developed a computer algorithm to simulate the magnetic thermal 

aftereffect. To get the best-fitting results, we modified the Preisach-Arrhenius 

function with moving and variance-variable models to adjust the shape of the 
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simulated aftereffect curves, making it match experimental data better. We then 

use the cobweb method in the Preisach plan to generate a new grid to increase 

simulation speed and accuracy. 

2. We then use the above computer algorithm to simulate the experimental CoPt 

major hysteresis and aftereffect curves. Good agreement between the 

experimental results with the simulation program. We further prove that in this 

multilayer perpendicular media, there are two phases in the CoPt alloy. Their 

magnetic properties are different. We simulate these two phases in the major 

hysteresis loop and aftereffect curves. We then find the ratio of each phase and 

most magnetic properties of these two phases. Using magnetic properties from 

major hysteresis loop, a Gaussian distribution analysis is made and the result 

shows that these two phases are magnetic domains that rotate independently while 

under the applied field. 

3. From the simulation of hysteresis loop and aftereffect curves, we can get most 

magnetic properties of magnetic materials. While considering the magnetic 

thermal magnetic aftereffect, we have to deal with energy barrier, which will 

influence the decay rate of magnetic materials. We discuss the thermal fluctuation 

field and find a method to use major hysteresis loop and aftereffect curve 

measurement results to calculate the thermal fluctuation field of thin film or 

perpendicular media. 

4. To show the effectiveness of our algorithm and to discuss the parameter influence 

on the calculation of fluctuation field, we generate artificial data files for major 

and thermal magnetic aftereffect and add artificial noise on those files to simulate 
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the environment and instrument noise. Since all parameters in the artificial data 

files are known, we can use these data files in our computer program to prove the 

program is efficient and realistic and these data files can be used to discuss the 

parameter influence on the calculation of the fluctuation field.  

5. We generated a Matlab program with a fminsearch function (which can 

automatically change a few parameters at a time and give out the optimized 

output). This code can automatically merge the major loop with the aftereffect 

curve and merge the aftereffect decay curves into one on another to simulate and 

calculate the fluctuation field. Then, we use this code to discuss the following 

parameters, which will influence the accuracy of the fluctuation field calculation: 

data density, noise, and magnetic properties of the material. 

6. From simulations and subsequent calculations, we found that a higher initial data 

density of aftereffect measurement is very important for getting a good merging 

of the curves, and makes it easy to get accurate calculation. 

7. In our research we found that at each temperature, we can just use the major 

hysteresis loop and one aftereffect curve at that temperature to calculate the 

fluctuation field in that field, if the aftereffect curve covers most magnetic decay 

regions (which is for getting a good fit). This way saves a lot of experiment time. 

The key point is to get the major hysteresis loop to merge with the aftereffect 

curve and to transfer the x-axis from applied field to log time.  

8. After discussing parameter influence on the fluctuation field calculation, we select 

two group parameters: one for getting the best fit and one for getting the worst fit, 
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which will produce the best and the worst accurate calculation of the fluctuation 

field.  

 

 

Future work 
 

1. Calculate the fluctuation field by measuring major hysteresis loop and aftereffect 

curves. 

2. Modify the code of the fluctuation field calculation to be cleaner, and to create a 

good user interface. 

3.    This algorithm and code can be extended for use in many curve fits and real time 

curve traces in parameter-sorting environments. 
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BiamodaleMATLABcode 
 
% After effect of bimodel in cobweb method 
%  
% the variable-variance model is used  
% Andrew P. Chen 
% Last update: 4/18/2001 
% Filename:biaftervab 
clear 
mm=51;                                                             %mm-the number of sectors in 
2*pi 
nn=31;                                                                %nn-the number of tracks  
load bimodaldata;                                              % load the experiment data file of 
bimodal 
alph01=5;  
deltalph01=0;                                                    %deltalpho-the change of alph by 
layers 
b1=0;                                                   %b-the power of increase in alph with layer 
number 
ty=2;                                                   %ty-the total magnetic layers in the film   
hkb01=169;                                       %hkb0-the initial average critical field 
delthkb01=0;                                     %delthkb0-the chang step of average critical 
field 
a1=0;                                                 %a-the power of increase hkb with layer 
number 
kk=1.3; 
%kk=1.5;                                          %kk-ratio of s.d. of interaction field to critical 
field 
tau0=1e-9;                              
t2=tau0/2; 
tscl=5e-11; 
hf1=3.28;                                                    %fluctuation field 
tt=30;                                                       %total decay time 
nu1=2.5;                                                 %the constant  of the variable-variance 
model  
kappa=1;                                            %the power constand of the variable-
variance model  
ms=mm*nn;                                          %ms-the saturation magnetization 
theta=atan(kk); 
sig11=3.3; 
ze=0; 
% for second layer 
%af2=20;                                          %af-applied field region 



 107

alph02=17.5;                                     %alpho-the initial data of alph 
deltalph02=0;                                   %deltalpho-the change of alph by layers 
b2=0;                                               %b-the power of increase in alph with layer 
number 
ty=2;                                               %ty-the total magnetic layers in the film   
hkb02=213;                                     %hkb0-the initial average critical field 
delthkb02=0;                                   %delthkb0-the chang step of average critical 
field 
a2=0;                                               %a-the power of increase hkb with layer 
number 
%kk=1.5;                                        %kk-ratio of s.d. of interaction field to critical 
field 
hf2=5.41;                                         %fluctuation field 
nu2=2;                                             %the constant  of the variable-variance model  
kappa=1;                                         %the power constand of the variable-variance 
model  
sig22=6.8; 
 
%calculate the aftereffect using cobweb model 
%calculate the first layer 
for nc=1:3                                                         %nc-applied field change step 
    for ly=1:ty;                                                   %ly- the magnetic layer change 
    for nt=1:tt 
    t(nt)=tscl*(1.6)^(nt-1); 
    hkb1(ly)=hkb01+delthkb01*((ly-1)/(ty))^a1;                   %hkb-average critical 
field 
    alph1(ly)=alph01-deltalph01*((ly-1)/(ty))^b1;         
                                                                                %alph-moving parameter in 
each layer 
    sig1(ly)=sig11+ze*hkb1(ly);                                       %sig- sigma field 
    sigi1(ly)=sig1(ly)*sin(theta);                                     %sigi-sigmai interaction 
field 
    sigk1(ly)=sig1(ly)*cos(theta);                                   %sigk-sigmak critical field 
    if nt == 1 
    sigii1(nt,nc,ly)=sigi1(ly);                                           %get sigii for mii(1,nc,ly)  
    else 
    sigii1(nt,nc,ly)=sigi1(ly)+nu1*sigi1(ly)*(1-(mii1(nt-1,nc,ly)/ms)^2); 
    end 
     
    sigma1(nt,nc,ly)=abs(sqrt(sigk1(ly)^2+sigii1(nt,nc,ly)^2)); 
     
    if nt == 1 
 
    h11(nt,nc,ly)=0.4;                                                                %get h1 for 
mii(1,nc,ly) 
    else 
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     h11(nt,nc,ly)=-160-5*(nc-1)+alph1(ly)*mii1(nt-1,nc,ly)/ms; 
                                                                     %h1-first field applied after positive 
saturation 
    end   
    h21(nt,nc,ly)=h11(nt,nc,ly);                               %h2-holding field 
                                
    for m=1:mm 
        for n=1:nn 
          hk1(m,n,ly)=hkb1(ly)+sigk1(ly)*sqrt(-2*log(1-((n-1)/nn)))*sin((m-
1)*2*pi/mm); 
          hi1(m,n,ly)=sigii1(nt,nc,ly)*sqrt(-2*log(1-((n-1)/nn)))*cos((m-
1)*2*pi/mm); 
          u1(m,n,ly)=hk1(m,n,ly)+hi1(m,n,ly); 
          v1(m,n,ly)=hi1(m,n,ly)-hk1(m,n,ly); 
          tau1(m,n,ly)=2*cosh((hi1(m,n,ly)-
h21(nt,nc,ly))/hf1)/(t2*exp(hk1(m,n,ly)/hf1)); 
          qq1(m,n,ly)=tanh((h21(nt,nc,ly)-hi1(m,n,ly))/hf1);                      %qq-
Q(m,n,ly)    
          Q01(m,n,ly)=1; 
       end 
    end 
            
    for m=1:mm 
       for n=1:nn 
         Qinf1(m,n,ly)=qq1(m,n,ly); 
         if h21(nt,nc,ly)>u1(m,n,ly) 
            Qinf1(m,n,ly) = 1; 
            tau1(m,n,ly) = eps; 
         end 
         if h21(nt,nc,ly)<v1(m,n,ly) 
            Qinf1(m,n,ly) = -1; 
            tau1(m,n,ly) = eps; 
         end 
         if sign(h21(nt,nc,ly)-v1(m,n,ly))==1 | sign(h21(nt,nc,ly)-u1(m,n,ly))==1 
            Q01(m,n,ly)=1; 
         else 
            Q01(m,n,ly)=-1; 
         end 
       end 
    end 
     
 Q1=(Q01-Qinf1); 
    for m=1:mm 
        for n=1:nn 
            if tau1(m,n,ly)==0 
               ft1(m,n,ly)=0; 
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            else 
               ft1(m,n,ly)=exp(-t(nt)*tau1(m,n,ly)); 
            end 
        end 
      end 
      
 dQ1=ft1.*Q1+Qinf1; 
 mii1(nt,nc,ly)=0;      
  
   for m=1:mm 
      for n=1:nn 
         mii1(nt,nc,ly)=mii1(nt,nc,ly)+dQ1(m,n,ly); 
      end 
   end 
    
end                                                                                            %end of the time nt 
loop 
end                                                                                            %end of the layers 
loop 
 
miii1(nt,nc)=0; 
for nt=1:tt 
for ly=1:ty 
   miii1(nt,nc)=miii1(nt,nc)+mii1(nt,nc,ly)*0.33; 
end 
end 
 
for nt=1:tt; 
t(nt)=tscl*(1.6)^(nt-1); 
figure(1),plot(log(t/tscl),(miii1/(ty*ms)+0.67),'k') 
end 
pause(0) 
end                                                                                             % end of the nc loop        
hold on 
%****************************************************************
****** 
%calculate the second layer 
 
for nc=1:4                                                                            %nc-applied field 
change step 
    for ly=1:ty;                                                                      %ly- the magnetic layer 
change 
    for nt=1:tt 
    t(nt)=tscl*(1.6)^(nt-1); 
    hkb2(ly)=hkb02+delthkb02*((ly-1)/(ty-1))^a2;              %hkb-average critical 
field 
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    alph2(ly)=alph02-deltalph02*((ly-1)/(ty-1))^b2;  
                                                                                 %alph-moving parameter in 
each layer 
    sig2(ly)=sig22+ze*hkb2(ly);                                           %sig- sigma field 
    sigi2(ly)=sig2(ly)*sin(theta);                                           %sigi-sigmai 
interaction field 
    sigk2(ly)=sig2(ly)*cos(theta);                                         %sigk-sigmak critical 
field 
    if nt == 1 
    sigii2(nt,nc,ly)=sigi2(ly);                                                  %get sigii for 
mii(1,nc,ly)  
    else 
    sigii2(nt,nc,ly)=sigi2(ly)+nu2*sigi2(ly)*(1-(mii2(nt-1,nc,ly)/ms)^2); 
    end 
     
    sigma2(nt,nc,ly)=abs(sqrt(sigk2(ly)^2+sigii2(nt,nc,ly)^2)); 
     
    if nt == 1 
    h12(nt,nc,ly)=0.6; 
    % h12(nt,nc,ly)=-0.047*hkb2(ly)*(nc-1);                        %get h1 for 
mii(1,nc,ly)   
    else 
      h12(nt,nc,ly)=-180-10*(nc-1)+alph2(ly)*mii2(nt-1,nc,ly)/ms; 
    % h12(nt,nc,ly)=-0.047*hkb2(ly)*(nc-1)+alph2(ly)*mii2(nt-1,nc,ly)/ms; 
                                                                     %h1-first field applied after positive 
saturation 
    end   
    h22(nt,nc,ly)=h12(nt,nc,ly);                                                   %h2-holding field 
                                
    for m=1:mm 
        for n=1:nn 
          hk2(m,n,ly)=hkb2(ly)+sigk2(ly)*sqrt(-2*log(1-((n-1)/nn)))*sin((m-
1)*2*pi/mm); 
          hi2(m,n,ly)=sigii2(nt,nc,ly)*sqrt(-2*log(1-((n-1)/nn)))*cos((m-
1)*2*pi/mm); 
          u2(m,n,ly)=hk2(m,n,ly)+hi2(m,n,ly); 
          v2(m,n,ly)=hi2(m,n,ly)-hk2(m,n,ly); 
          tau2(m,n,ly)=2*cosh((hi2(m,n,ly)-
h22(nt,nc,ly))/hf2)/(t2*exp(hk2(m,n,ly)/hf2)); 
          qq2(m,n,ly)=tanh((h22(nt,nc,ly)-hi2(m,n,ly))/hf2);                     %qq-
Q(m,n,ly)    
          Q02(m,n,ly)=1; 
       end 
    end 
            
    for m=1:mm 
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       for n=1:nn 
         Qinf2(m,n,ly)=qq2(m,n,ly); 
         if h22(nt,nc,ly)>u2(m,n,ly) 
            Qinf2(m,n,ly) = 1; 
            tau2(m,n,ly) = eps; 
         end 
         if h22(nt,nc,ly)<v2(m,n,ly) 
            Qinf2(m,n,ly) = -1; 
            tau2(m,n,ly) = eps; 
         end 
         if sign(h22(nt,nc,ly)-v2(m,n,ly))==1 | sign(h22(nt,nc,ly)-u2(m,n,ly))==1 
            Q02(m,n,ly)=1; 
         else 
            Q02(m,n,ly)=-1; 
         end 
       end 
    end 
     
 Q2=(Q02-Qinf2); 
    for m=1:mm 
        for n=1:nn 
            if tau2(m,n,ly)==0 
               ft2(m,n,ly)=0; 
            else 
               ft2(m,n,ly)=exp(-t(nt)*tau2(m,n,ly)); 
            end 
        end 
      end 
      
 dQ2=ft2.*Q2+Qinf2; 
 mii2(nt,nc,ly)=0;      
  
   for m=1:mm 
      for n=1:nn 
         mii2(nt,nc,ly)=mii2(nt,nc,ly)+dQ2(m,n,ly); 
      end 
   end 
    
end                                                                                                  %end of the time 
nt loop 
end                                                                                                  %end of the 
layers loop 
 
miii2(nt,nc)=0; 
for nt=1:tt 
for ly=1:ty 
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   miii2(nt,nc)=miii2(nt,nc)+mii2(nt,nc,ly)*0.67; 
end 
end 
 
for nt=1:tt; 
t(nt)=tscl*(1.6)^(nt-1); 
figure(1),plot(log(t/tscl),(miii2/(ty*ms)-0.33),'k') 
end 
axis([log(1.6) log(1.6^(tt-1)) -1 1]) 
title('bimodal after effect curve in  Variable-Variance model in Cobweb style') 
xlabel('log-time') 
ylabel('Normalized magnetization') 
pause(0) 
end                                                                                          % end of the nc loop        
hold on 
%get and plot the aftereffect experimental data 
plot(tln2000,aftm2000,'k--'); 
hold on; 
plot(tln1900,aftm1900,'k--'); 
hold on; 
plot(tln1800,aftm1800,'k--'); 
hold on; 
plot(tln1700,aftm1700,'k--'); 
hold on; 
plot(tln1650,aftm1650,'k--'); 
hold on; 
plot(tln1600,aftm1600,'k--'); 
hold off; 
text(4,-0.2,'200') 
text(6,-0.2,'190') 
text(8,-0.2,'180') 
text(10,-0.2,'170') 
text(2,0.7,'170') 
text(4,0.7,'165') 
text(6,0.7,'160') 
pause(0); 
figure(2),plot(majfd/10,majmg,'k'); 
title('bimodal major loop') 
xlabel('applied field') 
ylabel('Normalized magnetization') 
figure(3), 
plot(tln2000,aftm2000,'k--'); 
hold on; 
plot(tln1900,aftm1900,'k--'); 
hold on; 
plot(tln1800,aftm1800,'k--'); 
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hold on; 
plot(tln1700,aftm1700,'k--'); 
hold on; 
plot(tln1650,aftm1650,'k--'); 
hold on; 
plot(tln1600,aftm1600,'k--'); 
hold on; 
text(4,-0.2,'200') 
text(6,-0.2,'190') 
text(8,-0.2,'180') 
text(10,-0.2,'170') 
text(2,0.7,'170') 
text(4,0.7,'165') 
text(6,0.7,'160') 
title('bimodal after effect curve') 
xlabel('log-time') 
ylabel('Normalized magnetization') 
hold off; 
for nt=1:tt; 
t(nt)=tscl*(1.6)^(nt-1); 
%figure(4),plot(log(t/tscl),(miii1/(ty*ms)/0.3),'k') 
end 
for nt=1:tt; 
t(nt)=tscl*(1.6)^(nt-1); 
%figure(5),plot(log(t/tscl),(miii2/(ty*ms)/0.7),'k') 
end 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


